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Abstract

Fluorescence spectroscopy is a powerful tool for obtaining information on microscopic
processes in discharge (corona) plasmas in dense media, such as high pressure
supercritical gases and even liquids. Spectroscopic observations of the light emitted
from an ionization zone near a tip electrode can be used to determine structural
information of the local environment of the emitting atoms or molecules. The spectra
observable are sensitive to the immediate surroundings of the emitting species, making
them useful for the study of cold non-equilibrium plasmas at varying pressures and
temperatures.

The aim of this project is to further our understanding of helium (*He) in different
phases, providing information to help understand the nature of the interaction between
the helium atoms within this environment.

In this work, spectra have been recorded for a corona discharge in gaseous and liquid
helium. The experimental conditions covered a wide region of thermodynamic states in
two different designs. The first experiment was carried out at cryogenic temperatures at
3.8, 4.0, 45 and 5.0 K under a range of pressure (0.1-5.0 bar). The second set of
experiments were carried out at room temperature with range of pressures 0.1-30 bar.
Several thousand spectra were recorded in the visible and near-infrared regions.
Analyses were conducted on spectra including the atomic 3s 'S—2p 1P and 3s 3S—2p 3P
transitions. These transitions showed line shifts, spectral broadening and intensity
changes that were dependent on the magnitude of the pressure and temperature, and
therefore on the thermodynamic phase. In addition to atomic lines, rotationally-resolved
molecular emission bands arising from the d *%; - b *I; and D 'z} - B 'I, transitions

of the electrically excited helium dimer (excimer), He3, were recorded.

Remarkably, and similarly to the analysis of atomic lines, the molecular (excimer)
emission showed sharp and distinct lines at low temperature in the region below the
saturated vapor pressure (SVP) of helium. However, lineshifts, linewidths and line
intensities of the excimers increased strongly upon an increase in pressure, indicating
that solvated Hej, in the liquid phase exhibits hindered rotation. The rotation of excimers



within the liquid phase was attributed to the location of the excimer within a large
bubble.

A further interesting observation was the abrupt changes of lineshift and linewidths with
pressures that occurred by crossing the SVP curve for both atomic and molecular
transitions. A model was developed to explain this in which clusters form around
excimers and excited helium atoms before the helium liquefies.

In a separate application of the corona discharge, it was employed to make plasmas from
a mixture of pure air and perfume. The idea here was collecting spectra of this mixture
with and without helium to explore and understand some of the emitted species
generated in this mixture of plasmas at atmospheric pressure and to the first time.
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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Helium and its general properties

Helium (He) is a chemical element and inert gas belonging to the group of the noble
gases from the periodic table. Helium is characterized by being an odourless, a tasteless,
colourless, non-toxic, and the second-lightest element. The boiling point of helium is the
lowest among all the elements at 4.2 K, and has a critical point of 5.2 K. Helium exists
as two stable isotopes, *He and “He, but *He is the most abundant type at roughly 10°
times greater than *He [16]. Liquid helium has fascinated scientists and led to much
research in condensed matter physics. This is due to its extensive quantum-like
behaviour caused by its small mass and the weak interaction between its atoms, keeping
it liquid down to absolute zero [17]. Moreover, helium-4 (*He) is unique due in having

two liquid forms [18] that are:

1.1.1 Helium1 (Hel)

This kind is a normal liquid and is called helium I (He I). It exists below the critical
temperature (~5.2 K) down to the lambda temperature! (T,) of ~2.17 K; i.e.,, 217 K< T
< 5.2 K. He I has a very low viscosity and a density of 0.145-0.125 g/mL (between about
0 and 4 K) [2].

1.1.2 Helium 1l (He )

Interestingly, below T, (0 K < T < 2.17 K), the onset of superfluidity occurs, where the
thermal conductivity of helium-4 becomes more than ~100 times greater than that of
copper or silver [19, 20]. This form of liquid is called He 11 [2].

So consequently, the two kinds of liquid helium (LHe) or two phases that are
distinguished by the labels He | and He Il are separated by the lambda line (A) as shown
in Fig. 1.1.

1 T, so named because the shape of the corresponding specific heat anomaly is similar to a Greek lambda.
T, has a value at saturated vapour pressure (SVP) of 2.17 K that upon increased pressure decreases to 1.80
K at the solidification point.
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Figure 1.1: Phase diagram of “He at low temperature. He-I represents normal liquid helium

and He-lI designates superfluid liquid helium. Tc is the critical temperature after there is only

a gas phase called the super-critical phase. This diagram was reproduced from reference [2].

One might well ask why this feature of helium being liquid at low temperatures occurs.
This is due to the extremely weak interatomic forces between helium atoms. Indeed, the
helium atom possesses the structure of an inert gas [21], including two electrons forming
a closed K shell. The electric dipole fluctuation between a pair of helium atoms has the
smallest polarizability of any atom, and therefore this weak van der Waals force is the
only attraction between a pair of helium atoms [18]. Moreover, due to the low He-He
potential well depth with its large zero point energy [22], helium does not solidify under
its own vapour pressure, even at absolute zero, unless the pressure is increased to more

than 25 bar, which will ultimately obtain the solid phase [20].

1.2 Properties of superfluid helium

As mentioned, at the lambda point of 2.17 K, superfluidity can be obtained. Superfluidity
in helium-4 was discovered by the Russian physicist Pyotr Leonidovich Kapitsa in
the1930s [21]. There is no other liquid that behaves in this manner, except the other

lighter isotope of helium (®*He) at low temperature (T < 3 mK), which was first observed
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by Douglas D. Osheroff, David M. Lee, and Robert C. Richardson of the United States
in 1972 [23]. The nature of a superfluid arises from the bosonic character of “He atoms
(they have zero nuclear and electronic spins). However, *He is fermionic on account of
a net nuclear spin of ¥ (due to having two protons and only one neutron) [24].
Superfluidity implies that liquid helium has a small viscosity (which is almost non-
existent), where helium flows through surfaces against the force of gravity [20]. This is
due to the low resistance to flow, allowing microscopic objects to be mobile within the
LHe without friction. The first phenomenon of superfluidity is superconductivity, which
was discovered by H. Kamerlingh Onnes in Leiden in 1911 [20]. He Il possesses nume-
rous other unusual and interesting properties, such as the thermomechanical (fountain)
effect, the mechanocaloric effect and quantized vortices [25].

The next indication relates to the model of two fluid densities which was initially
explored by Tisza in 1947 [26], after which an accurate description was proposed by

Landau [21], as shown in Fig. 1.2 (b), that can be summarized as follows;

a) He II behaves as though it is a mixture of two separate fluids: a normal fluid

component and a superfluid component.

b) The two fluids interpenetrate freely, passing through each other fully without any

interaction.

c) The total density p of the liquid is made up of the sum of the densities of the two

components, so that:

Where n and s denote to quantities of the normal fluid and superfluid respecti-
vely. From Fig. 1.2 (b) we will find that: p, =0atT =0and,p, =p atT =
T

d) The superfluid component possesses no entropy and no resistance to flow whats-
oever, indicating its viscosity is identically zero and no turbulence is produced
within it. However, the normal fluid carries the whole entropy content S of the

liquid and has an infinite viscosity [20, 26].
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Figure 1.2: (a) Andronikashvili's [1] experiment, immersing of pile of disks in LHe, as a
torsional oscillation to demonstrate the effective division of He Il into normal and superfluid
components. (b) The two fluid model (normal and superfluid) densities as a function of
temperature. It can be seen that the sum of densities is constant according to eqg. 1.1. The normal
and superfluid densities are divided by the total density of system. This figure was taken from
ref. [11].

The density of the normal fluid as a function of temperature was investigated by
Andronikashvili in one of the most important experiments conducted on helium in 1946
[27] that confirmed Landau theory about the division of the liquid into two components.
This experiment defined the torsional oscillations, and consisted of a stack of thin metal
disks spaced about 0.2 mm apart from each other and immersed in LHe [1] as shown in
Fig. 1.2 (a). It was observed that the normal fluid, which was confined between the discs
due to their close spacing, constrained the discs to oscillate and increased the moment
of inertia of the pendulum. However, the superfluid had no effect on the moment of
inertia or on the period of oscillation, hence the rotation of the disks was consistent.
Thus, by measurements of the period of oscillation, first-hand evidence for the depend-

ence of the normal fluid density on temperature was provided [11, 18, 27].

1.3 Rotational spectroscopy in Superfluid He

The electronically excited states of condensed helium have attracted considerable
attention in the literature. Unlike the other condensed rare gases, the spectra of helium
clusters, droplets and liquid helium show discrete, atomic- and molecular-like features

[9, 28]. The ability to investigate superfluidity in helium-4 at the nanoscale using single
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molecules as probes for rotational motion at low temperatures provides a considerable
amount of detail about molecular interactions. The first attempts to immerse ions and
electrons in LHe Il [29] were undertaken in the 1930s [30]. For instance, X-ray and
radioactive sources [31] were used to produce electrons and ions of He™ in LHe in 1943.
After that, in the early 1990s, an alternative means was proposed for studying dopants
in superfluid helium by using nanoscale helium droplets [32]. For example, in 1995, the
first rotationally resolved Infrared spectra were observed by J. P. Toennies and cowor-
kers for molecules of sulphur hexafluoride (SFe) embedded within a liquid helium
cluster of around 20000 atoms, and excited by a diode laser. In this experiment, sharp
and discrete spectral lines were displayed indicating the free rotation and superfluidity
of the “He droplets and providing experimental evidence for the cluster temperature,

which was 0.37 K [32, 33] as shown in Fig. 1.3.
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Figure 1.3: Spectra of the SFs molecule embedded in “He droplets are shown in four different
sizes, N4, where the size increases from 3.3x10? to 2x10* as presented from panel (a) to (d) with
a reduction in the source temperature (To) from 26 to 14.5 K under pressure (Po) =44 bar. The
individual rotation-vibrational lines of the P and R branches are observed in spectrum (c). The
rotational temperatures To:and the widths évior (FWHM) of the line profiles were yielded by the
simulations of the spectra plotted in thin solid lines. This figure is taken from Fig.1, ref. [10].
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Furthermore, additional proof to test the superfluid nature of “He droplets was reported
by Grebenev et al.[34] in 1998, when a carbonyl sulphide (OCS) molecule was
embedded in “He droplets and sharp rotational lines in the infrared vibration-rotation
spectrum of OCS were observed. However, by repeating the same experiment but this
time with pure 3He droplets, it was realized that the rotational structure had broadened
to the point of being unresolved. This was interpreted to be due to the non-free rotation
of OCS with *He droplets, which was attributed to a normal liquid state. This experiment
went further by adding “He atoms to a mixture of *He with the OCS molecule to find
that a sharp spectrum was recovered after adding 60 atoms [34, 35]. The conclusion from
this experiment is that to achieve superfluidity, the minimum number of *He atoms
required is 60 atoms, as shown in Fig. 1.4. The appearance of sharp rotational spectra of
a single molecule was proposed to be a microscopic manifestation of *He superfluidity
[12, 13].
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Figure 1.4: Infrared spectra of the OCS molecule in four cases: panel (a) spectrum of single
OCS molecule in an Ar seeded beam. (b) The spectrum in a pure “He droplet where the size of
the droplet is around N4~ 3x103. (c) The OCS molecule immersed in size of a mixed “He/*He
droplet (Ns= 102, N3= 104). The spectrum in (d) was in a pure 3He droplet (N3~ 12x 10%). The
moment of inertia increases by a factor of 2.8 in going from the free rotation of the molecule in

panel (a) to the molecule in *He in panel (b) [12]. The figure is taken from Fig. 1 in ref. [13, 14].
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In view of these exciting features and the distinct temperature effects in helium droplets
mentioned above, this would seem a very promising starting point from which to
preform rotationally resolved spectroscopy with control over a wide range of
temperatures, beyond 0.15 and 0.4 K, particularly in combination with pressure control
and thermodynamic phase. However, this control is difficult to accomplish in helium
droplets in a free beam. Therefore, a solution using bulk helium is of more benefit and
it is relatively straightforward to achieve such conditions.

On the other hand, embedding single foreign molecules directly into bulk helium is
rather challenging to prove. This is because at low temperatures in helium, all other
substances will be frozen to the wall of the container [36], so the question arises as to
how this problem can be tackled; clearly, additional sophisticated techniques are
required [37-39]. The solution to this problem was achieved by creating molecules and

atoms from the helium itself, as shown in the next section.

1.4 Rotational spectroscopy of excimer in LHe

As mentioned, to overcome the above problem, the generation of short-lived helium
excimers (He}) as single-molecule probes represents an alternative way to embed
molecules in liquid helium.

An excimer (originally the terminology for an excited dimer) is a short-lived dimeric
molecule that is often diatomic and composed of two atoms or molecules that would not
bond if both were in the ground state [40]. The lifetime of an excimer is generally very
short, in the order of nanoseconds [41]. Binding a larger number of excited atoms to
form Rydberg matter clusters can extend the lifetime to exceed many seconds - see the
formation and decay of excimers in chapter 2.6.2. The first singlet excimer was
identified from that of helium (He) when an intense continuum line of between 60 and
100 nm wavelength was observed by Hopfield (1930) [42-44], in the vacuum ultraviolet
emission spectrum of a high-pressure helium discharge. This was attributed to a
transition from an excited dimer He to the dissociated ground state.

The atomic and molecular fluorescence spectra consist of a series of lines that result
from allowed radiative transitions between different electronically excited states [40].
The coupling between the excited helium atom (He*)/excited helium molecule (He3)
and the surrounding liquid helium was studied using the techniques of optical absorption

and fluorescence spectroscopies. The emitting He* and He5 species are common forms
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of excitations in bulk superfluid helium that have been used recently [45-48] and in the
past to probe the bulk phases of helium by imaging [49].

In the 1970s, several researchers studied the optical absorption and emission spectra of
excimers in LHe, in particular in the visible and near infrared spectral range due to its
intensity in these regions. Different methods were used to excite LHe; in some of these
studies this was achieved by bombarding bulk superfluid helium with a 160 keV electron
beam [9, 50-53]. However, most of these investigations were just absorption rotational
spectroscopy, but not emission spectroscopy, even if, like Soley and Fitzsimmons, some
transitions were not resolved in the emission such as d 3 ¥t = b 3*[[gand D' ¥} -
B '], transitions [53].

Further investigation by Dennis and co-workers considered the infrared emission spectra
of electron-bombarded LHe. Though rotational emission pertaining to the D-B and d-b
transitions was readily observed in the gas spectra, but it was not observed for the liquid
phase of helium, as shown in Fig. 1.5; more details about these molecular transitions can

be found in chapter 5.
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Figure 1.5: The d3%f - b3[];and D1 ¥ - B[], transitions at high resolution, observed
from spectra of electron-bombarded liquid helium in the (a) gas phase at 150 Torr and 4.5 K,
and (b) liquid phase at 1.7 K. This figure has been reproduced from Fig. 3 of ref. [9]
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However, although the above research used bulk helium and excimers, many atomic and
molecular transitions were not observed and there was no opportunity to investigate the
shape of the emitted lines over a range of pressures.

Further studies regarding the rotational spectroscopy of the excimer using luminescence
spectroscopy produced rotationally resolved emission spectra for the p* ¥ - B[], (0 -
0) transition, as observed in *He and “He clusters by this study, but this time the clusters
were electronically excited by monochromatic synchrotron radiation [7, 54]. However,
the sharp rotational lines seem to originate from excited atoms and molecules that are
ejected from clusters after the excitation process, in other words that the emitted lines
were not characteristic of excimers in droplets due to excimer ejection from the cluster
[54]. Hence, there was no emission from excimers inside LHe (more details about
rotational emission of excimers in chapter 5). Fig. 1.6 shows the rotational features of

the luminescence spectroscopy of the singlet D-B transition.
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Figure 1.6: Luminescence spectroscopy of (A) *He and (B) “He droplets excited by
monochromatic synchrotron radiation at 23.39 eV. Both isotopes’ spectra show rotational
features of the molecular D-!B transition covering the R, Q and P branches. This figure was
taken from Fig. 1 of ref. [7].



Chapter 1 Introduction

Consequently, in order to assess the problem of light emission from excimers within
liquid helium, a corona discharge, which is capable of being run at high helium densities,
is employed to excite helium atoms and molecules in a high-pressure cell (more details
about corona discharges can be found in chapter 2.6.1).

In the same manner, recently Li and co-workers excited normal-liquid helium with a
corona discharge and observed the fluorescence emission of Hej, similar to Dennis, but
where in this instance sharp, discrete lines were observed in liquid helium at 4.2 K [8],
as shown in Fig. 1.7.
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Figure 1.7: Fluorescence spectrum showing the d-b and D-B transitions observed in liquid helium
at 4.2 K and 1.0 bar by corona discharge. Figure is taken from Fig. 1 of ref. [8].

However, in all these experiments the effects of temperature and the pressure have not
been addressed. Furthermore, though the case of solvated excimers was suggested in the
work on helium droplets, experimental evidence has not been produced or analysed to

support this hypothesis (see chapter 5).

On the other hand, atomic spectral lines have been investigated by several research
groups. For instance, Li and Bonifaci [8, 55-58] have recently investigated atomic
spectra above the SVP in normal liquid helium. However, data and analysis of such at

pressures and temperatures in the region below the SVP have not yet been undertaken.
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Therefore, from a more generic point of view, another question that can be raised is
whether one can apply the assumption of solvated excimers on excited atoms as well.

The current work aims to address the above-mentioned questions, providing additional
information in order to understand the interaction between excimers, excited atoms and
their environment in the gas and liquid phases by controlling pressure and temperature,
as this also adds the possibility of predicting the origin of contribution of rotational lines,
whether from the solvated or unsolvated state, by knowing the pressure broadening
coefficients. Hence, investigation of the microscopic origin of superfluidity (onset of
superfluidity) is possible by investigation an unhindered rotation of helium excimers in
LHe. Finally, the ability to change the temperatures and pressures in this project to
control the interactions of He*and He;with surrounding helium atoms, motivated us to
determine the origin of the formation of helium clusters around an excimer and excited
helium atom. Possibly, this formation can be in the region below the SVP curve of pure

helium or after crossing SVP curve.

1.5 Objectives and thesis overview

The principle aim of this thesis was to explore the potential corona discharge method for
the study of the fluorescence spectroscopy of excimers He; and He* in different phases
through analysis of different parameters, namely the lineshifts, linewidths and the

intensities of emitted lines. This is to examine the answers to the following questions:

e What are the coefficients that can be investigated to control the interaction
between the excited atoms and molecules and their environment by changing the
pressure and temperature?

e What are the generic differences in the solvation behaviour of the singlet D-B (in
the present work) and triplet d-b transitions? (The latter investigated by
Mendoza-Lua [3, 59] - see chapter 5).

e How can we explain the rotational line broadening in superfluid helium and
predict the origin of the contribution to the Q-branch as arising from the solvated
or unsolvated state?

e How can we disentangle the spectra of a cold molecules and those of the

equivalent species in the gas-phase?

11
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e Why are excimers able to rotate in a liquid helium environment even though it is
in a solvated state?

e s it possible to apply the assumptions made about solvated excimers to excited
helium atoms too?

e Is it possible to employ corona discharge to excite other environments at

atmospheric pressure to detect other emissions?

In this section, an overview of the content of the thesis has been provided. A brief
introduction into helium and its properties, including superfluidity, has been given,
followed by an overview of studies of rotational spectroscopy in superfluid helium, the

rotational spectroscopy of excimers in LHe and atomic spectral lines.

The second chapter, background of rotational spectroscopy and molecular spectra of
diatomic molecules is given. This background of diatomic molecule covers total energy,
vibrational structures, rotation-vibration interaction for rotor and electronic states
structure with classification of these states. This chapter also describes Hund's coupling
cases (b) and (d) then show energy level schematics for the atomic and molecular lines
of interest transitions. This chapter also focuses on a derivation of the theoretical
framework in order to understand the creation of excimers in Rydberg state and how
corona discharge excites helium atoms and molecules. Finally, an idea about the

formation of clusters and bubble around excited helium atoms and excimers is given.

The third chapter is dedicated to the description of the experimental setup, which is
divided into various sections. The first describes the design of the low temperature (< 5

K) experiment, whilst the second relates the setup of the room temperature experiment.

The data recorded, with associated analysis, is described in chapter 4 including
investigations into the pressure dependence of line broadening and lineshifts under a
wide range of pressures. This chapter focus on the spectra of atomic lines for the singlet

and triplet 3s-2p transitions.

In chapter 5 molecular bands associated with the D-B and d-b transitions at 3.8, 4.0, 4.5
and 5.0 K and range of pressures will be analysed to investigate the effects of pressure

on the lineshape.

Chapter 6 and 7 are specific to the results carried out at room temperature, with chapter

6 covering the molecular bands and atomic lines observed of helium in emission spectra

12
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at pressures of up to 25 bar. Chapter 7 will present the spectra of different cases at
atmospheric pressure and, for the first time, will consider the effects of a perfume
dopant, a perfume with air and mixture of all these substances with helium, where corona
discharge and helium are used as a means of tracing other, unknown transitions.

Potential future work and summary will described be in chapter 8, which will be

followed by publications, finally then will be an Appendix.

13
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Chapter 2

Theoretical background

2.1 Rotational Spectroscopy of Diatomic Molecules

The wave function can be used to describe quantum mechanical systems. Thus, the
Schrédinger Equation can be used to solve the energy of a model from which valuable
explanations of atomic and molecular spectra will been produced [60] as long as the
rigid rotor is assumed to be a good model of the rotation of a diatomic molecule. The
rigid rotor consists of two masses (mi1, mz) bound together and separated by the
internuclear distance, i.e., the separation between the masses, (r), that rotate around their
centre of mass (COM). Additionally, diatomic molecules have rotational spectra
associated with their vibrational spectra [14, 60, 61].

The bond length (r), which is the distance between the centres of the two masses, was
set to be constant, as this model can be treated as a single system by using the reduced
mass concept («) [62]. Therefore, instead of considering the rotation of dumbbell, it can
be consider the rotation of a single mass point of («) at a fixed distance (r) from the axis

of rotation, where [14];

mlrl = mzrz ......................................... (21)
and:
mim,
T e e e e e e e e e e e e e e 2.2
= im, (2.2)

where; I = r1+rp, 1 and I are the distance of masses m: and m. from the center of
gravity
The moment of inertia (I) for such a linear system of two molecules is given by [14, 62]:

L= myrE 4 mMarl . e (2.3)
L (2.4)
my +m,

14
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So the moment of inertia of a single body is given as a function of reduced mass and

rotational length [62]:

Where w is the angular velocity. The classical angular momentum (/A2 is another

important factor in a rotating system and is defined by P = /w, hence the kinetic energy

becomes:
P2
R TR PR (2.7)

On the other hand, by solving the Schrddinger Equation, the quantized result of
rotational energy is given by [63]:

g :h21(1+1) Ry +1)

TS TBmEarZ T GmEl it (2.8)
Since I = ur?, and h = h/2m, Eq. (2.8) then becomes;
+ 1) h?
Er - ](]T) ....................................... (29)

Where, ] is the rotational quantum number which is equal to 0, 1, 2,... (non-negative), h
is Planck's constant and 7 is the Reduced Planck’s constant (or Dirac constant). When
the rotator changes from the upper energy level to the lower, the emission between these
two levels occurs according to quantum theory. Hence Eq. (2.9) can be divided by the
term hc to obtain the rotational energy F(J) in wavenumbers due to the energy associated
with this transition [63]:

E h
F() = = B JU+D=BJU+1D) ... (2.10)
Where c is the light speed and B is the rotational constant in wavenumbers, which is
defined as:
= h 2.11
ey (2.11)
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For a transition to be allowed, a selection rule that describes the probability of transition

between sequential rotational levels must equal to [64]:

Where a single prime mark denotes the upper state and a double prime mark denotes the
lower state. Also, this requires the (diatomic) molecule to contain a permanent dipole

moment [64].

2.2 Molecular spectra

It is possible to observe different transitions corresponding to the different states of the
molecule. Fig. 2.1 shows the commonly observed molecular spectra.

Pure rotational transitions within a given electronic state and vibration level can take
place; this is called a pure rotational spectrum. When transitions occur between two
levels of a given vibration, within the same electronic state, this spectrum is called
vibration-rotation, as accompanied by a rovibrational transition.

Finally, transitions between two electronic levels can be observed, most often in the
visible or near visible domain. These transitions represent rotational transitions between
two electronic levels of the molecule, depending on the state of vibration of each of the

electronic state [65], in what is referred to as a rovibronic transition.
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v'=1 state.

dissociation
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Figure 2.1: Diagram representing the energy levels of a molecule and various transitions. a:
rotational transition; b: rovibrational transition; c: rovibronic transition. Figure taken from ref.
[15].
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2.2.1 Total energy of the diatomic molecule

The total energy of a diatomic molecule, according to the Born-Oppenheimer

approximation, is given by
E=FetEvtEr. .. (2.12)

Where Ee, Ev and Er are the electronic excitation energy, the vibration and the rotation
energy respectively.

As mentioned, rotational transitions within a given electronic state and vibration can
occur, in what we call a rotational spectrum. When transitions are between two levels of
a vibration, in a single electronic state, a vibration-rotation spectrum is observed. Hence,
in spectral terms, equation (2.12) can be written the total energy of molecule as per the

following expression [64]:
T=T,+GW)+FE(). .o (2.13)

It seems from the equation the 7. >> G (v) >> Fy(J), where v and | are, respectively,
the number of vibrational and rotational quanta. T = E / hc, T is expressed in
wavenumbers.
A molecular energy level is defined by its quantum numbers n, v, K or J;
- The principal quantum number z indicates the electron shell, or energy level of
an electron. It is characterized by the electronic term value, 7e.
- The quantum number of vibration v describes the vibrational state of the
molecule. It is characterized by the vibrational term value, G(v).
- The quantum number of the total angular momentum ] indicates the state of
rotation of the molecule in the electronic state n and vibration v. it characterizes
the rotational term value, Fy (J) (or Fyv (N)).

2.2.2 Vibrational structure of the electronic transition

G(v) is the vibrational term value; its expression is specific to each electronic state

studied, n, and is given by [14]:
1 1\° 1\’
G(v) = w, (v + E) — WeXe (v + E) + WeYe (v + E) +o.o (2.14)

Where; w,, X, and y,, and are constants for a given molecule.
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2.2.3 Rotational structure of a non-rigid rotator

When the vibrations in a diatomic molecule do not correspond with those predicted for
a rigid rotor, the concept of non-rigidity of the rotator, or a deviation from the ideal rigid
rotor case, will arise. Consequently, a massless spring between the two atoms can be
considered instead of a rigid connection, leading to an increase in internuclear distance
with increasing rotational velocity (increase quantum number, J) due to centrifugal
force. Additionally, the constant of rotation B in Eq. (2.11) will be dependent on J, which

decreases with increasing J. The value of F will now be given by [14, 63];
FW)=BJJ+1)=DJ2(J+1)2. . e, (2.15)

Where B is the rotational constant and D is the centrifugal distortion constant, which

depends on the stiffness of the bond.

2.2.4 Rotation-Vibration interactions for a rotor

For the model of a rigid rotor, where the bond length is fixed between the atoms in a
diatomic molecule, rotations and vibrations can take place together. However, the
spacing between energy levels would be expected to decrease according to the correction
for anharmonicity, leading to an increase in bond length expectation value for higher
vibrational levels. In this model, the rotational constants, B, and the centrifugal

distortion, Dy, in a given vibrational state are dependent on the vibrational level, v [64];

1

B, =B, — a, (v + E) e (2.16)
1

Dy, =D, — f. <v+§>+ .............................. (2.17)

Here, a, is a constant of the rotation-vibration interaction in B,, which is small in
comparison to B, [14], De is the constant translating centrifugal distortion and g,
translates the rotation-vibration interaction in D,, [66].

Accordingly, for a given vibrational level, the rotational terms are:

E(D=B, ] J+1D =DJ2J+12+ e i (2.18)

The second term can be neglected because D,, is very small compared to the first term.
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Finally, according to the vibration-rotation interaction, the term values of a vibrational

rotator are given by:

2

1 1 1
T=6Ww)+E()=w. (v+§> — WX (v+§) + WeYe (v+§) T

+B,JU+ 1) =DJ*(J+ 12+ . (2.19)

2.3 Electronic structure of diatomic molecule

Rovibrational (or ro-vibrational) is an abbreviated term for transitions between energy
levels that involve changes in both vibrational and rotational states. This makes the
energy level of diatomic molecule more complicated than for an atom due to the
rovibrational states that are added to the electronic transition. The spectra are usually
detected by lines obtained due to transitions from one rotational level in the ground
vibrational state to another rotational level in the vibrationally excited state. These lines
are called bands, and correspond to sequences of quantized rotational levels.

Formally, the allowed transitions from one quantum state to another for any system are
dominated by a selection rule (transition rule). The selection rules for rotational

transitions are given by [14]:
A = =" = 0,1 oo (2.20)

Where J' represents the upper state and J” the lower state. The electronic angular
momenta, A, for the upper and lower states determine the possible transitions of a
system. If the A of the upper and the lower levels is different (AA # 0), then AJ=1, 0,
and -1 for the transitions. Consequently, this makes it possible to define the branches of
the rotational transitions, which are named the P, Q and R branches of a sequence for AJ

=0, + 1, respectively, as follows:

Aj=0 Q—branch ... .. ... ... . ... (2.21)
Al=1 R—branch ......... ... . . . . . . . . (2.22)
A= —1 P-—=branch .......... ... ... .. . . . ... . ... (2.23)

However, it is anticipated that only two branches only of the rotational transitions will
be observed when A = 0. In this case, the transition A/= 0 (Q-branch) is prohibited and
only the A/ = %1 transitions will be apparent (P and R branches). Generally, the
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frequencies of the resulting two or three series of lines are indicated by the following

formulae:

v=vy+F,(J)—F,(J—1) R—=branch ...................... (2.24)
v=vy+F,(J) - F,(J) Q—branch ...................... (2.25)
v=vy+F,(J)—F,(J+1) P—branch ...................... (2.26)

Where, F,(J) and F, (J) are the spectral rotation terms of the upper and lower states,

respectively, and Vv is the zero line of band origin, as shown in Fig. (2.2).

: J'=3
i S=2
—— J =1
T J'=0
R branch ébranch P branch
— - =3
Y H A Y J":z v”
T v A 4 J”:l
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Figure 2.2: Energy level diagram of the rovibrational band with P-, R- and Q-branches transition
from the upper state ]’ to the lower state J” according to the one-photon selection rule. This

figure is reproduces from Fig. 1 in ref. [6]

2.4 Classification of electronic states-Structure multiplet

A diatomic molecule has several electronic states which are classified in a similar
manner to that used for the classification of atomic energy states. The different is that
electrons in a diatomic molecule are subjected to an axially symmetric field of force

determined by the internuclear axis, rather than a central field force, as per an atom. This

20



Chapter 2. Theoretical background

is due to the a strong electrostatic field of the two nuclei along the internuclear axis [67].
Therefore, the projection of the orbital angular momentum (L) of the electrons about the
internuclear axis is a constant of motion with its component My(h/2), where M. can take

the values (integer values) [63];
My =LL—=1,L—=2 ., =L (2.27)

In an electric domain, the energies of the states of the diatomic molecule remain
unchanged, although the direction of the electrons is inverted and although the change
in the sign of the M. from positive to the negative. Consequently, the energy of states
will differ only when M. changes. From this point another a quantum number will arise
with these changes of energy states, which determines the constant component of the

resultant orbital angular momentum on internuclear axis and is symbolized by vector A

[14, 67].
The quantum number A can take the values O, 1, 2, 3, ..., L, with these values
corresponding to the molecular states which are designated Z, I, A, @, ..... state. Since

M. can take two values of + A and - A, thus I1, A, ®@ are doubly degenerate, while £

states are not [14].

Another case can be taken into account due to the spins of the individual electrons,
whereby the multiplet structure of the spectral lines can be observed. The spins of the
individual electrons which form a resultant S, can have integer or half-integer values

depending on the total number of electrons in the molecule (even or odd), with two cases;

- In case A # 0: There is an internal magnetic field resulting from the orbital
motion of the electrons whose direction is along the internuclear axis. The
component of the angular momentum of spin on this axis is a constant of the
motion AML, Ms noted X is the projection of the spin S on the internuclear axis.
The quantum number X can take 2S + 1 values such that X =-S,-S+1, ..., S.

- Case where A = 0: There is no internal magnetic field resulting from the orbital

motion of electrons from where X is not defined.

Finally, the total angular momentum of the electrons around the internuclear axis is
denoted Q and defined as:

The absolute value in Eq. 2.28 is because X and A have the same direction.
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2S + 1 is defined as the multiplicity of a spin state, where the value of this process is

added to the left superscript of the symbol.

The symmetry properties of the electronic eigenfunction are important to the
classification of molecular states. In a diatomic molecule, any level through the
internuclear axis is a plane of symmetry. Therefore, the electronic eigenfunction of a
(non-degenerate) X state changes by a factor of +1, when reflected through any plane
passing through both nuclei. However, the state is designated as X" if the factor is
positive; and the state is designated by X", if the factor is -1,

Another symmetry property that applies to homonuclear molecules is symmetry with
respect to the centre of symmetry. If the electronic eigenfunction remains unchanged it
is said to be even (and designated by a “g” subscript, meaning gerade or “even” in
German); if it changes sign it is said to be odd (and designated by a “u” subscript,

meaning ungerade or “odd” in German) [3, 14].

2.5 Hund's coupling cases of the rotations and electr-
onic motion

In the molecule, there are several angular momenta that can be defined. Depending on
the mode of their association, several of these cases can couple, but also other cases are
decoupled according to the value of the quantum number of rotation, /. Moreover, all
the interactions between the different angular momenta of the molecule play an
important role in the expressions of energies of rotation, £ (7). In the diatomic molecule,
the different angular momenta such as the electron spin, the electronic orbital angular
momentum, and the angular momentum of nuclear rotation, form a resultant that we
denote J. The simplest case, which does not require any particular treatment, is the
electronic state 1X since, in this case, A =0and S = 0, hence J = N, we are dealing with
a simple rotator. Other states are distinguished according to the different modes of
coupling which were studied by Hund.

There are five Hund’s coupling cases, traditionally notated with the letters (a) through
(e). Most diatomic molecules are somewhere between these cases [14, 68]. In this section
we will examine cases (b) and (d) in detail as they will be shown to be important to the

He, molecule.

22



Chapter 2. Theoretical background

2.5.1 Hund's coupling case (b)

In this case, spin-orbit coupling disappears, then A =0 and S # 0 such that the spin vector
S is not coupled to the internuclear axis at all. Sometimes, even if A # 0, the spin vector
S may only be very weakly coupled to the internuclear axis, as happens for the light
molecules. The zero coupling of S in this manner is defined as Hund's case (b).
Angular momentum vectors A and R (R represents the rotation of the molecule) form a
resultant N, whose corresponding quantum number N can have integer values from A
onwards. N and S form the resultant designated J. From angular momentum theory, the
only possible values for the quantum number J range from |N-S| to N+S in integer
steps. According to the coupling, the quantum numbers of Hund's coupling case (b) are
A, N, Sand J, as shown in Fig. 2.3 ().

2.5.2 Hund's coupling case (d)

When the coupling between L and the internuclear axis is very weak, and the interaction
between L and the rotation axis is strong, we obtain case (d). In this case, K can be
obtained by adding the angular momentum L to R. Meanwhile, similar to case (b), this
vector can be coupled to S to give ], as shown in Fig. 2.3 (b).

The quantum number K can take on integer values between | R—L| and R+L. In addition.
Kcan take 2 Z+1 different values for each R, except in the case where R < L. In this case,
L, R K, Sand Jare the quantum numbers used.

These coupling cases are an adequate characterization for electronic states such as
Rydberg states in molecules, where the interaction between the Rydberg electron and
molecular core is quite weak [3].
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Figure 2.3: Vector diagram for Hund’s case (b) on the left-hand side of the figure, and case (d) on
the right.

2.6 Generation of electronic excitation in bulk He

In this section, some of the aspects relating to the electronic excitation process of helium
atoms and molecules (excimers) in the gas and liquid helium will be discussed. We will

start with a corona discharge, which is the first step in the generation of an excitation.

2.6.1 A coronadischarge

The methodology in chapter 3 of experimental procedure —section 3.1.12, using a corona
discharge in the excitation of helium atoms and molecules will give a detailed
description of this technique; here, we provide a quick overview.

A corona discharge is an electrical discharge transported by an ionized fluid surrounding
a conductor which is electrically energized. A major factor in obtaining a discharge is
applying a sufficiently large electric field between the conductors (electrodes in our
case). A coloured spot near the ionization region indicates the occurrence of a discharge.
Commonly, a bluish (or other colour such as like purplish) glow in the plasma adjacent
to the tip-point tungsten electrode carrying high voltages is seen [69].

The process of discharge begins when the current flows with a high potential on an
electrode towards a neutral fluid (helium in this project), producing a plasma region
around the electrode. When electrons flow, their energy is transferred to the surrounding
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fluid and ions, excited atoms and molecules were generated; for more details of the
ionized region around electrodes see chapter 3. The corona may be a positive or negative
depending on the polarity of the applied voltage [70, 71].

The corona can be used in several applications [69]:

- It can be used to generate charged surfaces, to use in electrostatic copying.

- It can also be used to remove matter from air streams by first charging the air,
and then passing the charge through a comb of alternating polarity to deposit
charged particles onto oppositely charged plates.

- The free radicals and ions generated in the corona reactions can be used to scrub
the air of certain noxious products, through chemical reactions, and can be used

to produce ozone.

2.6.2 Excited helium atom and molecule (Excimers)

One of the problems mentioned in chapter 1 was the difficulty inherent to exciting
molecules in liquid helium. Therefore, using an electrical discharge (a corona discharge)
was in our case the solution to overcoming this problem, and can be run easily in high
helium densities to continuously generate excited helium atoms, He*, and excited helium
molecules, He3, in Rydberg states [72, 73].

The high voltage across the electrodes is sufficient to inject electrons into the cell which
transfer their energy to He atoms as mentioned in the preceding section. This energy is
sufficient to excite He atoms and molecules, ionizing them and thus leading to the
formation of excimers which were employed as molecular probes [4].

What is an excimer? Originally, excimer was the terminology for excited state dimer
(short for excited dimer). Often excimers are diatomic, composed of two species of
atoms or molecules that would not bond if both were in their respective ground states.
Furthermore, excimers are short-lived, with lifetimes in the order of nanoseconds [40].
One way in which excimers can be formed is when one of the components of the dimer
is in its excited state. Then its components will dissociate when the excimer decays into
the ground state leading mostly to repulsion of its components. An excimer can thus be
measured by fluorescence emission. The next step is one of a series of He* and He;,

formation by using corona discharge.
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Basically, electrons that flow by corona discharge transfer their kinetic energy to excite
or ionize helium atoms from the ground state. We therefore have the two following
processes to obtain He*, depending upon whether the atom is excited or ionized.

The first process so when electrons excite helium atoms directly to an excited helium

atom, as shown in the following equation [73-75]:
e +He+KE > He +e™ .. (2.29)

Secondly, He* can be obtained by a two-body process; starting when the atomic

ionization energy reaches of 22-25 eV, to ionize helium atoms [75];
e"+He- Het +2e .. . e (2.30)

Then helium ion can react to form helium molecule-ions which are generated in helium

relatively early by [76], to recombine again with an electron to produce He* [77]:
e +Hey DHe*+He ..o (2.31)

A further way to produce excited He atoms but in the reverse manner to the above step,
where HeJ can produced from associative ionisation of He*, followed by dissociative

recombination with an electron as shown in the following equations [78]:
He*+ He > Hey 4+ €7 o i i e e e et e e (2.32)
Hey + e D He +He . oo e e e (2.33)

Helium ions can react to form helium molecule-ions which recombine again with an
electron to create an excited helium molecule (excimer). The series of equations below

shows the steps of collisions to generate a single molecule in liquid helium.

Regarding the formation of excimers, the helium molecule-ions produced in Eq. 2.32

recombine with electrons to form the excited helium molecule [74, 75];
He+Hef +e” > Hey+He . ..o e (2.34)

In summary, in fact no experimental observation or theoretical explanation for the
formation of He>, by other processes than this one has ever been proposed. Additionally,
the main ionic species of Hes in plasma can be obtained from He* that is rapidly
converted to the He. This features of a fast process from excitation to decay on a

nanosecond timescale for different species of helium, all of which motivated us to
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generate excited species of helium in different environments to extend our
investigations. By doing this, the second problem was solved by using this species of

excited helium as probes in LHe.

2.7 Electronic structure of the He transitions

In this subsection, we will present the electronic states of *He transitions of interest in
this work covering atomic lines and molecular bands. Since “He has a zero spin, only
transitions between fully symmetric levels are allowed. Allowed transitions of atomic

and molecular transitions are listed in Appendix A.

2.7.1 Atomic lines

In this paragraph we only analyse the spectral atomic lines of the triplet, 2p 3P«3s 3S at
706 nm, and singlet 2p P«3s 'S at 728 nm. The main interest of this choice is related
to the fact that these lines are sufficiently intense that they appear over a large pressure
domain and that they have been studied by numerous authors (the information and
results of these transitions are discussed in chapter 4). The transitions of associated with
these lines are in the energy range 20-23 eV, where Fig. 2.4 shows a diagram of the

energy levels for the lines observed.
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Figure 2.4: Diagram of the energy levels of the helium atomic lines for the singlet and triplet

transitions. This figure is taken from Fig. 6.1 from ref. [4].
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2.7.2 Molecular bands

As known, the potential energy for the ground state of He, molecule is repulsive and
unstable. However, the excited states are bound strongly, therefore we can investigate
spectroscopic features of the helium molecule [15]. As a result, several electronic states
are known for Hey, as investigated by Gunter and co-workers [14, 41, 79, 80]. Based on
the levels of nuclear rotation interaction with the momenta of the electron, there are
different modes of angular momentum coupling, as mentioned in the preceding sections.
Additionally, a He atom can exist either in the singlet or triplet states with a total spin S
= 0 or 1 respectively, where the spin of the electron is “2. The energy levels of molecular
bands of the He; singlet and triplet are shown in Fig. 2.5. The potential energy curves
for several transitions for He; states investigated by Giinter are shown in Appendix B.

In this work, we will focus on the singlet and triplet d ¥ - b3 [[;and D' ¥} —

B? [1, transitions, respectively.
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Figure 2.5: Diagram of the energy levels that give rise to the molecular bands for the singlet

and triplet transitions. This figure is reproduced from Fig. 1.5 of ref. [15].

2.7.2.a Electronic structure of D 'Y} - B '], transition

This is the energy level of D 1%} level is at 20.57 eV and B 'Il, is at 18.70 eV. The

transition between these two states follows Hund’s case (b). The spin and the orbital
angular momenta (A = 0) of the electron are equal to zero (S = 0), therefore it is a singlet
state due to rule (2S + 1 = 1) and every N level =] level. On the other hand, the orbital
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angular momentum A = 1 for B 1l'[g, so J takes the values: J =1, 2,3 ... > A. The
transition between these two states follows Hund’s case (b). The allowed lines for the
associated transitions are shown in Fig. 2.6. It may be noted that the transitions have
been classified into three branches named Q, R and P, as deduced according to the one-
photon selection rules (2.21), (2.22) and (2.23). When the state is u, only odd levels for

the quantum number (N’) are populated.

N’ J
! R-branch (1) Q-branch (0) P-branch (-1) !
Dzt 5 5
3 3
1 1
N” J”
7 7
6 v L 4 6
B 11_[ 5 v 5
9 4 v y 4
3 3
2 2
1 1

Figure 2.6: Energy levels and transitions between the D XZu and B 'IIg states as per Hund’s
coupling case (b). The bands are indicated by arrows of different colours; purple arrows
represent R-branch transitions that are equal to +1 due to the one-photon selection rule (2.22),
blue lines indicate to the Q-branch (2.21) and green lines are the P-branch that is equal to -1
(2.23). Diagram reproduced from Fig. 11.9 of ref. [15].

2.7.2.b  Electronic structure of d 3 3.} — b 311 jtransition

This transition is between the level d 3%, located at 20.38 eV and b °IT, at 18.44 eV. The
upper electronic state d 3%, is such that A = 0 and S = 1, and belongs strictly to Hund’s
case (b). The spin of “He is zero, so the electron wavelength function is symmetrical.
Since S = 1, every N state splits into three different levels according to the rule (2S + 1),
withlevelsJ=N-1,J=NandJ=N+1,J>A=0[3].
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Again, the symbol u in the upper molecular state implies the quantum number N only
odd which is permitted. Regarding the order of levels, J is that the maximum energy
level at J = N, while the lower one is when J = N-1 and the middle level at J=N + 1 [8].
On the other hand, the symbol g in the lower state (Ily) means the molecular state has
even symmetry, and the quantum number N can take integer values from A = 1.
Therefore, the values of N are 1, 2, 3, 4,...., for the lower Iy state and equal to 1, 3, 5,
7, ..., for the upper X, state.

The rotational constants of the vibrational bands (0-0) of the upper and lower states are
very close at 7.34 and 7.45 cm™ [14]. Consequently, the rotational lines of the Q-branch
are not resolved because they are close in energy, with the overlapping of these lines
leading to an intense central Q band.

Fig. 2.7 shows the structure of the allowed transitions between d 3u state and b®[1, state.
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Figure 2.7: Energy levels and transitions between d 3% and b 3Il, states as per Hund’s
coupling case (b). Due to the ungerade upper state, only odd levels of quantum number N are
allowed. Every value of N splits into three levels with values of J=N -1, N + 1 and N for the
upper state, while for lower state J = N + 1, N and N-1. These transitions can be categorized
into three branches; the R-branch, represented by purple arrows, blue arrows for the Q-branch
transitions, and finally green arrows for the P-branch. This electronic dynamics were analysed

following ref. [15].
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2.8 A bubble formation around He; and He* embedded in LHe

After applying electrical discharge by using corona discharges, excited helium atoms
and excimer molecules are generated and reside in Rydberg states which gives rise to
form structure around excited particles. Then a repulsive force is established between
the Rydberg electron orbital and surrounding ground state helium atoms. As a
consequence, a cavity is created around the He5 and He*due to pushing the surrounding
helium atoms away at a short time [81, 82]. Usually, this void is called a bubble or cavity
which has radius between 10-15 A [83]. The existence of localized excited helium atoms
and molecules in cavities within LHe was investigated by Hickman [84], where it was
found that the size of cavity around excited helium atoms within LHe is smaller than
that one surrounding a free electron. Because even if with a large separations between
the excited atom and neighbouring atoms, attractive forces dominate the interaction
potential between them, leading to a smaller cavity [84].

On the other hand, Localized heating was produced, even if in the LHe, due to electrical
field applied on the electrodes. As a result, gas pocket is expected to form around excited
species in liquid helium (see chapters 4 and 5). For this case, solvation layers with high
density of helium atoms can be formed around a gas pocket.

So the final picture of this system will be excited helium atoms and excimers are caged
or solvated in the bubble within liquid helium

Schematic diagrams of an excited helium atom He* and molecule (Hej excimer)

enclosed in a bubble in different phases is presented in Figs. 4.21 and 5.13 respectively.
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Chapter 3

Experimental and Measurement Techniques

This chapter describes experimental design and explains details of the technique used to
study the dynamics and structure of helium atoms and molecules by employing a corona
discharge method.

Different thermodynamic phases of helium are required for investigation in this
experiment, covering low (liquid helium) temperatures in addition to room temperature.
Therefore, two experimental setups will be described in this chapter: the first will
characterize the cryogenic experiment and the second part the 300 K experiment,
involving the liquid and gas phases of helium, respectively.

Additionally, the method of collecting fluorescence spectroscopy will be given in this

chapter.

3.1 Part I- Cryogenic temperature experiment

An understanding of the concept of the fundamental atomic and molecular processes in
gases has been bringing the motivation for research to investigate cryogenic plasmas.
For instance, the investigations of the electron or He ions mobilities in helium and
measuring the momentum transfer collision cross section of electrons in helium gas, has
been the focus of research [85-87]. Furthermore, several studies [88-90] have been
carried out to understand the properties of plasmas in ultracold conditions. Conceptually,
a cryogenic system is a comprehensive system dealing with the practical application of
very low temperatures.

In our experiment, the main goal in the low temperature experiment is to study and

determine the properties of helium plasma in the gas and liquid phases, mainly the
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effects of pressure, temperature and thermodynamic phase on the fluorescence of He
atoms and molecules over a wider range of pressures. Therefore, we designed and built
a new apparatus, conceptually similar to that previously used by Li et al. [8], but with
better performance in a number of areas. A requirement was that the cell could operate
at high pressures and at cryogenic temperatures of around 4 K. Another objective was
to measure a larger number of spectra in a given time per experimental run than was
possible with the apparatus used by Li and co-workers. To accomplish this, sensitivity
had to be increased by several orders of magnitude. This was achieved by a newly
designed lens system which was able to collect fluorescence over a larger solid angle
and deliver the light to our spectrometer with significantly reduced losses in intensity.
Additionally, the use of a closed-cycle Oxford Instruments HelioxAC-V 3He cryostat

gave resalable results.

3.1.1 General description of the cryogenic system

The system we used in our experiments consists of a 3He insert and cryostat, a two-stage
pulse tube cryocooler (PTC) and a compressor. A *He pot, a sorption pump and a heat

switch are the major components of the *He insert, as shown in Fig 3.1.

3He sorption pump
T=30t0 40 K o sy L,

(outgassing) \

T<4K
| __— (pumping)
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Heat switch (HS) l Heat switch (HS)
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PTC 2" stage plate

| A/l/ 3He vapour pumped

Condensing 3He by sorb

3He pot Liquid ®He at base

Liquid ®He collects
\u/ temperature

Figure 3.1: Operation principle of a HelioxAC-V sorption pumped *He insert. Figure

reproduced from [5]
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The thermal link between the PTC second stage and the sorption pump? is weak at the
opening to the heat switch (HS); when the heat switch is closed (operating), the thermal
link between the PTC second stage and sorption pump becomes strong.

The system of external pumping is required to evacuate the cryostat vacuum space
before the 3He insert operation (evacuation process will be explained in the following
sections). The operation of the 3He insert is dominated by two temperature controllers
(ITC503). One ITC controls the temperature of the sample stage (*He pot) and the
sorption pump. The other ITC controls the heat switch and allows us to monitor the
temperature of the second stage of the PTC (more details will be given in subsequent

sections). At the bottom of the line, the pot is where liquid *He is ultimately condensed.

3.1.2 HelioxAC-V 3He Refrigerator?

The HelioxAC-V 3He refrigerator is the mechanical fridge. Broadly, "refrigerator” is
used as a replacement for the word "cryorefrigerator", which refers to the system of pulse
tube which is based on a cold head (an expansion chamber inside the fridge) and the
compressor package and lines which are capable of attaining cryogenic temperatures.
To cool to 4 K with a mechanical cooler requires a two-stage system, with the first stage
(PTC 1%) operating at a temperature of 40 to 80 K. The first stage typically has a large
cooling power (e.g., 40 W at 45 K, compared with 0.3 W at 4 K), and can thus be used
to cool radiation shields in a similar manner to helium with a liquid nitrogen bath. Then,
the systems is cooled down to 4 K on the second stage of the fridge, which is made of a
gold-plated copper plate [91]. Fig. 3.2 shows schematic diagram of the fridge used in
this experiment.

The 3He insert consists of two sections: the dump, which is a large vessel used to release
any overpressure in the gas line; the other section is the pot side of the gas line that
includes the SORB, where these two sections are separated by valves as per Fig. 3.2,
When the sample has been mounted in vacuum on the base of the *He pot, the jacket of

2 Cryogenic pumping is the cold surfaces that will freeze out any remaining impurities and start collecting them at
the cold surfaces, thus acting as pumps. It was found that the pressure in the OVC drops when the fridge is isolated
under closing PV5.

3 This refrigerator is covered by US patent 6782712 and European patent application 1387133, and was supplied by
Oxford Instruments Superconductivity (Oxon, OX13 5QX, England))

34



Chapter 3. Experimental and Measurement Techniques

the cryostat vacuum should be sealed and the vacuum space evacuated. Swagelok valve
V1 on the insert top plate should be opened to allow He to flow freely from the dump

vessel to the sorption pump and *He pot.
RV3 RV1
X X P1
v 0
v2(X) X |
R\ RV4X

<—— Cryostat top plate

pv5 (X

“He dump Sorb/*He pot assembly
ovcC

Figure 3.2: Schematic diagram of the cryostat vacuum and 3He handling system. Figure

reproduced from ref. [5].

From Fig. 3.2, valves V1 and V2 are Swagelok bellow-sealed valves. Valve V1 links
the 3He dump to the sorb/ 3He pot assembly (this valve only needs to be opened or closed
during normal operation of the insert). Valve V2 is the *He fill port the insert (this valve
should never be opened during normal operation). P1 is the mechanical pressure gauge
with a range of 0.0-14.5 bar absolute. This gauge can be used to check the 3He pressure
when the insert occurs at room temperature, and the *He pressure in the sorb/ *He pot
assembly during the condensation process. Relief valves RV1, RV2 and RV3 prevent
the dump, sorb and 3He pot from being over-pressurized. Valve VP5 is known an
Edward’s NW25 Speedivalve which is utilized to evacuate the cryostat OVC. Finally,
relief valve RV4 prevents the outer vacuum chamber (OVC) from being over-

pressurized [5].
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3.1.3 Heat transfer by radiation and conduction

There are many ways that can allow the heat to be transferred between the specimen and
its surroundings such as convection, conduction and radiation. Often, the partial
evacuation of a gas from the interior of the cryostat can assist thermal isolation in low
temperature applications, hence convection is eliminated. On the other hand, conduction
during the residual low temperature gas requires the effective heat transfer be taken into
account and also conduction over the solids that interconnect the various cryostat parts
and also by radiation. Moreover, there are other factors that can contribute to the heat
transfer, such as Joule heating in electrical connections, mechanical vibration, eddy
current heating and gas adsorption or desorption [92].

Usually, heatshields are considered as an important part used in cryostats to reduce the
effects of radiation. A heatshield is a cylindrical metallic container that connects directly
at a certain temperature with a fridge stage. Then the heatshield is at the same
temperature as the stage to which it is attached (although temperature gradients may
arise when the material of the heatshield does not have a high enough thermal
conductivity). Hence, the shielded surface is exposed to a surface at a lower temperature.
A black body is absorbing all of the radiation that falls upon it. Thus, the absorptivity
(a) for such a body and its emissivity (€) are unity, and its reflectivity (R) is zero; R =1
-g=1-a=0[92].

According to the Stefan Boltzmann law for black bodies, the total radiant energy emitted

at a temperature T, per second per unit area is given by [93]:

e o is the constant of Stefan Boltzmann = 5.67 X 108 W/m?K*
e Alsthe surface area
e e is the emissivity (for most objects is taken to be 1)

e T isthe temperature of the object in Kelvin
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The feature of such calculations that deal with radiant heat transfer at low temperatures
are not limited to the black body only. However, calculations can be applied on the
metallic surface, which has an emissivity between 0.01 - 1.0, to some extent.

From this point of view, therefore, the rate of heat transfer from the ambience
temperature of a room (say 300 K) can be calculated for a small aperture on a heatshield
in direct connection with part of the fridge held at the lowest temperature. For instance,
for a 1 mm aperture radius (r), and its area of nr?, the radiated power from eq. (3.2) is
1.443 x 10 W. However, in case of the heatshield with dimensions of the cylinder where
radius is 73.5 mm, the height is 257.34 mm, the area of heatshield is A = 2xnr? + 2zrh.
So, if the heatshield contacts with the coldest point in the setup of fridge (assume 4 K),
the loading of the heat would be 2.217 x 10 W.

3.1.3.1 Joule heating effects

As mentioned, Joule heating in electrical connections (leads, connections) and resistance
thermometers is one of the factors of heat transfer that gives rise to the rate of heat input
[95]:

Q=IR=LPNVI)V SV oo (3.3)

In our experiment, the electrical field applied to the electrode-tip contributes to the heat-
load in the fridge via joule heating. The value of the voltage that was required to ignite
discharge in liquid phase is around 10 kV (this will be explained in chapter 4 and 5) and
the discharge current about 1 pA. So, the estimated value of the power of joule heating
(Q) is 10 mW, and we assume this heat loading affects stabilization of discharge and

hence on the ambient temperature in the fridge.

3.1.3.2 Heat conduction through solids

Here, we indicate the rate of heat flow (Q) in solid sections in the cryostat, which is
obtained through the temperature gradient (dT/dx) over the cross-section (A). Hence, it
IS easy to estimate the heat transfer (Q) as determined by [95]:

. dT
Q=AM A i .(3.4)
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Where A(T) is the temperature-dependent thermal conductivity of the solid that gives an
idea about the ability of a substance to conduct heat at temperature, T.

However, if the ends of a solid bar of uniform cross-section (A) and length (l) are T1 and
T», then the rate of transfer heat (Q) is given by:

To resolve the integral in eq. (3.5) a particular theory was needed such as the mean value
theorem [96] for integrals to overcome difficulties in such calculations, which gives:

From eq. (3.5) and (3.6), we obtain the following:

Q== (T =T o et et e e e (3.7)

4
l
In our experiment, these calculations are relevant to the heat load contribution due to the
gas supply line. Therefore, for a stainless steel tube with a length of 1.5 m between two
stages in the fridge (at 77 K and 4 K), and with 0.020 m as the outer diameter of the
tubing, the value of the rate of heat transfer according to eq. (3.7) is less than 0.5 mW at

77 K via stainless steel plumbing. The value of (1) for stainless steel and for a numerous

commonly used materials in experiments was taken from Table 3.1 [95].

Table 3.1: Mean values of thermal conductivity in (W/m.K) for diverse materials with different

ends at of temperatures. Table reproduced from Table 4.1 of [95].

Material A
T,=300K | To,=300K | T=77K | T.=4 K | T,=1 K
T,=77 K |Ti=4 K |Ti=4 K|T;=1K |T:=0.1K
St. steel 18/8 12.3 10.3 4.3 0.2 0.06
Copper (electrolytic) 410 570 980 200 40
Copper (phos-deoxid) 190 160 80 5 1
Brass (70Cu/30Zn) 81 67 26 1.7 0.35
Constantan (60Cu/40Ni) 20 18 14 0.4 0.05
Inconel X 10.7 8.9 4.6
Machinable-glass ceramic | 2 1.6 1.3 0.03 0.004
(MGC)
Pyrex 0.82 0.68 0.25 0.06 0.006
Nylon 0.31 0.27 0.17 0.006 0.01
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3.1.4 Vacuum pump and minimization of convection

The process of pumping a vacuum of the chamber plays a vital role in the experiment to
reduce the effects of conduction and convection caused by the gas within the container.
The typical levels of vacuum for cryogenic experiments is in the range of 10#-10 mbar.
This process is in a cryogenic experiment passes through different stages: a major stage
of pumping is accomplished with mechanical pumps using a pumping station which is
detached from the cryostat. In our experiment, the pumping station consists of a
turbomolecular pump backed by a rotary pump which is mounted on a cart.

A vacuum pumping system is ideal and characterized by a valve system that enable us
to operate the turbopump even after opening the fridge and removing it from the
chamber. In this case we can save time re-setting up the fridge with no need to repeat
pumping back down to vacuum. A diagram of the setup is shown in Fig. 3.3.

Through specific points in the pumping station, the vacuum can be measured at the
pumping station through points marked as 1, 2 and 3 channels via two Pirani gauges and
a Penning gauge, respectively, , where gauges 2 and 3 are placed at the turbomolecular
pump.

The Penning gauge, which is placed at the bottom of the chamber, is responsible for
measuring the vacuum in the cryostat chamber.

The procedure for operating the pumping station is as follows. Originally, the pumping
methodology was devised by Robert Limpenny and Dr Gauthier Torricelli and carried
out by a colleague, Dr Mendoza-Luna, then myself.

- First step/ To start up the pumping system:

e Ensure that valves PVO0, PV1, PV2, PV4 and PV6 are closed before starting
pumping cart operation.

e Start the rotary pump. Wait at least 5 minutes to standby before opening PVO.
e We have to check the oil level in rotary pump is greater than the minimum.
e Open PVO0and PVL1.

e The reading on CH2 must drop to 5 x 102 mbar or lower (all channels seen in
green digit panel as shown in Fig. 3.4), then start to evacuate the turbo pump.

e Check CH2 and CH3 to ensure the turbo is operating correctly and normally.

- Second step/ To operate the roughing system.
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Check roughing line by closing PV0, open PV2 to gain atmospheric pressure.

Check pressure of the roughing line at CH1 to ensure the pressure achieved is 5
x 10 mbar or less.

Ensure the pressure of the turbo backing line (CH2) does not go above the critical
backing pressure for the turbopump (5 x 10 mbar). If it does, close PV2 for few
seconds, hence open PVO to drop the pressure in the backing line of the
turbopump.

When the pressures at channels CH2 and CH3 are stable at a reading of 5 x 10
mbar and 5 x 10 mbar respectively or less, roughing line check process can be
resumed safely again.

Third step/ To rough out OVC
Connect the pumping line to the refrigerator.

The value of turbopump pressures should be 5 x 10 mbar on CH2 and less than
5 x 10 mbar on CH3

Close PVO, open PV2.
Ensure that pressure at CH1 5 x 102 mbar or less, then open PV4.
Open slowly PV5 and rough out OVC to 5 x 102 mbar or less.

When the OVC is at 5 x 102 mbar or less, close PV2, open PVO0, then open PV3
to continue to evacuate the OVC to below 10 mbar.

Penning gauge @

Pumping cart

Pirani gauge CH1
@ PV4 PV5
D<o -P<H
Pirani Pirani
Pv?2 Gate gauge
valve CH3 )
PV3 Fridge
Foreline
trap PV1
—>< D><
PVe6
$PVO
To the O |Rotary pump Turbo pump
exhaust

Figure 3.3: Schematic diagram of the pumping station shows the steps described above in the

experiment. Figure reproduced from [3].
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Next step, the process of the cooling-down can be started, once when the reading in the
Penning gauge that measure the vacuum in the chamber achieves 104-10° mbar. The
cooling process, which will be explained in subsequent sections, enhances the pumping
process by reducing the pressure in the chamber to 10° mbar. Fig. 3.4 shows a photo of

the vacuum pumping station utilized in the experiment.

g

=
%

7T\

7

Figure 3.4: Photo of pumping cart utilized in experiment shown the main valves that are
responsible from evacuation process out OVC. This photo was pictured in the Space Research

Centre (SRC), at the University of Leicester.
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3.1.5 Operation HelioxAC-V *He Refrigerator

The subsequent step after the pumping process is the cooling-down of the fridge. As
mentioned, once when the reading in the Penning gauge that measures the vacuum in
the chamber achieves 10#-10° mbar, the cooling-down process can be started.
Usually, at room temperature, the OVC should be vented by opening PV5 slightly to
atmospheric pressure. Before proceeding any further, it should be ensured that valve
VP1 is open too. To start cooling down the fridge, the outer edge of the top plate of the
OVC has to be sealed to the cryostat by screwing down the six M4 bolts, then evacuated
down to the range 10#-10"° mbar. As explained in section 3.1.2, the cryo-refrigerator
system is capable of attaining cryogenic temperatures. This system consists on the
compressor package and pulse tube in which based on a cold head (an expansion
chamber inside the fridge). So, cooling down the fridge is initially achieved by starting
the compressor and cooling water. Hence, the cryogenic pumping has be set after 24
hours of running the compressor under normal conditions. The electrical controls for the
cold head motor are housed inside the compressor package which supplies the cold head
with pressurized helium through flexible metal hoses.
As a complementary step to the previous procedure of pumping the OVC, the steps to
operate the Heliox AC-V to cool down fridge are given below, where symbols for valves
are relevant to Fig. 3.2 and 3.5:
e In order use the ®He as an exchange gas and to accelerate the cooling, close V1
when temperature is below 240 K.
e Setthe SORB to 35-40 K. If the fridge runs during overnight, all the heaters have
to be turned off for safety.
e Close PV5 and wait for the pot to cool down to 4 K.
e Open V1 to cool the refrigerator down to 300 mK.
e From ITC temperature controllers, set HS to 18 K and let it on until SORB cools
down below 10 K (ideally 6-7 K), Then close V1.
e Heat SORB until reaching 35-40 K. Wait for 35 minutes or more until it
stabilizes.
e Open V1 briefly. Opening V1 has a cooling effect.
e Set SORBto 0 and HS to 18 K.
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Figure 3.5: Image of the cryostat in the lab, showing the valve system drawn in section 3.2 (left
side). On the right, the same image showing a close-up of the valves.

3.1.6 Gas installation and pressure measurement

As mentioned at the beginning of this chapter, the main equipment in this experiment
was supplied by Oxford Instruments including; a ®He insert, cryostat, in addition to the
refrigerator that consists from a pulse tube cryocooler and compressor. Also used was a
high pressure cell with components from electrodes, lenses, etc (will explain in section
3.8.1) and the built-in gas supply line, which is an important part in itself and was
specially built to feed the cryogenic cell. The pipes of the gas line used for this purpose
were made of stainless steel with a Swagelok (part number SS-T1-S-020-6ME.) 6 mm
O.D. (outer diameter) due to its ability to carry high pressure up to 100 bar. Furthermore,
a high purity substance was required to pump to the cell, therefore the choice was to use
helium of N6.0. To ensure a low leak rate, standard Swagelok seals were used.

Fig. 3.6 shows the set-up for the gas installation.
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Figure 3.6: Schematic diagram of the gas installation. Figure reproduced from ref. [3].

In the present experiment, the gas line was divided into two sections (or even more,
according to the need). The first section pumped the helium supply and the other the
fridge part, where the process of evacuating and filling the gas line is easy each time the
fridge is opened or closed. These two sections are connecting by a buffer volume. The
first section that relates to the pumping-supply of the gas helium supply contains on a
mechanical pump to evacuate gas lines, a series of ball valves that control the flow of
gas through pipe, a big bottle of helium N6.0 and a Harris regulator pressure (up to 40
bar), while the second part of the gas installation (refrigerator part) is designed as a cross;
the horizontal part from this cross connects to the buffer volume (in one end), so this
part connected to the first, and the opposite end connects to the Omega pressure
transducer. Either the vertical pipe, which is opposite to the fridge stand, the upper end
of the gas pipe connects to the helium reservoir (0.3 litre) for the sake of maintaining a
suitable volume of helium. This because when a high pressure of helium was required,
this bottle provides and controls a big volume of helium through a ball valve. On the
other hand, the bottle relieves the pressure in case we want to reduce pressure in the cell
without losing the helium to atmosphere or contaminating the line. The fourth outlet of
this structure accommodates a gas inlet system built for the Heliox cryostat.

The beginning of the inlet gas with a sector of 6 mm pipe is welded to the 25 KF flange
to support vacuum seal. Inside the fridge, a three metre -1/16" O.D of the 6 mm pipe

with pipe (0.020" wall thickness) was adapted inside the fridge, with a length of 1.5 m
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between the two stages in the fridge (at 77 K and 4 K). In between these two stages a
thin pipe was heatsunk by using copper bobbins (see Fig. 3.). Then, a pipe was connected
to the cell via a flange.

In order to measure the pressure in the gas line and the cell, a PXM409-USBH Omega
pressure transducer (0-100 bar absolute pressure USBH 0.14) was utilized. The PXM-
409 High Speed USBH Series was connected directly to the computer. Free PC software
made data logging and charting our readings a simple task. The pressure transducer has
the following features [97]:

e USB output pressure transducer allowing up to 1000 readings per second.

e A major software update for USB transducers was involved; free OMEGA PC
software took the data from the transducer directly to the digital domain, turning
a laptop or Windows® tablet (with USB connection) into a virtual meter, chart
recorder, or data logger.

e Charting window, which allowed us to see the data graphed in real time. The Y-
axis is configurable to allow simultaneous graphing of multiple engineering
units. An image of the data can be written directly to a png file.

e Channels Window, which displays all data from all sensors simultaneously. Each
channel has configurable user alarms, three data filters, resettable low/high
indication, and sample rates ranging from 30 minutes to 1000 Hz.

e The micro-machined silicon design is ideal for pressure or level applications in
the laboratory that requires a high accuracy transducer. The micro-machined
silicon sensor provides a very stable transducer with exceptional high accuracy

of £ 0.08% and a broad compensated range of -29 to 85°C.

3.1.7 ITC Temperature Controller and thermometer

Two ITC503 temperature controllers were utilized in the previous steps (3.1.5) to control
the HelioxAC-V 3He system. The first ITC503 (ITC-number 1) was used to control the
temperature of the 3He pot and the sorption pump (SORB), through the entire operating
range of the system. The second (ITC2) is used to monitor the temperature of the switch
heat (SH) that indicates the thermal link between the sorption pump and the PTC 2"
stage, and to control the temperature of this stage [5]. The software provided with
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ITC503 allows the range to be altered easily to cover a wide range of sensors. Fig. 3.7
shows images of the ITC503 devices (two controllers in top of each other) used in the
experiment, and the second image (b) for panels showing type of sensors* for each
controller. A Cernox resistor (CX-1030-CU-HTO3L) has been selected for thermometry
purposes. This is due its ability to measure temperatures in the range between 0.3 - 325
K. Once the cell has been placed in position in the chamber, the thermometer (wiped
with acetone and rubbed with Apiezon-N) is mounted on the one side of the cell (the

spark cell will be discussed in the next section).

SORB pump
He3 Low T.
He3 High T.

Sensor

HS
PTC2T.
Not used

SORB pump
He3 Low T.
He3 High T.

Sensor

HS
PTC2T.
Not used

Figure 3.7: Detailed image of the ITC503 temperature controller is illustrated. The two
controllers ITC1 and ITC2 were placed in top each other to run sensors easily as shown (a).
Image of ITC 1,2 run which is zoomed in to show only the effective part of the panel with the

sensors’ buttons. The third sensor in ITC2 controller is not used (an example of using ITC- b).

4 By pressing the sensor button (Fig. 3.7), one can cycle through the three stages of temperature
monitoring for each kind of ITC503 temperature controller. Also, from the red buttons in the devices,
we can adjust the temperature to lower or higher values.
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3.1.8 High pressure cryogenic cell and components

The idea of using a spark cell to run the corona discharge at high pressure is not new.
Due to the importance of the role of the cell, it is considered to be the very heart of the
experiment. Conceptually similar to that previously used by our collaborators in
Grenoble, France, Li et al. [8] used a cylindrical cell with an electrode spacing of 8 mm,
but with better performance in a number of areas. One of these was a requirement that
the cell could operate at high pressures and at cryogenic temperatures around 4 K. This
was achieved by a newly designed high-pressure cell. A major difference in new design
is the reduced gap between the tip and plane electrodes that existed in the cell by building
a considerably smaller cell (4-6 mm) than the original one.

Generally, a cube-like design was chosen for the cell, providing faces for flanges for two
high voltage electrodes, the helium gas supply and a window to couple out the fluoresce-
ence light. The approximately cubic cell had a side length of approximately 50 mm,
providing an internal volume of 4 ml. The coaxial cell is rated to approximately 100 bar
helium. Technical drawings of the cell were drawn up by one of the members of our
group, Dr Luis Mendoza-Luna [3], and built by the Mechanical Workshop of the Physics
Department at the University of Leicester, are given in Appendix C.

The cell is made of oxygen-free copper (OFHC) to improve performance of thermal
conductivity at cryogenic temperatures by minimizing the size of the cell. The four
flanges on the windows that provide the sides of cell allow for a system to feed the cell
with helium gas (gas inlet) on one flange, on the opposite side of the gas inlet a mount
for a lens (15 mm-diameter) to diverge the light from cell to the rest of the (external)
optical layout (see schematic diagram of the optical system in Fig. 3.11). The last two
opposing flanges accommodate the plane-tip electrode pair with a typical separation of
4-6 mm.

The high pressure cell consists of the following items:

3.1.8.a  The configuration of a plane-tip electrodes

The most important element in the spark cell are the tip-plane electrodes. Both the tip
bearer and plane electrodes are made of stainless steel. The flat electrode that has
cylindrically symmetric plate represents the anode (positively charged electrode) with

@ 8.0 mm, 1.25 mm thickness and 43.5 mm length. Regarding the tip bearer, this has a
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fine end that is triangular in shape containing a channel to hold the tip needle which is
the source of electrons. The tip that is welded to the stainless steel brace is made of
tungsten with a radius of curvature of around 200-250 nm (as determined from TEM),
where the total length of tip and bearer is approximately 47.75 mm (3 mm length of tip).
Technical drawings of the electrodes are shown in Appendix D. Fig. 3.8 shows a general

plan for the tip-plane electrodes, with the figure was taken from ref. [3].

Zone of ionization

- > M -
;j;a-\_—gd ——

Figure 3.8: Physical description of the plane-tip electrode array. The tungsten needle (in black)
has been spot welded on to the stainless steel pin (left). The plane electrode is grounded (right),

while the tip can be either at positive or negative polarity with respect to ground.

The plane electrode is earthed while the tip electrode can be held at a positive or negative
polarity (in our experiment, a negative polarity was used). The cell can withstand a DC
voltage of £ 10 kV and produce currents of the order of hundreds of microamps (at
room temperature), and is able to sustain the discharge for at least several hours in gas
and liquid helium started at approximately 10 kV (negative polarity). The choice of a tip
with a small radius of curvature is explained by the fact that we want a spatially well-
defined discharge zone in order to carry out a spectroscopic study of the emitted light
and the discharge current without ever reaching a breakdown that would destroy the tip
and the measuring devices.

The tips are prepared by the electrolysis of a tungsten wire. The tungsten tips that we
used in these experiments were prepared by Dr Mark Watkins, in a project for student
Naomi Vellody Williams and the PhD project of Dr Mendoza-Luna, all at Leicester
University. The procedure for preparing the tip is based on ref. [98]. The stability of the
tip plays a crucial role whereby, a sharp tip is desired. The optimal parameters for
achieving these characteristics of tip etching are: 8.0 g concentration of a solution of

NaOH, 100 ml distilled from water and an applied voltage of roughly 5-10 V.
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Either regarding tip-plane configuration, given the importance of understanding
phenomena occurring in an intense electric field in liquid dielectrics, an approach to the
original concept developed in the laboratory based on the study. The tip-plane geometry
plays a vital role in the generation and transport of charges as a function of the density
of the medium (from atmospheric pressure gas to liquid state).

In general, a very high electric field (~MV/cm) is required for the generation of charges
in a liquid dielectric. The use of a tip-plane geometry makes it possible to obtain this
generation field locally near the tip without this causing the dielectric breakdown of the
liquid due to a low value average field between the electrodes. It can thus distinguish
two different regions between the electrodes; a region located near the point (ionization
zone) at a distance of the order of the radius of curvature of the point (rp) (~um), where
the charges creation. The other region is the remainder of the distance point-plane (~mm)
which is near to the plane space and under a weak middle field (~kV / cm) as shown in
Fig. 3.8. In geometry nearby the tip-radius of curvature of the point; upon the high
voltage application across this region, the charge generation occurs, is confined near the
tip, which avoids the phenomenon of breakdown [99]. Most of the point-plane distance
(d) is, however, subjected to an insufficiently small field (because d >> rp) so that no
charge generation is possible there, only the transport of the charge created near the tip

can occur. For this reason, a small distance between the electrodes is required.

3.1.8b Macor ceramic insulator

In the cell, the metal electrodes (tip and plane) are supported by Macor insulators. Macor
is both an electric and thermal insulator with little thermal expansion or outgassing.
Macor can be considered unique as its composition comprises 55% fluorophlogopite
mica and 45% borosilicate glass. Corning’s unique production process results in
Macor’s microstructure, which is key to its versatile properties [100] [101]. Macor is a
good thermal insulator and is stable up to temperatures of 1000°C, odourless, non-
outgassing material that exhibits zero porosity, and unlike ductile materials, doesn’t
creep or deform. As an electric insulator, particularly at high temperatures, it is excellent
at high voltages and a broad spectrum of frequencies.

After that sealing is ensured by indium seals (@ 1mm) and stainless steel flanges. The
seals are made of indium which is a material of choice in the cryogenic regime. Indium

is characterized by providing a low leak-rate seal and does not decay at low temperatures
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at high pressures. The Macor holds the electrodes and is sealed using indium in the
present experiment, as shown in Fig 3.9. A cross-section of an assembled copper cell

design with its components is shown in Fig. 3.10 [3].

- -

Figure 3.9: Image of Macor ceramic piece holding the tip-plane electrodes that are sealed with
indium (indium dos not appear in the image, and the Macor (the only item in the cell was bought

from external company not built by the university).
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Figure 3.10: Cross-sectional view of the discharge region of the high pressure copper cell

(assembled). This design was done and used by colleague Dr Mendoza Luna [3]
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3.1.9 The Optical Layout

The fundamental objective from experiment was to measure a larger number of spectra
in a given time per experimental run as possible with the apparatus used. This was
achieved by a newly designed of a multiple lens system which was able to collect
fluorescence light over a large solid angle and delivered the light to the detector with
significantly reduced loss in intensity. Most important in the first step of this system is
the distance between the object (spark of the discharge) and the first lens, which has to
be placed as near to the object as possible. Therefore, using a lens that has focal length
smaller than the mentioned distance is preferred. Otherwise, with a larger focal length,
a virtual image is generated away from the discharge spark (behind the object) on the
same side of the optical axis. Consequently, the beam of the light will diverge off the
lens cause some loss of light on its way to the next lens (see Fig. 3.11). The proper
distance between lenses and the tip electrode was measured according to the lens
formula [102];

L 3.8
R R .(3.8)

=

Where u is the distance of the object from the lens, v is the distance of the image from

the lens and f is the focal length of lens, i.e., the distance of the focus from the lens.

L1 L2 L3

Object (spark)

Vi

Parallel rays

v

Figure 3.11: Schematic diagram of the optical pattern that used in experiment to merge the
emitted fluorescence light from inside the cell (vacuum regime) to the out of the chamber (out
the vacuum). The system consists of three lenses L1, L2 and L3, with focal lengths of 50, 15
and 50 mm respectively. The object represents the position of the spark of the discharge that is
placed between the lens (L1) and its focal length (F1). A virtual image (VI) is created to be
behind the tip according to the eq. (3.8). Then L2 (second lens) picks up the diverging beam

from L1 and converges it on the optical axis at a point F3 (focal length of the third lens L3).
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In the present experiment, the distance between the spark and first lens is 8 mm, but
finding a lens with a focal length less than 8 mm was impossible. Therefore, an
achromatic lens (Edmund Optics Dwg. No. 47702INK) with a focal length (f) of 50 mm
was used instead of. Consequently, the virtual image of discharge is generated behind
the object, at a distance of -9.5 mm from L1. As we mentioned before, due to the large
f of L1, the beam will diverge, and a second lens (L2), f = 15 mm (Thorlabs Part No.
LB1092) must be placed after L1. L2 was added to collimate and focus the diverge light
from L1 to a pinhole (1 mm in diameter) that was etched on the flange of the first
heatshield to prevent radiation from entering the cell. So, this aperture is considered to
be a connection ring between cold regime (cell including L1 and L2) and the surrounding
temperature (at the first heatshield). By placing a third lens (again achromatic lens /an
Edmund Optics Dwg. No. 47702INK) on the flange of the second heatshield, the
diverged light from pinhole is collected to send as a parallel beam to the next step. Fig.
3.12 clarifies the arrangement of optical system.

Cell Tip Achromatic lens Spacer
and window Achromatic
lens

Collimating

Figure 3.12: Cross section of the optical setup explained mathematically in Fig. 3.10. The
divergent light is picked up by the achromatic lens (f = 50 mm) with a 15 mm diameter, then
collected by the second lens (f = 15 mm) with a 12.7 mm diameter; a holder was built up to hold
L2 to fit with bores 15 mm. The final step in the optical process within the chamber is with a third
lens (f =50 mm) in 15 mm diameter, which converges the light to produce the parallel beam that

is sent outside the chamber. Figure taken from ref. [3]

Either the optical setup outside the chamber (ambient at room temperature), includes a
pair of mirrors (40 mm diameter) that were placed in parallel to lead the parallelized
beam into the last lens (f = 150 mm) with a 25 mm diameter (see Fig. 3.17), where the

parallel beam was collected and focussed by L4 towards a slit of a Czerny-Turner
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spectrograph [103], (Andor Technology Shamrock SR303i), and imaged onto a CCD
chip (Andor CCD-12855 - iDus Camera DV420) to record in a computer for analysis.
To minimize shot noise, the CCD camera is cooled to —65°C.

3.1.10 The electrical layout

The process of igniting a discharge in plasma is dominated by the electrical installation
that is run by the current-voltage values. The electrical circuit consists of the array of
the tip-plane electrodes connected to a high-voltage ammeter and voltmeter by a coaxial
cable. The stability of the current affects the sustainability of discharge in plasma.
Voltage and current measurements are important to give an idea about the Joule heating
that indicates the changes of phase of helium. Therefore, the typical value of current in
the setup is 300 pA in the gas phase, while in the subcritical phase it is 1 pA in a stable
discharge. Additionally, by knowing the values of current and discharge, the mobility of

ions and electrons in helium can be calculated [99]:

V= V,)?

I1=C
t HE d

Where | represents the current, V is the potential difference, Vo is threshold voltage, Ct
IS a constant, u is the mobility and ¢ is the dielectric constant (= & &1). Fig. 3.13

represents the circuit diagram of optical layout.
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Figure 3.13: Circuit diagram of the experiment. The inatrucmental setup consists of an ammeter
and voltmeter suitable for high-voltage uses connected in parallel with the electrodes. The plane

electrode was earthed.
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A high voltage was applied across tip-plane electrodes via a DC power supply (Spellman
/IMPS15N10/24/DCC2) under negative polarity and using high voltage cable (SHV);
voltages in excess of 10 kV could be required at this stage. An instrument suitable for
high-voltage use was constructed in-house. This consists of two pieces of equipment (an
ammeter and voltmeter) coupled in one device to provide us with simultaneous readings
of current (uA) and voltage (kV). Fig 3.14 shows an image of this Avometer; see also

the electronic map for more detail in Appendix E.

= HV-return

Figure 3.14: Image of the device used to measure high voltage-current applied to the tip-plane
electrodes. A DC power supply (Spellman /MPS15N10/24/DCC2) feeds the cell through this

avometer under negative polarity.

3.1.11  Assembly of the experimental setup

It is noteworthy that the copper cell in this experiment has a 180° symmetry, making the
opposite faces of the cell identical, though not neighbouring faces. There are holes in all
faces to accommodate the components of the cell, from the electrodes to the lenses and
gas inlet. Therefore, an indium gasket must cut and placed against each of these
components to ensure the cell is fully sealed. The dimensions of the gasket correspond
to the size of the holes for each of the above cell components which are 15 mm, 13 mm
and 1 mm outer and inner diameters and thickness, respectively. The lens is one of the
most important components that needs delicate work to emplace, where the achromatic
lens sits against the indium gasket in specific flange to hold it in place. An achromatic

lens is used for two purposes; once to steer the light toward spectrometer and to obtain
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a good seal. Then, the lens holder is inserted into the bore with a thin (1 mm-thick) PTFE
spacer between them. After that, this arrangement is held in place and tightened against
the indium seal by a flange on the front of the face of cell.

The Macor ceramic pieces that hold the tip-plane electrodes in place were also was
sealed with indium in addition to the flange's holes. The tungsten tip was spot welded
onto the tip bearer electrode which is pushed against the inner face of the Macor pieces,
as per Fig. 3.9. Then an indium gasket per electrode and the Macor piece (including the
electrode) were inserted into the bore and pressed against the cell via the stainless steel
flange.

Finally, the last face of the cell is that used for the gas inlet, which is opposite the lens,
where the gas feed line linked into the corresponding bore and pressed against the cell
to ensure a good seal with the indium gasket. To complete the cell, M4 fasteners with
Belvoir washers were utilized on the walls and sides of the cell. The last step before
attaching the cell to the rest of the experiment, was to test the cell with a helium leak
detector.

When the copper cell is assembled, a "concentric-eccentric* adapter piece, which is also
made from the copper, was used as a base on which to mount the copper cell. The
component faces were wiped with acetone followed by Apiezon-N cryogenic grease.
Due to the softness of the cell, metric brass fasteners were used to screw the copper parts
of the cell into position. When the cell was emplaced in the cryostat and ready to use,
the thermometer was bolted onto one of its faces.

Next step is the thermal link between the first and second stage by cryogenic wires that
would act as the heatsink between these two stages (typically phosphor-bronze,
constantanor nichromel) which had a smaller thermal conductivity than the other metals,
to the extent that it could be considered a thermal insulator compared with copper.

For the liquid phase experiments, high power would be needed to ignite the discharge,
leading to increased Joule heating. The cooling power of the *He pot was insufficient to
overcome this Joule heating, as was discovered by the researchers. Therefore, to
overcome such problem, strips of copper were used as a thermal bridge to link the cell
to the second stage, to transfer the cooling power of the latter, and reduce Joule heating

to keep a constant base temperature of 3.2 K (see Fig. 3.15).
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PTC first stage

PTC second stage

Bridge of
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\
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Figure 3.15: Image of cross section of the inner section of fridge showing; first and second
stage, copper cell attached to the 3He pot, where copper braids were used to thermally link
the cell to the second stage and cryogenic cables around a bobbin to allow for efficient

heatsinking. This image was pictured in the Space Research Centre (SRC) lab, University of
Leicester.
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As mentioned, phosphor-bronze cables that to be heatsunk, were chosen to
accommodate the high voltages utilized. A polyimide material was used for insulating
these cables. However, the thickness of polyimide was not able to prevent short-circuits
to ground that arise at potential differences of about 4 kV [3]. Hence, to use 10 kV at
negative polarity (in present setup), a PTFE-sleeving (which cannot be heatsunk) was
utilized. Another way reduce the thermal gradient between the ends of a cable was by
using cryogenic wires inside the fridge being heatsunk. These cables were wrapped
around copper bobbins then mostly placed on the two stages in the fridge (usually at 4
K and 80 K) as shown in Fig. 3.15. The subsequent cooling efficiency depends on the
number of turns. To get efficient heatsinking, at least five turns of a wire around a bobbin

are recommended [104].

Two heatshields are then mounted on the first and second stages of the fridge. These
heatshields include cylindrical slots which accommodate lenses described above that
include 1 mm-thick plastic spacers. The dimensions of these slots correspond to the
dimensions of optical setup shown in Fig. 3.12. The inner heatshield sits around the pot
of the fridge and is bolted to the first stage, while the outer one covers the first heatshield
and was bolted to the second stage. The fridge was then lifted via a crane and dropped
into the vacuum chamber, which is fitted with a window for coupling out the emitted
light. The complementary parts of experiment, an electrical feed socket, a Penning gauge
to assess the vacuum, compressor and pulse cold head were fitted to the outer vacuum
chamber (OVC). Fig. 3.16 shows a drawing of the insides of the cryostat after the above
assembly is complete, while Fig. 3.17 shows the entire setup including the inner section
of fridge, gas installation, optical setup and data collection, which is the last step in

procedure.
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Figure 3.16: Cross section cryostat after assembling all components that has been mentioned

in this section. Inner section of the tubing is shown clarifying the fine details and coherence
of this design. This design already was used by collaborator in same our group [3].

58



Chapter 3. Experimental and Measurement Techniques

Scroll pump

Pressure Helium reservoir
regulator
! u Omega pressure
 Sa>] D] transducer
1 Buffer volum
Gas line
Pulse tube
cooler
Computer
Bobbins Gas line
———
He-N6.0
Heatsunk

sections of the
pipe
Eccentric

concentric 2
adapter ‘ ~“He line

L

Spectrometer

Discharge

cell

z Mirrors
Electrode

Assembled cryostat
(OVQO)

Figure 3.17: The entire experimental setup including the inner section of fridge, gas

installation, optical setup and data collection by the computer, which is the last step in the

procedure.
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3.1.12 experimental procedure

This section explains the steps to run this experiment. After assembling the experiment
parts explained in this chapter into the fridge and connecting electrical cables (SHV).

The experiment is ready to operate with the following steps;

The first step as mentioned above in section 3.1.4 was routine of the pumping vacuum
to the chamber and minimization of convection.

Also the gas line was cleaned from impurities with the vacuum pump process by using
scroll pump machine. Then the gas line was filled with 3-10 bar of He N6.0, then
flushing out the helium, this process was repeated many times to flush all impurities.
Although high purity of helium (99.9%) we used in present experiment, it still contains
impurities such as hydrogen and oxygen.

The cold process starts now for the fridge by the pulse tube cooler (typically below 20
K), when we reach to this temperature, all impurities have been frozen and stuck up upon
container wall, consequently, no emission spectra were observed for this impurities as
will we see in chapter of results (steps of cooling down in section 1.3.5).

To test the electrical connectors and to run a corona discharge to be able recording
fluorescence spectra, applying a high potential difference across the electrodes was
required. By using different power supply depending on the value of voltage that
discharge required. Once getting stabilized discharge, go to the next step.

In sake of follow up the emitted light from the cell after a corona discharge obtained,
another optical setup was need. This setup can be done and aligned outside the vacuum
chamber, this was upon an optical breadboard that lies between the cryostat chamber
and spectrometer. This setup which includes two mirrors and lens is a complement to
the first set inside the fridge. Where the parallel emitted beam from inside the cell
through the (OVC) steer onto final lens in this arrangement in which focuses the beam
onto the slit of the spectrograph (see Fig. 3.17, to follow up the green arrow as parallel
light from OVC to spectrograph). Fig. 3.18 shows an image of the optical setup outside
OVC. The spot of light that generated via corona discharge in the tip-plane space was
considered as a typical source to the emitted light to follow the image on the entrance
slit of the slit of an Andor Technology Shamrock SR303i Czerny Turner spectrometer.
Hence, by manipulating with mirrors and lens an appropriate image can be obtained,

then a suitable alignment of optics can be depended. The methodology of collecting
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spectra will be shown in in next section. So, with this optimization, the experimental

procedure has been finished to go ahead towards data recording.

. Mirrors

spectrometer

Manipulated tools

Figure 3.18: Images of optical setup outside vacuum chamber to optimize the alignment of
emitted light from the cell. Both images in the same set but from different corner photos were
pictured. This set lies an optical breadboard that accommodates two mirrors and lens that to

lead and focus emitted light from discharge zone within the cell to the slit of spectrometer

3.1.13  Methodology of the data collection

Once the system is aligned, it is ready to record and collect spectra. It is worthy to point
out that during optical alignment in previous section, the ignition of discharge that
occurred to record the image of spot or spectra was at room temperature i.e, before
starting of cooling down process. Hence, such spectrum at room temperature is the first
data and was used as a reference to the rest of spectra. This spectrum is called glow
discharge and obtained at low-pressure (8 mbar) discharge spectra of helium by pumping
on the cell with applying a high potential difference across the electrodes. Nevertheless,
the pumping of the cell itself was conducted before applying discharges, the pumping of
the cell was inefficient due to the length of pipe of helium gas. As a results, helium atoms
remains at low pressure to get glow discharge spectrum. Spectra were recorded with a
Peltier-cooled (-65 °C) CCD camera (Andor iDus DV420, CCD-12855). A 1200 mm*
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grating blazed with a high-resolution diffraction along the range 300-1000 nm was
employed and the resolution was 0.2 nm. The spectral line profile of the instrument
followed to a good approximation a Lorentzian function.

As mentioned, the optimization of alignment resulted to get an image on the center of
the slit of an Andor Technology Shamrock SR303i Czerny Turner spectrometer. So,
either to record spectra or images in spectrometer, the Andor Solis software (version
4.19.30001.0) accompanying the hardware was used to change the setting of each case.
In case recording images, the acquisition mode has to be changed to the single mode,
and readout mode changed to the image choice, triggering to the internal and then select
exposure time. Also, by selecting the zero-th order of the diffraction grating, the image
can be record under these setting. In case spectrum was required, so acquisition mode
has to be changed from single mode to the accumulation mode.

After recording glow spectrum at room temperature, to start cooling down process, the
compressor was operated that will be ready after a couple of minutes. After that, the
cooling water is controlled by specific valves that were opened to initiate cooling process
according to the instruction of the fridge [5]. Now waiting until the *He pot and second
stage are linked thermally, if so, the cooling down process can take 9-10 hours. However,
if not, this process will need up three days.

It was found that at cryogenic temperatures and during recording an image in similar
way to that at room temperature, the position of image shifted slightly by 1 mm and thus
modify the alignment must carry out, hence recording the images must been to repeated.
Fig. 3.19, displays two cases both at low temperature; first case before alignment in (a)
and (b) with 100 pm and 2500 um slit width respectively. Another case after adjusting
the lens and mirrors to get back image of discharge to the center of slit as shown in (c)
and (d). Remarkably, during recording images of discharge at room temperature and low
pressure, in which difficult to record image of discharge spot at low pressure, it was
realized that one of this photos involved the shape of the sharp tip electrode nicely as
shown in Fig. 3.20 .

Once the system is aligned the, applying a high potential difference across the electrodes,
the fluorescence spectra are ready to record on computer that connecting to the
spectrometer. Helium pressure and the temperatures are the parameters that is most
depended in experiment. On the other hand, the amounts of used helium and temper-
ature vary from experiment to another depending on what we plan to do. A routine work

to collect spectra is as follow;
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Figure 3.19: Images of emitted light nearby to the tip electrode were recorded using the Andor
Solis software accompanying the hardware. All images recorded at T= 3.5 K, P=0.18 bar, V=
0.68 kV, I= 25 pA, Exposure time= 0.001 sec and accumulation No.= 20. The only difference is
the realignment, where images (a) and (b) were recorded after cooling down and realized that the
position of images has shifted from that one at room temperature (which were in the center of
slit) due to the components suffering contractions at low temperature. Consequently, the setup
of optics has to be modified, as a result, the image position returned back to the center of slit as
shown in (c) and (d) after alignment. The widths of slit of spectrometer were 100 um for (a) and
(c), while 2,500 um for (b) and (d). This is because with 100 um the centred image not clear

such slit (fully) open at 2,500 um.
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Tip electrode

Figure 3.20: Photo of the tip electrode within the cell was observed during recording the
image of the spot of glow discharge which is difficult to resolve at low pressure (7 mbar) and

room temperature. This required high power under 1.23 kV, 146 pA and 2,500 slit .width.

e Amount of helium at specific pressure has filled the gas line using buffer valve.

¢ High potential difference is applied across the electrodes to obtain electrical
discharge. Where in the beginning of applied voltage there was no reading for
current, which means the discharge not ignite yet. However, at some point of
voltage, suddenly measurement of current appears on ammeter with fluctuation
until getting on stabilization in a few seconds indicating to discharge ignition.

¢ On the other hand, a high voltage causes increase in temperature, therefore
reducing the voltage and current slightly makes the temperature stable and in
meantime stabilization of discharge.

e The acquisition time for each single spectrum was 10 ms for measurements in the
gas phase and 100 ms in the liquid phase. Acquisition time usually always ranged
between a few seconds up to one and a half minutes. Advantage of select specific
acquisition time manages the need of acquiring to get a well resolved spectrum,
the essential instability of the discharge and the fluctuations in the temperature
(and pressure) of the helium.

e The acquisition was repeated 20 times or 10 times for the gas and liquid phase,
respectively, during which the spectra were accumulated and corrected for noise
(cosmic event removal, etc.). This led to an effective exposure time ter =

texpXNaccu = 0.2 sec for the gas phase and 1.0 s for the liquid phase, respectively.
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e Keep going on changing the pressure of helium and record spectra for each case.
It can then raise or minimize the temperature in the cell via the heater at the pot
of the fridge and temperature controller. So with repeating this procedure, PT
diagram can be discovered and identify helium phases in a certain pressure and
temperature. For instant as showed in results, by operating the heater of the pot
and applying voltage the spectra at such conditions will be in supercritical regime
(T=5.2-20 K). However, with starting from base temperature at 3.2-3.5 K and
0.150 bar, and upon increase pressure of helium this increase the temperature
slightly and temporary until the system of refrigerator took it back to the original
low temperature. With this action by adding helium gas atom to the cell without
increase in temperature and the pressure, this is a signature that helium is upon
the line of saturated vapor pressure (SVP). Noticeably, again with adding more
helium gas the reading through pressure transducer has increased above SVP
indicator to the condense phase of helium and liquid helium and below T was
obtained (see Fig. 3.21 and Fig. 4.1).
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Figure 3.21: A section of the PT diagram for the gaseous and liquid phases probed in the
experiment. Each point of this data represents a fluorescence spectrum which spans the

range 300-1000 nm.
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3.2 Part ll- Room temperature experiment

The concept of this part in experiment is similar to the first part, where a corona disch-
arge was employed or the electronic excitation and ionization of helium atoms at 298 K
and over a range of pressures, from a small fraction of a bar up to 30 bar. The excited
helium atoms and molecule-excimers undergo transitions between excited states
electronically. Intense fluorescence in the visible and near infrared regions was observed
in the wavelength range from 300-1000 nm. An Andor Solis Technology Shamrock
SR303i spectroscopy (same means used at low temperatures) was used to record and
collect the light emitted from the corona discharge in the vicinity of the tip of the top
electrode through an optical setup similar to the one described in chapter 3-part |.

The differences with first experiment are; a major difference is cryorefrigerator that used
only at low temperatures, while there was no need at room temperature. High pressure
cell is the second change, where a stainless steel cell has been used at room temperature
(will show in subsequent sections). The reason of this experiment was to compare the
analysis of data that obtained at cryogenic temperature with these at 300 K. Overall, this

experiment is much easier from the first one with simplest design.

3.2.1 High pressure cell at room temperature

A cube-like design was chosen, providing faces for flanges for two high voltage
electrodes, the helium gas supply and a window to couple out the fluorescence light. The
approximate cubic cell has two sides identical (in opposite top/bottom) with dimensions
55 x 55 mm. However, the others four adjacent faces are 45 x 55 mm, providing an
internal volume of 5 ml, it was made of stainless steel metal (BS EN10088-3 (304S11;
BS 970 PT1/3)). Pressure tests showed that it could withstand over 100 bar. A cell was
built by the Mechanical Workshop of the Physics Department at the University of
Leicester, Technical drawings of the cell is shown in Appendix F. In similar to the
copper cell, In similar to the copper cell, the four adjacent faces of cell were
accommaodated by; a system that feed the cell with helium gas (gas inlet) sits one flange,
on the opposite side to the gas inlet a lens sits in inner bore etched into cell then a flange

places upon this lens (will explain in coming section). Finally, the last two opposing
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flanges host a configuration of the plane-tip electrode with typical separations of 4-5
mm. Fig. 3.23 shows cross-sectional view of the high pressure stainless steel cell. Also,
in Fig. 3.22, an image of the cryogenic temperature cell on left is compared with the
room temperature cell on the right. Both photos are pictured in the lab of Physics

Department.

Figure 3.22: Photos of high pressure cells that used in experiment; on the left the copper cell

used at low temperatures with a volume 4 ml, and Teflon material was placed around the
electrodes for safety to prevent electricity spark that might distributes inside the fridge causing
electricity everywhere. On the right an image of 5 ml of the stainless steel cell used at room
temperature experiment with connections to the electrodes by coaxial SHV cables to supply

cell high power.

3.2.2 Electrodes configuration with A Lumina Ceramic tube

The configuration of tip-plane electrodes in this experiment was based on by first
experiment. The difference only is that the length of the tungsten tip is greater by 1 mm
leading to make the separate distance between electrodes 4-5 mm instead of 4-6 mm.
this is to reduce space between electrodes and to concentrate discharge as we can,
especially in experiment of the atmospheric pressure air a high stabilization discharge
was required. Also, M3 thread length in both electrodes are 17 mm i.e., longer than the
length in first experiment about 7 mm, this to be, this to get more tolerance and space
during tightening the nuts to the thread of the end of electrodes. The schematic drawing
of electrodes is shown in Appendix X. A macor ceramics were replaced in the
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experiment by Alumina tube to hold the electrodes. Alumina or as it known Aluminium
Oxide, Al;Oz is a major engineering material that offers a combination of good
mechanical properties and electrical properties leading to a wide range of applications.
Alumina can be produced with high purity with a minimum purity of 99.8% to enhance
properties. Ceramic insulator tubes are used in vacuum interrupters for medium voltage
(approx. 6kV to 80kV). Additionally, specialized Alumina is characterized that has
superb material characteristics such as high electrical insulation, high mechanical
strength, high wear and chemical resistance. According to the Possibility of a 50% size
reduction with 1.6 times higher voltage resistance than conventional ceramic.
Consequently, Alumina ceramic is preferred to use [105]. The rest information regarding
assembling high pressure cell and sealing the slots see section 3.1.8.a. Fig. 3.23 shows

the section of the stainless steel with its components. An image of the cell with Alumina
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Figure 3.23: Cross-sectional view of the discharge region of the high pressure stainless steel

cell (assembled).
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3.2.3 Optical layout

The collection of emitted light from the cell needs an accurate system of lenses. The
result of accuracy starts from the first image obtained from discharge region within the
cell as explained in section 3.1.9. This can be obtained by making the first lens close to
the spark of discharge as much we can. An achromatic lens (Edmund Optics Dwg. No.
47703INK) with focal length (f1)) 75 mm x 15 mm diameter, is the first lens that was
used in this set, nearby to the discharge point. This lens is apart away from the tip point
in 16 mm (u) ,in which created virtual image on a distance about -20.34 mm (V) from
the lens, behind the discharge region (a negative sign indicating to the virtual image that
obtained in same side of discharge) according to the equation (3.8). This lens was placed
inside the cell, underneath the flange in between two plastic rings, to protect it from
scratch. In sake of collecting divergent beam from first lens (V), positive focal length for
Convex lenses (uncoated/LB1092-N-BK7) with (f2)= 25 mm and diameter 15 mm, was
placed after first lens on distance 12.5 mm. The divergent rays then concentrate in point
in distance around 100+4 mm in front of second lens. Achromatic lens with focal length
(f3) 75 mm and Dia.x 25 mm, was placed apart away from second lens in distance around
200 mm to produce parallel beams. Two mirrors in 40 mm diameter have passed this
beams into fourth lens (Convex Lens Uncoated /LB1471-NBK7 which is the last lens in
this set (f4=50 mm) in 25 mm diameter. Where the parallel light were collected and
focused by L4 towards a slit of a Czerny-Turner spectrograph (Andor Technology
Shamrock SR303i), in which passed to a CCD chip (Andor CCD-12855 - iDus Camera
DV420) to record in computer for analysis. To minimize shot noise, a CCD camera is
cooled down to —65 °C. The distances and calculations that dependent on the lenses law
Is shown by a schematic diagram (Fig. 3.24) of the optical pattern explained in above
paragraph. Finally, the spectra of emitted light collect and record in computer for
analysis.

In spite of the alignment of the light is complicated to somewhat, the manipulation with
lenses in experiment at room temperature is easier than cryogenic experiment. On the
other hand, the most important step in both the first and second experiment is the
blackout of experiment along the optical path from the cell to the spectrometer to avoid
cosmic ray and to reduce noise sign that conjugates spectra. Where, it was used a

conventional way which is the cardboard box that is covered by fabric piece as well. Fig.
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Chapter 3.

3.25 presents the optical board that accommodates the stainless steel cell within

— 1/f, =1/u+1/s'
1/f1 =1/u+1/iv
1/75=1/16+1/V 1/25=1/32.84+1/s

V = -20.34 mm §'=104.7mm

-

Spectrometer

Figure 3.24: Schematic diagram of the optical pattern that used in experiment of room temperature. This drawing follows
the emitted light from discharge point inside the cell to the spectrometer. Four lenses and two mirrors were involved in the
optical set; the focal lengths for L1, L2, L3 and L4 are 75, 25, 75 and 50 mm respectively with diameter 15, 15, 25 and 25
mm. In top left corner calculations that showed how the distances between lenses, mirrors and virtual image (V) and real
image (s') can be calculated by law of lenses. Although f4 =50 mm, we have realized that a good resolution of image on
the edge was observed at distance 45 mm, in which must be at 50 mm. This because the slit is behind the edge of
spectrometer in 5 mm, hence the correct distance from L4 to slit would be 45+5 = 50 mm= f4.

aluminum box, four lenses, two mirrors and spectrometer that were hold by a table.
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Figure 3.25: Photograph of the optical board showing the optical setup for focussing the light

emitted from the cell into the spectrometer.

3.2.4 Assembly of the setup of experiment &
Experimental procedure

As mentioned the setup for this experiment is simpler than for all cryogenic experiment.
Only one thing remains we do not talking about, is the gas line installation which is not
a big difference from the first experiment in terms of concept. Apparently, the only
difference the gas line goes directly to the cell to feed the cell in this part, while in first
experiment the gas line connects to the cell during the cryostat equipment’s. A 3.5 m the
length of the pipes of the gas line used in this experiment and is made of stainless steel
with a Swagelok (part number SS-T1-S-020-6ME.) 6 mm O.D. (outer diameter) due to
ability to carry high pressure up to 100 bar. Furthermore, a high purity substance was
required to pump to the cell, therefor the choice was by using helium of N6.0. To get a

low rate of leak, standard Swagelok seals were used. The connections of the gas line to
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the cell and methodology of evacuation with pressure measurements explained in section
3.1.6. So, after preparing the gas line and connecting to the cell which is placed inside
metal box (95x120x55) mm bolted to the optical board. This box holds the cell and SHV
cables then closed by a cover that screwed to the box. After that this box bolted to the
optical board that lays below the set of optical system as well to obtain on one level of
alignment of light. Once the optical set and alignment are ready, the procedure of
experiment to operate and record spectra as follow;

The gas line was cleaned from impurities with the vacuum pump process by using scroll
pump machine up to 6x102 mbar (reading on Pirani gauge). Then the gas line was filled
with 3-10 bar of He N6.0 from bottle of helium, then flushing out the helium, this
process was repeated many times to flush all impurities from the cell and pipes.
Although high purity of helium (99.9%) we used in present experiment, it still contains
impurities such as hydrogen and oxygen.

To test the electrical connectors and to run a corona discharge to be able recording
fluorescence spectra, applying a high potential difference across the electrodes was
required. By using different power supply depending on the value of voltage that
discharge required. First device of power supply (Fug-branch) was used in range 0-3
kV, then replaced by Spellman power supply when it was needed voltage up to 10 kV
with negative polarity.

Once getting stabilized discharge and already the alignment was done as well, the next
step is blackout the whole optical board including the slit of spectrometer and excluding
the gas line. Ignition of a corona discharge initiates by applying a high potential
difference across the electrodes. Hence fluorescence spectra were recorded and observed
on spectrometer. Fig. 3. 26 shows an image of experiment setup that was carried out in
the lab (G33- Magnetic lab) in Physics Department.

A small amendment was made in experiment by connecting a dragon valve to the gas
line. This was for the second section from the second experiment (relating to results in
chapter 7).Where, others gases have been mixed to the helium gas. Therefore, the ball
valve on the buffer line of helium was closed, then evacuated the cell many times for
cleaning from helium atoms. By turning on a dragon valve, regular perfume and air were
allowed to enter to the cell and record spectra after applying high voltages (read the full
story in chapter 7). Then the blackout of optical setup is the last step before recording

spectra.
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Figure 3.26 The setup of the experimental procedure at room temperature; including optical
alignment setup, supplying potential difference across the electrodes, spectrometer and gas
installation that divided into sections; one part for gas helium inlet and, the second part for air
atmospheric pressure and perfume which is supplying from another inlet to the cell by using

dragon valve.

Figure 3.27: Photos of corona discharges nearby the tip electrode after applying high voltage. It
seems that the spot of discharge tends to be in bluish color within copper cell at low temperature
(on the right). However, with stainless steel cell at room temperature the discharge is in purplish

color. This maybe returns to the effect of temperature on discharge environment.
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3.3 General observations and experimental difficulties

A corona discharge has been employed to investigate the different thermodynamic

phases of helium at low and at room temperatures. It has been used to excite helium

atoms and helium excimers in Rydberg states at different pressures and temperatures.

The general characteristics of the designed system are summarized below;

A corona discharge can be used to excite short-lived helium excimers in Rydberg
states

The ability to ignite a corona discharge at cryogenic temperatures (~3.2 K) after

reducing the temperature by cooling-down procedure.

The high efficiency of spectra obtained from the ignition region, by using a solid

base of lenses and mirrors to follow up the beam..
Minimize heat transfer by radiation, conduction and joule heating as much as.

The capability of obtained spectra of air atmospheric pressure and perfume
plasmas.

The ability to control temperature and pressure in this experiments.

On the other hand, the difficulties and obstacles that we faced during the experiment are;

Losing the discharges during operation the experiment several times, pushed us
to repeat ignition process also many times. Mostly, not getting a stable corona
discharge this happened with air and perfume plasma at atmospheric pressure

and room temperature.

The elevated temperatures in the cell during applying high voltage and this was
a big obstacle at cryogenic temperature with liquid phase, where LHe needs
around 10 kV to ignite discharge and record spectra. However, it was realized
that with high voltage the temperature increase leading to reduce number density

of helium causing to obtain gas phase instead helium phase.

The alignment of emitted light with black out of experiment also were required

with high accuracy to avoid the noises and background with spectra.
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Chapter 4

Results and discussion

Atomic fluorescence emitted from a
corona discharge in helium above and
below saturated vapour pressure* (SVP)?

This chapter presents the work originally published in
Eur. Phys. J. D (2018) 72: 5
https://doi.org/10.1140/epjd/e2017-80322-4

> Contribution to the Topical Issue “Dynamics of Molecular Systems (MOLEC 2016)”, edited by
Alberto Garcia-Vela, Luis Banares, Maria Luisa Senent.
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Abstract

A new apparatus was constructed to investigate the visible and near-infrared
fluorescence spectroscopy of electronically excited helium over a wide range of
pressures and temperatures, covering both the gaseous and liquid phases. To achieve
sufficient throughput, increased sensitivity was established by employing a micro
discharge cell and a high-performance lens system that allowed for a large collection
solid angle. With this setup, several thousand spectra were recorded. The atomic 3s !S—
2p P and 3s 3S—2p °P transitions showed line shifts, spectral broadening and intensity
changes that were dependent on magnitude on pressure, temperature, and thermody-
namic phase. While in the gas phase, the lines showed little dependency on the discharge
cell temperature; by contrast, the opposite was observed for the liquid phase, suggesting
that a significant number of atoms were solvated. Triplet lines were up to a factor of 50
times stronger in intensity than the singlet lines, depending on pressure. When taking
the particle density into account, this effect was stronger in the gas phase than in the
liquid phase of helium. This was attributed to the recombination of He>", Hes*, and Hes*
with electrons, which is facilitated in the gas phase because of the associated
significantly higher mobility. Additionally, simulations were applied to calculate the
lineshift and linewidth for atomic lines.

The structure of this chapter is as follows; Section 4.1 gives a concise introduction to
atomic line transitions. Experimental data are reported in Section 4.2. The treatment of
the spectra is described in Section 4.3, which involves line fitting and calibration
processes. Section 4.4 presents spectral fluorescence lines that were resolved at low
temperatures, namely 3.8, 4.0, 4.5 and 5.0 K, covering the singlet and triplet transitions.
The analyses of said spectra are presented in Sections 4.5, including lineshifts, widths
and intensities as functions of pressure. Section 4.6 reviews our perspective on phase
transitions. We discuss the findings in Section 4.7. From Section 4.8 we present the error
analysis for the data. Theoretical treatment of spectra is given in Section 4.9, and the
results of the associated calculations are presented in Section 4.10, covering said
parameters for both the singlet and triplet states. The structural model that arises from
our findings is given in Section 4.11, and a number of concluding remarks are presented
in Section 4.12.
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4.1 Introduction

Collisional lineshape can yield information on the colliding atoms, and collisional
conditions have attracted considerable attention in the literature. A large number of
measurements of pressure broadening and line shift have been reported for atomic lines
in the singlet (728 nm) transition of helium [106-111].

This is due to the simple comparison possible through formulating the theoretical
description of interactions between the states of these atoms and in the analysis of the
profiles measured for the spectral lines. Although there is a dipole-dipole coupling
between the ground state and the lower n'P levels for these transitions, most line
broadening is dominated by the resonance interaction, hence it is expected that the
broadening constant will be independent of temperature and there will be no shift of the
central frequency [112].

However, later investigations [109, 110] elucidated how the broadening constant can be
affected significantly by temperature. Further, they found that if the strength of the
interaction potential is not entirely suppressed by the strong resonance interaction, then
the shift parameters are not equal to zero [107]. Therefore, recently, there has only been
concentricity and measurements of pressure broadening for the triplet lines (706 nm),
despite the many studies that have also been conducted on the singlet lines (728 nm).
Furthermore, helium atoms are an interesting test system for theory due to having only
two electrons, which greatly facilitates high level ab initio calculations of clusters with
(only) several helium atoms involved [113-119].

In this project, the fluorescence of excited helium atoms in its gaseous and liquid states
has been investigated at cryogenic temperatures. A corona discharge has been employed
to produce electronic excitation. Corona discharges operate over a wide range of
pressures and densities, and can produce a rich fluorescence spectrum in liquid helium
[8, 55, 56]. It is therefore possible to examine excited levels as a function of pressure,
temperature and thermodynamic phase. Here, we report on atomic spectra that have been
recorded from 0.1 to 5.6 bar and on isotherms between 3.8 and 5.0 K, covering the gas
and the liquid phases of helium. Our goal was to explore solvation effects with specific
regard to the thermodynamic phase. Our work adds to previously available datasets:
Soley and Fitzsimmons reported lineshifts for atomic transitions between saturated
vapour pressure (SVP) and 25 bar for temperatures between 1.4 and 2.0 K. Both absor-
ption and emission were investigated, where all lines were observed to be blue-shifted
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when pressure was increased [53]. Li and Bonifaci investigated atomic spectra above
the saturated vapour pressure (SVP) in normal liquid helium [8, 55, 56, 120]; our results
are in general agreement with these previously published; however, we report new data
at pressures and temperatures that have not been previously investigated, including in
the region below SVP. Depending on the temperature, a large section of the line profile
in the region below the SVP is red-shifted. Our observations are important as a
benchmark for theory [41, 121-126] and will contribute to a better understanding of
collisional processes, including in the atmosphere of the sun, and indeed other stars and
exoplanets [41, 112, 124-131]. Our studies are also relevant to an understanding of micro
solvation. The excited helium atoms under consideration are in n = 3 Rydberg states.
The 3s states are spherically symmetric and form bubbles of up to 15 A in diameter in
liquid helium because of the Pauli repulsion between the excited electron and the 1s?
electrons of neighbouring ground state atoms. Such states have similarities with anions
which have recently been observed in helium clusters [132, 133]; theory confirms that
these clusters appear to have a similar bubble-like solvation structure [132-136]. To
make this advance, a significant number of spectra had to be recorded within a
reasonable timeframe. This required the construction of a spectrometer with a highly
efficient optical system which greatly reduced the data requisition time compared to the
state-of-the-art instruments used and discussed in the literature. With the new setup (see
chaprt3/ experiment chapter), we were able to record spectra in under 100 ms with
excellent signal-to-noise ratios. Recently, this technique was adopted by our group in
first investigation [59], for the study of excited helium molecules (excimers) in gaseous
and liquid helium (all details for this study of excimers in chapter 5). The analysis of
spectral features of excimers revealed that molecules exist in different environments
leading to observe superposition of molecular lines from different sites. Therefore, the
idea of this chapter to investigate spectral features of excited helium atoms in similar

phases to see whether same observation of excimers we obtain or not.

4.2 Experimental data

Using a corona discharge allows for the electronic excitation and ionisation of helium
atoms over very wide range of pressures. The excited helium atoms and molecule-
excimers undergo transitions between electronically excited states, and into the
dissociative state. Intense fluorescence spectroscopy in the visible and near infrared

78



Chapter 4. Atomic fluorescence emitted from a corona discharge in helium

regions is observed. The population mechanisms of the excited molecules and atoms are
deduced through spectroscopy. Changing the pressure during operation was found to
affect the discharge current and temperature of the cell. It was therefore not
straightforward to record data along the isotherms; instead, we chose to record a large
number of data points wherever we were able to establish stable conditions and select
data points of interest from the large pool of data subsequently generated. Measurements
at each point on the PT diagram were repeated at least three times. The criterion to select
data points on a specific isotherm was that the temperature deviated by not more than
0.1 K from the isotherm - our measured error in temperature - and that the independently
measured spectra were consistent. The procedure for selecting data points is illustrated
in Fig. 4.1. Generally, the spectra that resolved were in the range of temperatures and
pressures between 3.4 — 5.3 Kand 0.2 to 7.0 bar. Fig. 4.1 shows a pressure and temper-
ature PT diagram of the data points that we recorded and collected at low temperature
using an Andor Solis Technology Shamrock SR303i spectroscopy. Each point represents
a fluorescence spectrum in the range 300-1000 nm. The red line is the saturated vapour
pressure (SVP) curve of “He [137].

] = (P,T) points probed with our setup
] = 4He SVP curve

4 K-isotherm . .
@
- e .
v 7 '

o
=1
iIsotherm

Ly i i SR M Aol 2 o o B L A R T L I | R |

T T T T
36 38 40 42 44 46 48 50 52
T(K)

Figure 4.1: A section of the PT diagram for the gaseous and liquid phases probed in the
experiment. The saturated vapour pressure (SVP) curve for “He [37] is marked as a red line,
showing the difference in the phases of helium. Also, as an example, the selection criterion for
inclusion of data as being on the isotherm is shown. The blue circles around the example data
points are 0.1 K in diameter, representing the error in the temperature measurements. Any data

point considered to be isothermic or isobaric was measured independently.
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However, the conditions to collect these spectra vary over time depending on the
stability of the current and the voltage, and on the alignment of the optics. Table 4.1
clarifies the power required in Watts that were required to produce a stable discharge,
where ignition voltages in the supercritical phase of liquid helium (LHe) are between
8.4 and 10 kV under a negative tip polarity, and currents are almost always less than or
equal to 1 uA. However, in gas phase only 0.6 to 1.5 kV was required to ignite corona
discharge with a negative tip polarity. Additionally, experiments at room temperature
(300 K) under vacuum conditions (base pressure ~70 mbar) required a voltage of around
0.63 —2.00 kV and current up to 289 pA to obtain a discharge with vacuum. This was
to collect glow discharge spectra to use as a reference for calibration (this will be

explained in the following section).

Table 4.1: The required voltages and currents to ignite corona discharge using a negative tip

polarity. LHe required a higher power and ignition voltage than the gas phase.

T/K P/bar |-V /kV -1/pA Power / mW
300 (glow discharge) | 0.07 | 0.63-2.00|20-289 |12.6-578
14.0 — 18.0 (gas) 1.0-20|060-08 |20-21 12.6 - 16.8
50-8.0 (gas) 05-15]0.60-0.9 |10-15 6.00 —13.5
40-50 (gas) 02-10[060-15 [20-34 |12.0-51.0
3.4-36 (liquid) |07-2.3[840-93 | <1.0 <84-93
38-50 (liquid) |27-70[940-10 |<1.0-6.0|<9.4-60

4.3 Treatment of the spectra

4.3.1 Lorentzian line fitting.

The methodology used to assess and analyse lineshifts, line broadening and intensity,
was to fit the spectral lines of interest, systematically and individually, to a Lorentzian
function while subtracting a constant baseline as necessary. Lorentzian functions
produced equally good fits to the data as more complicated functions, but had fewer free
parameters than, for example, Voight functions. Also, compared to other ways for the
assessment of linewidth such as full width at half maximum (FWHM), Lorentzian

functions have the benefit of a greatly simplified deconvolution process, i.e., the
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linewidth of two convoluted Lorentzians (and this was important for us) is simply the
sum of the component Lorentzian widths. Gaussian linewidths have a Pythagorean
relationship, as do the Voight linewidths. The deviation between different methods was
very small. Therefore, the Lorentzian lineshape was chosen.

There are important issues that go beyond the mere finding of best-fit parameters. Data
are generally not fully accurate. They are subject to measurement errors (noise in the
context of signal processing). Thus, typical data never exactly fit the model that is being
used, even when that model is “correct”. Hence, some means to assess whether the
model is appropriate is needed, that is, which here is manifest in the need to test the
“goodness-of-fit” against some useful statistical standard. We usually also need to know
the accuracy to which parameters can be determined with regards to the available
dataset. In other words, we need to know the likely errors of the best-fit parameters. Not,
“how good is this fit?” but rather, “how sure am I that there is not a very much better fit
in some other region of parameter space?”

A function of merit in this regard is the weighted sum of squared residuals (WSSR), also

called chi-squared, that is given in equation [138]:

X7(@) = T, [BLOU] = S [y, — Y @) (41)

So, we are looking for the minimum value of squares of residuals which is based on
standard deviations, wi = 1/ 6%, of the best-fit of N data points (xi, yi)i=1,...,N.

Here, a few examples of the value of WSSR of the transitions studied at different
pressures and temperatures might be noted, as reported in Table 4.2, where it can be seen
that the values of standard deviation (uncertainty) for fitting atomic lines (singlet and
triplet transitions) are very small. Also, the values of the Squared Residual (R?) that
shows measures of goodness-of-fit indicates that our fits are good. Especially, these
fittings were performed for spectra recorded at high pressures where some of the spectra
become asymmetric and difficult to fit. Therefore, | would say these chi-squares are

typical when the fits are good.

81



Chapter 4. Atomic fluorescence emitted from a corona discharge in helium

Table 4.2: The values of the uncertainty (SWRR), and goodness-of-fit of the atomic lines fitting
for the 3s—2p singlet and triplet transitions. These measurements were recorded at 4.8, 4.0, 4.5

and 5.0 K and high values of pressure only indicating to the good fitting.

Atomic transitions T/K |P/bar| SWWR R?
3.8 3.3 1.29x 10* | 0.97
4.0 3.8 2.47x10% |0.95
2p PP—3s 1S (singlet) | 4.5 4.3 8.94x10° |0.95
5.0 3.7 9.17x10° |0.95
3.8 3.3 1.19x 10° | 0.96
2p 3P«—3s 3S (triplet) | 4.0 4.0 3.19x10° |0.96
4.5 4.3 6.48 x 102 | 0.95
5.0 5.6 3.74x 10° | 0.95

To conduct this curve fitting, the Fityk (Version 0.9.8) software was chosen [139]. This
is to obtain a reasonable measure for the features of the different (molecular) rotational

and atomic lines. The parameters determined by this software are as follows [140]:

Centre: to measure the absolute positions (1) and the lineshifts (AL) of the transitions;
FWHM: to quantify the linewidth of the peak of each rotational and atomic lines,
Height: to determine the peak intensity as per below,

A: area of each peak = height x HWHM

Integral width (Int. Width) = peak area / peak maximum.

The precise form of the Lorentzian function is given by;

2A w
T 4(x—x;)+w?

y=Yo+ (4.2)

Where; yo = offset, x = wavelength, xc = centre, w = FWHM of the ith peak, A = area.

An example of fitting with a Lorentzian function is shown in Fig. 4.2, for the 3s-2p
singlet and triplet transitions at 3.8 K and 1.3 bar. It can be seen how the fit is good and
reliable for use in our data analysis. The line fitting analysis of the various atomic and

molecular transitions of interest will be given in the following sections.
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Figure 4.2: Fit of atomic line of the 3s — 2p singlet and triplet transitions at 3.8 K and 1.3 bar. The
black dotted line represents the actual spectrum; the overall fit is denoted by the red line, whilst

the blue-dashed line represents the Lorentzian fitting.

4.3.2 Glow discharge spectra as a reference and calibration

As mentioned in the previous section that, the correct alignment of the optical setup is
important to the collection of spectra. Every time the optical setup changes due to
changing experimental conditions (as mentioned in chapter 3 — experimental process),
this affects alignment. Hence, the position of the light spot on the entrance slit was
readjusted as necessary. Therefore, to ensure consistency, some form of reference is
necessary for comparison when new datasets are recorded. To better compare line
profiles, the intensities have been normalized to the most intense peak in the spectrum,
usually the 706 nm 1s2p *P«1s3s °S triplet line of atomic helium. For comparison, a
glow discharge spectrum of atomic helium lines was also recorded at room temperature
(300 K) after evacuating the cell under low pressure helium of around 5 — 7 mbar.
Accordingly, a number of reference glow discharge spectra were recorded under specific
physical conditions, as pursuant to the physical conditions under which the investigated
transitions were subsequently recorded.

The wavelength range that can be measured in a single scan (300 — 1000) nm, is
dependent on the selected grating, the wavelength centre and physical width of the CCD
detector. The recorded spectra needed to be recalibrated at high resolution spectra with
a line as a standard reference for the position of spectral line. At this point, the glow

discharge spectra recorded can employ another means of calibrating the measured
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spectral lines; after collecting spectra under specific physical conditions (alignment, low
temperature and pressure) each line of measured spectra was calibrated against the
intense helium atomic lines positions reported in Table 4.3.

From Table 4.3, a number of species of standard atomic lines for helium, hydrogen and
oxygen can be seen, and are compared to their standard values as available from the
NIST database [141], where these lines are used to calibrate our spectra. To achieve this,
the positions of these lines have been matched to the lines of glow discharge spectra
measured in the range 300 — 1000 nm at room temperature.

The reference lines use to calibrate the atomic lines in this chapter were recorded under
the following conditions: 300K, 78 mbar He, -1.07 kV, -94 pA, 10 sec exposure time
and 10 accumulations with effects due to transients such as dark current, cosmic rays,
etc. removed in the software. Fig. 4.3 gives an example of a calibrated glow discharge
spectrum. The intense atomic lines in this spectrum were used in the calibration process
by matching them with the positions of the atomic lines reported in the NIST database
[141], as reported in Table 4.3. The glow-discharge spectrum shown in Figure 4.3
contains atomic lines due to the transitions such as the hydrogen Hq and oxygen lines
in addition to the those of atomic helium itself; the additional atomic lines were due
to impurities included in N6.0 He at room temperature, and vanish at low

temperature when they are subsequently frozen out.
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Figure 4.3: Overview of normalized and calibrated glow discharge spectrum. This spectrum
was collected at room temperature conditions with a helium partial pressure of 78 mbar. Intense

atomic lines transitions observed in the glow discharge were used for calibration purposes.
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Table 4.3: Intense lines due to atomic transitions used to calibrate spectra. These include the

lines due to atomic hydrogen and oxygen present in N6.0 He as impurities, in addition to helium

atomic lines.

Species of atomic lines

Standard wave —

n (number of rows)

length (nm)-NIST
atomic helium 388.865 1561
atomic helium 447.148 2566
atomic helium 493.193 3344
atomic helium 501.567 3506
atomic helium 587.562 4988
atomic hydrogen Hq (3p — 2s) | 656.277 6173
atomic helium 667.815 6372
atomic helium 706.518 7040
atomic helium 728.135 7413
Atomic oxygen Ol (3p — 3s) | 777.539 8264

Each fluorescence spectrum spans the range 300-1000 nm and consists of 12,081 rows

(n) corresponding to the data binned from the appropriate CCD photoreceptors across

the width of the detector. The calibration formula of calibration is given by Aca = mn +

b, where m, n, and b correspond to the gradient, row number and an assumed offset for

each datafile, respectively.

It was found from Fig. 4.4 that the relation between the row number in the datafile and

the wavelength was linear. Hence the recalibration process consists of a linear fit in

which characterizing the peak positions in terms of wavelengths vs. row number are as

shown in Fig. 4.4. The result of calibration under these conditions gave m = 0.05795 nm

/ bar, b = 298.6228 nm.
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Figure 4.4: The linear relationship used to calibrate the corona spectra in terms of actual [NIST-
reported] wavelength as a function of row number. The parameters utilized in the calibration are

the gradient (m) and the intercept (b).

4.4 Atomic Fluorescence

Light emitted from a region in a point-plane geometry via a corona discharge that has
employed to ionize helium with negative tip polarity was collected. Corona discharges
lead to ionization of helium atoms, where helium ions (He%t) can be produced via
collisions with low ~25 eV electrons. Then, through the process of recombination of
electron-ion the helium excimers, He;, are formed that dissociate to produce excited
helium atoms, He*(see chapter 2). Another possibility is the formation of excited helium
atoms via direct electron excitation in the gaseous and the liquid helium. Hence,
transitions to the lower-laying states can produce emissions for both singlet and triplet
transitions of He* [4, 8, 57]. Here, however, we concentrate on the 2p3P«3s°S and
2ptP«3s!S transitions.

Spectra were selected from four isotherms, those at 3.8, 4.0, 4.5 and 5.0 K, over a wide
range of hydrostatic pressures. Figure 4.5 shows the transition of singlet helium in the
region of 728 nm. Spectra have been recorded at various pressures, covering both the
gas and the liquid phases. To better compare line profiles, the intensities have been

normalised. For comparison, a glow discharge spectrum of atomic helium is also shown
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(dashed line). At low pressure, the features consist essentially of only the atomic lines.
With increasing pressure, the line broadens and begins to develop a blue-shifted wing.
With increasing pressure, this wing becomes a separate band that takes on an
increasingly symmetric line profile. The corresponding atomic triplet lines (2p3P<«—3s°S)
are shown in Figure 4.6. At low hydrostatic pressure, the atomic line is visible. This
broadens with increasing pressure and develops a blue-shifted wing. With further
increases in pressure, this wing becomes a symmetric band whose maximum shifts to

shorter wavelengths with increasing pressure.
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Figure 4.5: Fluorescence spectra of gaseous and liquid helium excited by a corona discharge in
the region of the atomic 2p P1<—3s 1Sy transition of singlet helium. All intensities have been
normalised. The dashed black line represents the reference spectrum from a glow discharge at
room temperature
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Figure 4.6: Fluorescence spectra of gaseous and liquid helium in the region of the atomic triplet

transition 2p *Po,1.2¢—3s 3S1. Intensities have been normalised. A glow discharge spectrum in

a dashed black line represents was used as the reference spectrum.
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Figure 4.7: Overview of fluorescence spectra of gaseous and liquid helium in the region of the
atomic triplet transition 2p *P«—3s3Sat 4.0 K. Intensities have been normalised. A glow discharge

spectrum in a dashed black line represents was used as the reference spectrum.

Fig. 4.7 showcases overview of fluorescence spectra of gaseous and liquid helium in the
region of the atomic triplet transition 2p 3P<«3s ®S. This was recorded at 4.0 K over a
variety of pressures. Intensities have been normalised to show the shift and broadening
of spectral lines in three dimensions (3D). The dashed black line represents the glow

discharge spectrum used as a reference.

4.7 Analysis of spectral atomic lines

4.7.1 Line-Shift versus pressure

To assess lineshifts, line broadening and intensity, the spectral lines were calibrated,

normalized, and fitted to a Lorentzian function which produced good fits to the data.
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The shift of spectral lines was measured from its maximum position relative to the
maximum peak of the glow discharge line as a reference over a range of pressures (0.1
— 6.0 bar). Fig. 4.8 shows the lineshifts obtained from this fitting procedure as a function
of pressure for four isotherms; 3.8, 4.0, 4.5 and 5.0 K. Correspondingly, Fig. 4.9 shows

the lineshifts for the triplet line as a function of pressure for the same four isotherms.
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Figure 4.8: Pressure dependence of the 2p 'P<—3s *Satomic singlet transition in the gas and
liquid phases at 3.8, 4.0, 4.5 and 5.0 K. The straight lines indicate regions that show linear
dependences on pressure. The dashed lines shows the region where the lineshift coefficient

changes.
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Figure 4.9: As per Figure 4.7 but for the triplet 2p 3P«3s 3S transition. These lines were
classified as gas phase at lower pressures and liquid phase at higher pressures; the region
between them designated by dashed lines is believed to represent the associated phase

transition.

The pressure dependence of the triplet 2p*P«—3s3S transition and the associated lineshifts
have been measured previously by Soley and Fitzsimmons at pressures above SVP [53].
The lineshifts obtained from our measurements agree broadly with these results, and
also with more recent measurements where corona discharge excitation has been
employed [8, 120]. To the best of our knowledge, lineshifts below SVP pressure have
not been previously reported, and will be contrasted with associated values in the liquid
phase. Inspection of the pressure dependence of the lineshifts revealed regions where a
linear dependence on pressure was apparent. These regions coincided with the gas and

liquid phases; we note that this coincidence cannot be taken for granted as such. The
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interaction between electronically excited helium atoms and ground state helium differs
from the interaction between a helium ground state atom and another helium ground
state atom. Also, the many-body effects of these systems may differ. As a consequence,
one cannot expect the phase transition line of a mixed system of excited helium atoms
solvated in ground-state atoms to coincide with the pressures and temperatures where
the gas-liquid phase transition of pure helium occurs.

To establish trends, lineshifts were grouped depending on whether the data points lay in
the gas or the liquid phase. The dashed lines in Figures 4.8 and 4.9 mark the boundaries
of the crossover region where no data points were available, and hence whilst the phase
transition could not be explored in finer detail, it was at least expected to lie in the region
between the dashed lines. The function AM(P) = (CAMOP)p + Ako was fitted to the
lineshifts by a linear fit that was performed in the OriginLab (Origin program) [142]
with the equation y = a + bx, where y and x are the input data and represent lineshifts
and pressures, respectively, and a and b are the intercept (Alo) and gradient (OAL/Op),
respectively. Lineshift coefficients, OAA/Op and intercept, AXo, were obtained for the gas
and solvated phases. The shift coefficients defined by the gradients of the lines for the
singlet and triplet transitions are listed in Table 4.4, with the exception of the 3.8 K
isotherm where too few data points below SVP were available to perform a reasonable

analysis.

Table 4.4: Lineshift coefficients for singlet and triplet atomic lines in the gas and the liquid
phases. There were too few data points available at 3.8 K in the gas phase to allow for a proper

analysis, therefore coefficients for this region have not been determined.

2p 'P3s 1S 2p 3P—3s°3S

S|0pe,% intercept, Ako slope,aﬂ intercept, A\o
T [K] op [nm] T [K] op [nm]

[nm/bar] [nm/bar]
40 Gas 0.16 +0.03  -0.02+0.02 |4.0 Gas 0.03+0.02 0.04 +0.01
45 Gas 0.23+0.04 -0.03+£0.02 |45 Gas 0.05+0.02 0.03 +0.01
50 Gas 0.30+£0.02 -0.10+£0.02 |50 Gas 0.12+0.01  -0.01+0.01
3.8 Liquid 0.26+0.02 -0.10+0.05 |3.8 Liquid 0.14£0.01 -0.10 +£0.02
40 Liquid 0.30+0.01 -0.16+0.04 |4.0 Liquid 0.18+0.01 -0.15 £0.02
45 Liquid 0.26+0.01 -0.03+0.03 |4.5 Liquid 0.14£0.01 -0.04 +0.02
50 Liquid 0.31+0.01 -0.11+0.03 |5.0 Liquid 0.20£0.02 -0.21 £0.10
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It can be seen from Table 4.4, the shift coefficients for the singlet transition, which are
dominated by the resonance interaction, are larger than those for the triplet transitions

in both the gas and liquid phases.

4.7.2 Linewidth versus pressure

A similar procedure was undertaken to assess linewidths. According to the physical
perturbation, line broadening can arise from different sources; it can be due to collisions
in the gas phase or thermal motion in the condensed phase, where the perturbation shifts
the energy levels and leads to line broadening. The retained symmetry of most rotational
and atomic lineshapes allowed us to quantify the width of these lines by measuring the
FWHM.

The linewidths obtained from fitting the spectral data with Lorentzian functions are
shown in Figures 4.10 and 4.11 for the 3.8, 4.0, 4.5 and 5.0 K isotherms. Similar to the
treatments given to lineshifts, the data were grouped together with respect to the
thermodynamic phases and their apparent linear dependence on the pressure. A linear
function was fitted to the data and linewidth coefficients thus obtained. The resulting
linear functions are shown in Figures 4.10 and 4.11 as straight solid lines, and the
calculated linewidth coefficients are listed in Table 4.5.

Again, the dashed vertical lines mark the gap in the data where we have reason to suspect
that, within the crossover region between the gas and liquid phases, we can assume that
for electronically excited helium the phase transition may not be exactly identical to that
of pure helium. This assumption was based on the changing slope of the linewidth
coefficient trend lines, and that this change was not always exactly coincident with the
SVP. These crossovers were identified as being in the same regions as the lineshifts
shown in Figures 4.8 and 4.9. We note that for the 5 K isotherm, the gradients of the
linear functions in the gas and the liquid phase were very similar; also, however, the data
are scarce. The grouping of the data is therefore somewhat ambiguous. Nominally, the
data point recorded at 1.6 bar could be attributed to either the liquid or gas phases, either
of which would produce an equally good fit. However, the crossover region would then
lie between 1.0 and 1.6 bar, which would be significantly below the phase transition for

pure helium at 1.6 bar.
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Figure 4.10: Pressure dependence of the linewidth of the 2p P«3s 1S atomic singlet trans-
ition in the gas and liquid phases at 3.8, 4.0, 4.5 and 5.0 K. The straight lines indicate the regions
that show a clear linear dependence on pressure. The dashed lines indicate the crossover regions.

The unconvoluted, measured linewidths deduced from the fitting procedure are shown.
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Figure 4.11: Pressure dependence of the linewidth of the 2p *P«—3s 3S atomic triplet transition
in the gas and liquid phases at 3.8, 4.0, 4.5 and 5.0 K. The straight lines indicate regions that
show a linear dependence on pressure. The dashed lines illustrate the crossover regions. The

measured linewidths deduced from the fitting procedure are shown.
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Table 4. 5: Linewidth coefficients for singlet and triplet atomic lines in the gas and the liquid

phases obtained from fitting the function Aw(p) = (CAw/dp)p + Awo.

3siS—2p P 3s35—2p %P

5|ope1aA_“’ intercept, Awo s|0pe1aA_“’ intercept, Awo
T [K] ap [nm] T [K] ap [nm]

[nm/bar] [nm/bar]
4.0 Gas 0.87+£0.11 0.10+0.10 | 4.0 Gas -0.04+0.10 041+0.10
45 Gas 0.70x0.30 0.16 £0.20 | 4.5 Gas -0.12+£0.10 0.45+£0.04
50 Gas 0.71+£0.03 0.14+£0.03 | 5.0 Gas 0.13+£0.04 0.33+£0.04
3.8 Liquid 0.44 +0.02 0.56 £ 0.10 | 3.8 Liquid 0.28+0.01 0.15+0.02
4.0 Liquid 0.50 +0.06 0.52+0.20 | 4.0 Liquid 0.29+0.01 0.16 £ 0.02
45 Liquid 0.51+0.04 0.45+0.12 | 45 Liquid 0.30+0.01 0.10+£0.02
5.0 Liquid 0.67£0.21 0.01£1.00 | 5.0 Liquid 0.31+0.02 0.24+£0.10

Again, from Table 4.5, the magnitudes of broadening coefficients of the triplet
transitions in both phases are smaller, as it was expected, than those for the
corresponding singlet transitions, as controlled by the resonance interaction [110]. Line
broadening constant almost increases continuously with temperature. Also, it is
noticeable that linewidths of the singlet and triplet lines are twice as large as the
lineshifts.

A comparison with previous studies [53, 57, 120, 143, 144] investigating the broadening
and shifts of triplet lines at 706 nm are shown in Figures 4.12 and 4.13. On the other
hand, for the singlet transition at 728 nm, only lineshifts studies were available for
comparison with the literature, as shown in Fig 4.14, and to the best of our knowledge
there has been no investigation into the effects of pressure on linewidth.

It can be seen from this comparisons that most of the results in these researches were in
liquid phase, above the region of SVP curve of helium. Indeed, more time was needed

to cover and understand the conditions of all such investigations.
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Figure 4.12 Shifts for the 706 nm line at 4.2 K at different pressures. Our experimental and

theoretical results are represented using black squares and a solid red line. Other data from

previous studies are also presented for comparative reasons.

3.5
| O Current Experiment 706 nm
@ Experiment from [45] 42k
3.04 Y% Experiment from [19]
¥ DFT-b2[19] @
Bubble model [43]
2.5 4 —— Current Bubble model *
£
EX
<
I 1.
=
L

| JECINN N AL DAL D RN N ER LI

o 1. 2 3 4 5 6 7 8

T T
9 10 11 12 13

Pressure (bar)
Figure 4.13: FWHM of the 706 nm line as a function of pressure at 4.2 K. Black squares are

experimental data and the solid red line represents calculations that agree with experimental

data, to a much greater extent than the calculation given by the blue line in [43] using the data

therein.
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Figure 4.14: Our results with simulations of lineshift for the singlet 728 nm line at 4.2 K, as
represented by the solid squares and red solid line, respectively. For this transition, there was

insufficient data at high pressure to present additional linewidth results.

4.7.3 Line Intensity versus pressure

Another parameter which is interesting in addition to the lineshifts and linewidths is that
of line intensities, as obtained herein from fitting the spectral data with Lorentzian
functions. An apparent feature was that the intensity of the singlet lines was much lower
than the intensity of the triplet lines (though this is not apparent from Figures 4.5, 4.6
and 4.7). However, Fig. 4.15 presents the original wavelength spectrum for singlet and
triplet transition between 703-731 nm. This spectrum was recorded at 3.8 K at two
different pressures, from which it is clear the difference in intensity between the triplet
at 706 nm and singlet at 728 nm in the gas and the liquid phases of helium is quite
considerable. This ratio was found to vary according to the pressure and temperature at

which each spectrum was recorded.
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Figure 4.15: Overview of the spectra for the 3.8 K isotherm at different pressures for the triplet
transition at 706 nm and the singlet transition at 728 nm. It is clear that the triplet transition is

considerably more intense than the singlet transition in the gas and LHe phases.

Fluorescence intensity changes with pressure and temperature; from this, however, an
analysis without meaningful calibration is rather challenging. We have therefore divided
the intensity of the triplet line by that of the singlet prior to normalization, which
eliminates the effects of intensity changes due to external factors. Fig. 4.16 shows the
results of intensity ratio after fitting the spectral lines with a Lorentzian function for the
isotherm of interest as a function of hydrostatic pressure. As previously, the dashed lines
represent the region that it is thought to contain the phase transition from the gas phase

to the liquid phase.
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Figure 4.16: Pressure dependence of the intensity ratio of triplet (2p 3P«3s 3S) and singlet
(2p *P«3s1S) lines at 3.8, 4.0, 4.5 and 5.0 K. The straight lines indicate regions that show a

linear dependence on pressure. The dashed lines mark the boundaries of the crossover regions.
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4.6 Prospective phase transition of He for different parameters

To reflect the importance of the above analysis, a comparison between the actual
saturated vapour pressure SVP [137] and the SVP inferred from the pressure dependence
of linewidths and lineshifts was undertaken. Fig. 4.14 presents this comparison for (a)
the triplet and (b) the singlet transitions at 3.8, 4.0, 4.5 and 5.0 K. It can be seen that for
the triplet transition, the phase transition takes place below the actual SVP of “He for all
studied isotherms, whereas for the singlet transition, both SVP curves are identical at
3.8 Kand 4.0 K, and the measured SVP curve occurs at only a slightly lower pressure
than the actual one at 4.5 K and 5.0 K. This is because the transitions for the excimer-
helium mixed system are complex, and it should be noted that they differ considerably
from those of the pure helium system. This indicates that the phase transition is likely to
occur at slightly lower pressures than the values given by the actual SVP curve in the
expected regions (as noted, between the parallel dashed lines in all the above analyses).
Hence the change in the structure of the environments around atoms in these regions
starts to allow the formation of a solvated shell of helium around individual helium
atoms. From Fig 4.17, the shaded region between the hollow points indicates the region
in the P-T diagram where the hypothesized thermodynamic transition for the excimer-
and excited helium atom mixed system is located. The function used to fit the data in
Fig. 4.17 is known as EXP2PModl (Two-Parameter Exponential Function). This
function is actually given by the relation y = a* exp (b*x), where the two parameters in
this equation are temperature in K (corresponding to the x values) and pressure in bar
(corresponding to the y values). Also, a and b represent the exponential parameters of
the associated fit.

The relationships between the magnitudes of x and y (T and P, respectively) used in the
exponential fit and the lineshifts and linewidths are reported in Table 4.6 for the atomic
singlet and triplet lines.
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Figure 4.17: Linewidths and lineshifts (solid blue line and dashed red line, respectively) for

the (a) triplet 3s-2p and the (b) singlet 3s-2p transitions. Hollow squares represent spectra

measured for each of the indicated isotherms. The shaded region between the hollow points

represents the region in the P-T diagram where the hypothesized thermodynamic transition

for the excimer-helium mixed system is anticipated.

Table 4.6: The values of pressure that quantify the hypothetical thermodynamic transition for

the excimer-helium mixed system for both the singlet and triplet (3s-2p) transitions at 3.8, 4.0,

45 and 5.0 K.
Atomic 3.8K 40K 45K 50K
2 Suspected Suspected Suspected Suspected
lines Parameter prepssure pre%sure pre%sure pre%sure
transition/bar transition/bar transition/bar transition/bar
singlet Line-Width | 0-190 —0.796 | 0.946 — 1.432 0.905 - 1.337 | 1.600 - 3.660
32 | 0190-0.796 | 0.946 — 1.432 | 0.905 - 1.337 | 1.600 - 3.660
Line-Shift
triplet Line-Width 0.190 - 0.796 | 0.946 —1.432 | 0.915-1.337 | 1.600 — 3.550
3s-2p Line-Shift 0.190-0.796 | 0.946 —1.432 | 0.915—-1.337 | 1.600 — 3.550

4.7 Discussion

Corona discharges operating in a point-plane geometry in cryogenic helium create a

confined region of excitation, producing a variety of localised electronically excited

atomic and molecular transitions including the atomic transitions which are at the focus
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of the present paper [145]. The lineshifts and linewidths observed for different pressures
have been the topic of recent publications, though currently the associated results are
still somewhat inconclusive. Allard et al. [145] pointed out that the large linewidths
reported by Li et al. [8] are incommensurate with the temperatures of the discharge cell
and liquid helium. Also, the same authors stress that it is important to include interaction
potentials over a large range due to the Rydberg nature of the states involved in any
analysis of lineshifts. Truncation at R = 16 A would be insufficient and lead to false
results.

We add to these findings that our data shows significant differences between the gas and
liquid phases that rule out a quantitative analysis using the static or the impact
approximation as these employ density as a key parameter. The differences between gas
and liquid phase determined in the present study show that density alone cannot account
for the observations.

Our recent publication shows He," molecular spectral features and the population of high
rotational quantum states equivalent to rotational temperatures of several hundred K,
which is clearly incommensurate with a thermal equilibrium with liquid helium [59].
When the hydrostatic pressure of liquid helium was increased, these molecules were
found to cool at a rate of at least 10%° to 10 K/s via collisions with the liquid. At a
pressure of a few bar, practically all molecules end up in the lowest allowed rotational
quantum state before they fluoresce. These findings suggest a picture where helium gas
bubbles, driven by the corona discharge, co-exist within the body of the liquid helium
(see 2.8 about bubble formation).

The bubble size, which is pressure dependent, effects the lineshift and the broadening
associated with spectral lines. Therefore, after increasing hydrostatic pressure, the size
of the bubble decreases and hence the interactions between the surrounding atomic
species will increase. This occurs as a result of the distance between the radiator and the
perturbing ground state atoms being reduced. Consequently, linewidths and lineshifts
will ultimately increase with increasing pressure. Moreover, previous studies have not,
to the best of our knowledge, presented linewidth comparisons for the singlet 728 nm
line due to the fact that experimental data were, in general, only obtained up to 6 bar due
to the prevalent fluorescence quenching at, and beyond, this pressure [120]. Thus, the
results of this study can be considered a benchmark for singlet state He.

Also upon increasing pressure, the volume available to the molecules in the bubbles

decreases, equivalent to an increase of the concentration of helium in the gas bubbles
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[59]. However, we also found that the concentration of gas bubbles in the cell decreases
compared to the concentration of fully solvated molecules, suggesting that increased
pressure stimulated the solvation of the molecules.

To test whether this assumption also holds for cryogenic gas, we compared the pressure
dependence of the lineshift and linewidth coefficients, and the triplet to singlet intensity
ratios, in the gas phase for the 3.8, 4.0, 4.5 and 5.0 K isotherms. All of these observables
do not differ significantly with temperature over this range, with the exception of the 3.8
K isotherm. The most notable difference can be seen in the lineshift of the triplet atomic
fluorescence, which decreases with increasing pressure in complete contrast to the trends
observed at all other temperatures (Fig. 4.9).

In the liquid phase, lineshift and linewidth coefficients, and triplet to singlet intensity
ratios, show a dependence on the cell temperature. The slope of the coefficients increases
with temperature, with the exception of the 4.5 K isotherm. The intercepts of the lineshift
coefficients are negative, indicating that the atoms are in a different environment than
the gas phase. Also, the magnitude of the intercept increases with temperature, showing
a greater sensitivity to the environment than might be expected for the gas phase.

In summary, there are many indicators to suggest atoms being solvated in liquid helium,
or at least that a significant percentage of solvated atoms contribute to the spectral
features. The possibility that atoms in gas bubbles contribute to the spectra cannot be
excluded, however, as we do not have the tools to disentangle such a contribution.

The triplet-singlet intensity ratio shows an interesting dependency on both the pressure
and temperature. In the gas phase, the intensity ratio of the two increases in a rather
linear fashion. The slope of this increase is almost independent of cell temperature,
indicating that plasma properties in the corona discharge region dictate the mechanisms
of the energy transfer processes. A linear increase suggests that the higher-lying singlet
states, E(3s 1S) = 22.920 eV, undergo collisions with ground state helium atoms to form
the lower-lying triplet states with an energy of E(3s S) = 22.718 eV, which is 0.202 eV
lower than the singlet.

However, such a conversion is rather unlikely. Not only does bridging this energy
difference of 202 meV require rather high collisional temperatures, though this is in
principle possible in a corona discharge plasma, but the Wigner Spin rule would also be
violated [146]. Singlet-triplet transfers have been observed and investigated over many
decades, including more recently in helium clusters and droplets that were electronically

excited using monochromatic synchrotron radiation [147, 148]. Wellenstein and
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Robertson showed that in a gas excited by a glow discharge, the Wigner Spin rule was
not violated and that associative ionisation, He"+He—He," + e", followed by dissociative
recombination, He,"+e—He"+He, could satisfactorily explain experimental observa-
tions [129, 147, 149-155]. The He;'+e- —He"+He dissociation process has been
investigated by Cohen [77] and Guberman [156]. The diabatic potential energy curves
dissociating into the atomic 3s'S and 3s3S states cross the potential energy curve of
vibrationally excited He," [77]. In a simple picture, one would expect an intensity ratio
of 3:1 dictated by the statistical weights of the atomic triplet and singlet states.

The fact that we observe a much stronger population of the triplet levels indicates that
this simple picture does not fully account for the high densities and low temperatures
presumed to be present in our cell. Glow discharges at pressures higher than a few
millibars are characterised by a high concentration of He," [157]. Studies under such
conditions give also evidence of more complicated reactions involving, for example,
three-body collisions, or Hes* and Hes* [157-159].

The strong increase of the triplet-singlet conversion rate observed with increasing
pressure in our work could therefore have a number of explanations. Also, the number
of data points in the gas phase is limited and, while a linear dependence on pressure is
apparent, we cannot rule out higher-order contributions to the gradients in Figure 4.16.
In the liquid phase, the triplet-singlet ratio is lower for pressures slightly above SVP than
in the gas phase (at slightly below SVP). The ratio, then, increases with pressure, but not
as rapidly as in the gas phase. Also, the triplet-singlet ratio depends on the temperature
of the isotherm, where higher temperatures show higher singlet-triplet conversion rates.
Given that the process appears to be more efficient in the gas phase at similar densities,
a possible interpretation is that fewer particles are solvated at 5.0 K than at 3.8 K. At
higher temperatures, the He,*, Hes" and Hes" in gas bubbles would have a greater chance
to recombine with electrons than at lower temperatures because solvated ions and

electrons will have lower mobilities in liquid helium [160-163].

4.8 Error determination for the data

The estimation of the error from the determination of linewidths, lineshifts and line
intensities could arise from various sources: (i) experimentally, due to inconstancy in

the discharge current changes in temperature and pressure; (ii) analytically, with the
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error inherent to the mathematical fitting procedures; (iii) the broadening of the spectral
lines with increasing pressure and the concomitant overlap, and asymmetry, of the
lineshape. Table 4.9 illustrates the values of the linear fits to the atomic lineshifts for the
3s-2p singlet and triplet transitions, including the intercepts and the gradients for all
isotherms studied. This is to show the magnitude of the standard error of each value and
the magnitudes of the R-squared factor (R?) which represents the “goodness” of the
linear fit process for each given phase. This was considered a highly convincing factor
in the use of fits in our analysis. It was seen that the values of R? in the gas phase are
less than in liquid phase due to the reduced number of data points available to analyse
the gas phase.

Table 4.7: The results of the linear fit of lineshifts of the 3s-2p singlet and triplet transitions.
This result includes the gradients in nm/bar and intercepts in nm of the gaseous (g) and liquid
(solvated-s) phases for each given isotherm. The accuracy of the linear fit is quantified by the

R2 factor.

Intercept | Intercept | Slope Slope Statistics
Transition | T(K) | Phase Value Sténdard Value Standard Adj. R-Square
rror Error
3.8 | Liquid | -0.10 +0.05 0.26 +0.02 0.94787
4.0 Gas | -0.02 +0.02 0.16 +0.03 0.86792
4.0 | Liquid | -0.16 +0.04 0.30 +0.01 0.95946
Singlet 45 Gas | -0.03 +0.02 0.23 +0.04 0.86944
45 | Liquid | 003 +0.03 0.26 +0.01 0.99316
50 Gas | 010 +0.02 0.30 +0.02 0.97262
5.0 | Liquid -0.11 +0.03 0.31 +0.01 0.99869
38 | Liquid -0.10 +0.02 0.14 +0.01 0.95486
4.0 Gas | 0.04 +0.01 0.03 +0.02 0.58886
4.0 | Liquid | -0.15 +0.02 0.18 +0.01 0.96755
Triplet 45 Gas | 0.03 +0.01 0.05 +0.02 0.61704
45 | Liquid | -0.04 +0.02 0.14 +0.01 0.97588
5.0 Gas |-0.01 +0.01 0.12 +0.01 0.91126
50 | Liquid -0.21 +0.10 0.20 +0.02 0.98725
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4.9 Theoretical treatment using the Static Approximation

To get best comparison with our experimental results, the static equations used in
reference [57] were also used in this treatment in an attempt to demonstrate the lineshifts
and linewidths of the transitions of interest presented in previous sections. As mentioned
previously, our findings show significant differences between the gas and liquid phases.
This differences between the phases determined in the present study employ an
important parameter, that of density, which would play a vital rule in any quantitative
analysis using the impact or static approximations.

It is notable to mention that this is first time to use these equations in critical time of our
research, therefore it need more repetitions to get further accuracy in results hoping to
add new information about pressure dependence of the line shape. In this section, we
will demonstrate a theoretical treatment via the static approximation used in [83] to
model the emission observed for superfluid helium at 1.7 K, as used by publication [57]
(but as per their experimental conditions, for LHe at 4.2 K). However, we carried out
such calculations under our experimental conditions for gas and liquid helium at 3.8,
4.0, 4.5 and 5.0 K using a simple model of a spherical bubble with radius Ry and a trial
function n(R) [164, 165].

The locative distribution of helium atoms around the excited helium atom is described
on average by a density function which is equal to zero in the centre of the cavity (R =
0), and which asymptotically (as R — ) approaches the bulk liquid density. A trial
function of the form [166]:

nge{l — [1 + a(R — Ry)]e “R=R0} q(R—R,) =0
n(R) = (4.3)
0, a(R - Rb) <0

Was used, where nue is the helium number density, and R and « are the variational
parameters to be determined energy minimization. The value of « was chosenas 1 A1,
which appeared to be satisfactory in all cases. The radius of bubble or cavity (Rp) is
defined as the “centre of mass” of the area of transition from zero density to the normal

bulk density, nne, and it is given by the equation:
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Rp o
f n(R)4nr?dR = f [nye — n(R)]4mr? dR. (4.4)
0 Ry

Due to the reduction of the surface tension of the liquid ( o) the energy term is required,
and it is important to redistribute the liquid atoms and form the bubble. In this model,
the classical expressions for the surface tension energy were used, as was the pressure-
volume work term required to create a bubble of radius Ry, and the kinetic energy term
due to the density gradient at the cavity edge [164]. Hence, the total energy of the
spherical case is given by:

4
Etorar = Eqme(n(R)) + 4mRi0 + §nRgP + Epin(n(R)) (4.5)

By using the boundary profile in Eq. (4.4), the term in (4.5) was calculated as follows:

Eyvin = n f(VTl(R))24 R%?dR = 1.67 n 4 R? 4.6
kin — 8MH3 Tl(R) T — 8MHe T[nHea b ( . )

Rp

Where P and M are the external pressure and the helium atomic mass (amu),
respectively.

The parameter describing the repulsive interaction potential between the excited atom
and surrounding atoms in the ground state was simulated as U(R) = C12/R*?, where Ci
and is the repulsive Lennard-Jones interaction [167] for interaction energy of two atoms
separated by a distance R. It should be noted that C1» = gR*?, where g = (0.9+0.3) x 10
16 erg. The data required to calculate the helium line broadening and shift of the 2p °P

«—3s %S and 2p P «3s S transitions are given.

< 0.5
2NMyge@™

8.5
Rb

C C
Epin = f4nR2£n(R)dR =0.126 —

R12 4.7)

Rp

At the equilibrium radius of the bubble, the total energy of the system in this model for
the (excited helium atom He" + bubble) in Equation (4.5) takes its minimum value. On
increasing the pressure from P = 0 to P = 3 MPa, the radius decreases from 10.6 A down
t0 8.6 A.
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The relationships used in reference [57] used to calculate the shift of the line centre

relative to its location in vacuum and the FWHM are given by;

1

. /1c2) 6152 nIS-Ie P18 23
Shift = 5% [ - (4.8)
1
B[ clh P
FWHM = 4.9
2nch [a’“ n}ﬁgl (49)

The value of interaction parameter Ci2 has only a weak effect on the lineshift and
linewidth. On the other hand, the parameter describing the diffuseness of the boundary
of the cavity, a, which was chosen to be 1 A, strongly affects the shift and width
parameters. The results of the analysis conducted using these equations will be given in
the following sections. The constants required in equation (4.8) and (4.9) are as follows:
Lo: the centre of atomic line (706 nm for the triplet, and 728 nm for the singlet)

c: speed of the light (approximately 3 x 10%° cm/s)

i = hi2z = 6.625*10°%" erg.sec

C12: repulsive interaction constant (10™*° erg.cm'?)

o.: constant of diffuse boundary of the cavity (= 1A =10 cm™?)

P: hydrostatic pressure in MPa (= 10 bar)

NHe: the number density of the gaseous and liquid helium

4.10.1 Theoretical Linewidth for the singlet and triplet transitions

It is of interest to compare our experimental measurements with simulated parameters
of linewidths and lineshifts. The results of calculations such as those presented in this
section were carried out at four isotherms, 3.8, 4.0, 4.5 and 5.0 K. It is notable that the
value of the nHe in reference [57] was constant in their calculations with a value of 2.2
x 10?2 cm™ for LHe at 4.2 K, whereas in the current calculations, the magnitudes of
number densities of helium vary for each measurements depending on phase, pressure
and temperature.

The results of calculation are reflected in Figure 4.18 for the atomic 2p 'P«3s 1S singlet

transition on the left, and 2p 3P «3s 3S triplet transitions on the right, of Figure 4.18 for
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the linewidth. It can be seen from this figure that the pressure dependence of the

simulated linewidth is similar to the experimental trends for all isotherms, where the

linewidths are proportional to gas number density. On the other hand, the measured

broadening of the triplet transition is in a closest agreement with calculations, and is

significantly larger than the broadening observed for the corresponding singlet lines.

This is because of the absence of the resonance interaction in the broadening mechanism

in the triplet transition, whereas for the singlet lines, the effects of higher-order

interaction terms are restricted by its much stronger resonance interaction [112]. Thus,

numerous investigations of line broadening and some of the associated theoretical

aspects were very difficult for singlet transitions affected by this resonance.
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Figure 4.18: FWHM of the 728 nm (on the left-hand side) and 706 nm (on the right-hand side)

atomic lines as a function of pressure in gas and liquid helium. Red dots are experimental data.

Solid and black lines with dots represent the static approximation calculations. The inset shows

the gas region corresponding to the data inside the dashed oval callout where there excellent

agreement between the measured and simulated data can be achieved by changing helium

number density. These comparisons were found at 3.8, 4.0, 4.5 and 5.0 K.

This is because some of the lowest pressure data points in the gas phase fit with theory,

whilst slightly higher pressure data showing deviations from theory for all isotherms.

Therefore, the helium number density was changed with temperature to find the

conditions at which the theory could be fit to the data. We subsequently realized that the

temperatures at the beginning of gas regime are higher than the isotherms being studied,
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i.e., the temperature is 8.64 — 10.9 K at pressures of less than 500 mbar for all isotherms
due to the local heat produced by high electrical field applied. With regards to the data
found at pressures before the SVP line, the density was too high to obtain a good fit with
theory and in return though this density is high and corresponds cold region, it still in
the gas phase. The insets in Fig. 4.18 clarify the data points that show a good fit with
theory in the regime below SVP®. As a consequence, it is expected that a layer of cluster
probably forms around the excited atoms at point which is before the region of SVP

curve of helium and it is likely that there is phase transition earlier.

4.10.2 Theoretical lineshift for the singlet and triplet transitions

Predominantly, in the instance of emission, uncertainty to somewhat in the measured
line broadening is common due to the likelihood of lineshape distortion due to
contributions from non-thermalized atoms in the upper excited state of the transition
[108]. However, this does not affect lineshift measurements where the symmetric
lineshapes do not suffer from such uncertainty. Hence, this would provide an excellent
means of performing such a comparative study. In this section, we present measurements
of the pressure shift of the helium singlet line at 728 nm and triplet line at 706 nm as

compared with the results of our calculations.
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6 P.S.; this part of calculation has not conducted in publication of the spectral atomic lines that we
mentioned in the beginning of this chapter, so this is first trying specially for singlet transitions we will
indicate in this chapter.
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Figure 4.19: Comparison between measured lineshifts and theory for the singlet line at 728 nm
(on the left side of the panel) and the triplet line at 706 nm (on the right) as a function of pressure
at 3.8, 4.0, 4.5 and 5.0 K. The agreement between parameters are closest to theory for the triplet
state. The insets in each isotherm show measured data points in the gas phase show a good fit
with theory in the regime below SVP.

From Figure 4.19, the calculated lineshifts, as represented by black, solid lines, increase
with temperature in both the singlet and triplet transitions. The red dots represent
experimental data that is in a good agreement with calculations in both the gas and liquid
phases but which then deviate from theory upon increasing the temperature from 3.8 K
to 5.0 K. Again, as illustrated in the previous section for the linewidth, we focused on
the data in the gas phase and recalculated the relationship with the lineshift by changing
the helium density numbers to obtain a perfect fit, as shown in the inset in each isotherm.
As expected, the temperatures that correspond with the density numbers in terms of
obtaining a good fit were higher than the temperature measured in the cell. This was
found for the first three data points in the gas phase. The others, which lie before crossing
of phase transition were at lower temperature indicating the growth of clusters around
the excited helium atoms’.

Table 4.7 reports the comparison of our calculations using the static approximation of

the broadening and shifts in the He 706 nm triplet transition in wavenumbers with those

7 The standard error deviation of theoretical treatments data for the singlet 728 nm an triplet 706 nm
transitions, covering lineshifts and linewidths can be found in the Appendix G and H
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of other publications. The calculations were performed at T = 4 K for Npe = 2.65 x 10?

cm3, which is close to the asymptotic value of the helium density for P = 3.5 MPa.

Table 4.8: Comparison of line parameters determined from static profiles and other approxi-

mations at T =4 K, P = 3.5 MPa and Nxe = 2.65 x 1022 cm3.

FWHM (cm™?) Av (cm™)
This Work-Static approximation 20.03 80.14
MRCI [145] 39.50 -140.00
Cl truncated [145] 42.60 86.50
Bonifaci et al. [120] 140.00 200.00

4.11 Conclusion and structural model

We have demonstrated a new design for the efficient acquisition of fluorescence spectra
of helium excited by corona discharge over a wide range of pressures at cryogenic
temperatures covering both the gas and liquid phases. Several thousand spectra were
recorded, including some in the previously unexplored region of dense cryogenic helium
gas, from which the atomic fluorescence lines emerging from the n = 3 singlet and triplet
states were analysed. The dependence of lineshifts and linewidth on pressure supported
the supposition that a significant number of atoms are solvated in the liquid phase. In
the gas phase, no appreciable dependence on the cell temperature was observed,
indicating that plasma properties dictated the excitation mechanisms, the energy transfer
and the emission processes. The fluorescence from triplet levels is dominated by that
from the singlet levels by an intensity ratio of up to two orders of magnitude. This
exceptionally high conversion rate was attributed to vibrationally excited molecular ion
precursors undergoing dissociative recombination.

The long-range He-He" repulsive potential has been used to calculate the lineshift and
linewidths as based on the framework of the static approximation theory. It has been

shown that such lineshapes are the result of the creation of a microcavity around the
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excited helium atom, He". A comparison between data derived from experimental
spectroscopic fluorescence and theory proved the accuracy of the potential in describing
the interaction for He"(3s)-He in both the singlet and triplet states. Both linewidth and
lineshifts were found to be proportional to gas density and are effectively defined by the
repulsive interaction between an excited helium atoms and surrounded by ground state
helium atoms. Hence, it can be been seen that lineshifts and broadening in the singlet
and triplet lines are particularly sensitive to the helium density and temperature.
Consequently, information on the conditions in the medium of helium is thus provided.
Therefore, we can say the analysis of atomic lines represents a powerful tool because it
Is used as a means to understand on the processes occurring in the cell.

The fluorescence pressure dependence of lineshifts and linewidths were determined
from the experimental data and compared to the theoretical predictions, demonstrating
that the nascent excited helium He™ atoms reside in a bubble state within the liquid. In
Figures 4.18 and 4.19, linewidth and lineshift parameters can be seen to increase with
pressure for singlet and triplet lines both experimentally and theoretically from static
line broadening calculations performed for all isotherms.

Furthermore, from the comparison with theory is that better agreement with experiment
was observed for the gas phase than the liquid phase. Therefore, we concentrated on the
gas phase; there has been no attempt to interpret the liquid phase because it contains a
mixed and complex system of excited helium atoms in liquid helium.

On the other hand, the points that slightly deviate in the gas phase were recalculated for
linewidth and shift to correspond with the actual conditions (pressure, temperature and
helium number densities, nne). In this step, the helium number densities were taken into
account, in that they were altered to correspond to the actual P and T. We realized that
NHe Was at a greater temperature than that measured, requiring adjustment from 8.7 K to
16 K to gain good agreement between theory and experiment. Hence, we can argue that
the corona discharge heats the gas locally, and in fact this method of comparison is
promising in terms of measuring localized temperatures. This implies that obtaining a
good fit supports the interpretation that the local temperature is higher than the
temperature of the cell. Furthermore, it is interesting that the data points between 500
mbar and 1200 mbar, and are below SVP, were found to achieve good agreement with
theory by increasing nne. This is likely to constitute confirmation of cluster formation of
helium atoms around the bubble before crossing the SVP phase transitions, followed by

subsequent growth as a solvated shell in LHe. So, we can presume that there are different
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objects with different densities along the gas-liquid curve because the helium cluster
densities are not as the same as the LHe densities.

A basic hypothesis of our model is that, according to a discontinuity of the slopes of the
coefficients of linewidths and lineshifts between the gas and liquid phases, a structural
change is obtained which can be interpreted to the existence of two contributions of
spectral lines of He™. First one when the excited helium atom resides in gas bubble that
generated by repulsion force between the He" and surrounding ground state helium
atoms. The second contribution upon increase the pressure, layers of helium ground state
clusters were formed around He" and according to the simulation, it was found that the
number of nye becomes larger in closed region to the SVP, providing an evidence of
cluster formation before helium liquefies. By continuing of increase pressure, the growth
of cluster around He" increases resulting to create solvation layer around He". Therefore,
considerable increase in the coefficients of linewidths, line shifts and intensities in liquid
phase indicating to the strong interactions between He” and a solvation shell.

These observations were found to be in a similar manner of excimers. As a consequence,
the question that raised in introduction has been answered about the possibility to apply
the assumptions of solvated excimers to excited helium atoms as well, and to the first
time

Fig 4.20 shows a schematic of an excited helium atom, He*, in different species: firstly,
He* sites within a cavity (in a state referred to as a Rydberg state, represented as a red
dot on the orbital) in the gas phase close to the tip electrode where the temperature is
expected to be 8 — 10 K; the second case, when He* is caged or solvated in the bubble
within the liquid helium. The other species possible is that of He atoms clustered around
He* in the gas phase and below SVP, as shown in Fig. 4.21. A mix of two such He*
species in LHe is possible when LHe has been heated due to an excitation process such
as an electron beam or electrical discharge which causes the formation of a bubble of

gaseous helium around He* in the liquid helium.
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He* in a solvated
state in LHe
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Figure 4. 20: Schematic diagram of an excited helium atom He": the first case is within Rydberg
state in the gas phase, represented as a red dot. The second case is when it resides within a
cavity that is solvated in normal liquid helium (LHe).
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Figure 4. 21: Schematic diagram of excited helium atom He" enclosed in a bubble that has
formed a cluster with ground state helium atoms in the gas phase before SVP. The second model
here is when He" is caged or solvated in a bubble within a liquid helium medium.
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Chapter 5

Results and discussion

Pressure and Temperature dependence of
Excimer-Cluster formation, Solvation
and Boiling
within Liquid Helium

This chapter is a complement to the work originally published in

J. Phys. Chem. Lett. 2016, 7, 4666—4670
DOI: 10.1021/acs.jpclett.6b02081
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Abstract

Helium excimers He’ generated in a corona discharge were investigated in the gas,
normal liquid and supercritical phases of helium as a function of temperature and
pressure between 3.8 and 5 K and 0.2 and 6 bar. Intense fluorescence in the visible and
near infrared regions showed the rotationally resolved d * ¥} - b*[[,and D * ¥} -
B '], transitions of He;. With increasing pressure the rotational lines merged into
single features. Spectra showed sharp, discrete rotational lines; upon increasing the
pressure, the lines broadened and ultimately evolved into broad, poorly resolved
features. Furthermore, the intensity distribution shifted toward the lowest rotational
state. As this was only seen in the liquid phase, and with a different lineshifts than the
rest of the spectrum, it was clear that the He’ spectrum is a superposition of features
from gas-phase and solvated excimers. This means that solvated excimers not only exist
but also can be identified via their spectroscopic fingerprint. The observed pressure
dependence of linewidths, shapes and shifts established phases of coexistence and
separation of excimer-helium mixtures, providing detailed insight into nucleation,

solvation and boiling of He3-Hey cluster.

The structure of this chapter is as follows: Section 5.1 gives a concise introduction to
molecular bands and rotational spectroscopy. Experimental data are reported in Section
5.2. The treatment of the spectra, including calibration and fitting processes, is described
in Section 5.3. Section 5.4 presents molecular bands of the d3Y} — b3 [15(0-0)
transition with its analysis in 5.4.1, and the D 1 3 —» B? [15(0 —0) transition in 5.4.2, as
recorded at 3.8, 4.0, 4.5 and 5.0 K that covers the analysis of the lineshifts, widths and
intensities. Section 5.5 discusses the predicted phase transition of the SVP of LHe and
reviews our hypothesis regarding the associated phase transition. A set of concluding
remarks our observations through structural model are presented in Section 5.6, and in

Section 5.7, error determinations for the data are discussed
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5.1 Introduction

The ability to resolve rotational lines at low temperatures provides exceptional
sensitivity for investigating molecule-solvent interactions. For example, infrared spectra
of molecules embedded in 0.4 K cold “He droplets [32] display sharp, discrete lines,
indicating both free rotation and the superfluidity of the “He droplets [19]. A decreased
B-constant and a degree of line broadening reflect an interaction of the molecule with
the normal component of helium at the interface [168, 169] with the otherwise superfluid
helium. Mixed He-*He droplets with more than 60 4He atoms are also superfluid and
have an even lower temperature of only 0.15 K. Remarkably, in this ultracold
environment the linewidth of the rotational features is three times [19] smaller than in
pure “He droplets [13, 34].

In view of these exciting features and distinct temperature effects, this would seem a
very promising starting point from which to perform rotationally resolved spectroscopy
with control over a wide range of temperatures, beyond 0.15 and 0.4 K, particularly
where additional control over pressure might also be possible. While this control is
difficult to accomplish in helium droplets in free beams, it is quite readily possible using
bulk helium. However, embedding single foreign molecules directly into bulk helium is
challenging because at the temperatures of liquid helium all other substances are
themselves frozen, [36] and sophisticated techniques are required to achieve this [37-
39]. Short-lived helium excimers (He;) as single-molecule probes represent an
alternative means of investigation; they have been used both recently [45, 46, 48, 170]
and in the past to probe the bulk phases of helium by imaging [49] and spectroscopy.
Dennis et al. have bombarded 1.7 K cold superfluid helium with electrons and observed
fluorescence in the visible spectral range, which originated from transitions between
various electronically excited singlet and triplet states of He, [9]. Despite an
environment of superfluid helium, the spectra did not show discrete rotational lines but
rather features that resembled the rotational envelope of P, Q and R transitions.
However, in a similar experiment, Hill, Heybey and Walter observed discrete rotational
lines in the transient absorption spectrum of He) [50] of 1.7 K cold superfluid helium.
These lines were shifted from their associated emission-in-helium and gas phase values,
though changes in the effective moment of inertia were not reported. Li et al. excited
normal-liquid helium with a corona discharge and observed the fluorescent emission of

Hej, similar to Dennis et al., but in this instance sharp, discrete lines were observed [8].
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In all these experiments, however, the effects of temperature and the pressure have not
been addressed.

To advance the understanding of solvation in liquids, we have recorded fluorescence
spectra of excimers He; for the d3Yf - b3[[;(0—-0) and the DY} -

B1 [14(0 — 0) transitions in a helium solute over a wide range of hydrostatic pressures

between 0.2 and 5.6 bar and at temperatures between 3.8 and 5.0 K, covering the gas

and normal liquid phases of helium, as will present in coming sections.

5.2 Experimental data of Molecular bands

As mentioned in chapter 4.2, a corona discharge electronically excites and ionises He
atoms under a wide range of pressures. As a result, intense fluorescence can be observed
in the visible region. Figure 4.1 shows a pressure and temperature (PT) diagram of the
data we collected below supercritical points (T¢, Pc) from 3.89 K to 5.2 K. Each point
represents a fluorescence spectrum in the range 300 — 1000 nm. Emission spectra were
recorded in the gas and liquid phases by varying the hydrostatic pressure. With a view
to gaining accuracy and consistency in the data, spectra were recorded several times
under the same conditions.

The rotationally resolved d * ¥t - b3[],(0 — 0) and D * ¥} — B * [1,(0 — 0) transitions
of Hej, that are observed due to the transitions between electronically excited states were
investigated in this chapter. The wavelengths (1) corresponding to the transitions at
639.87 nm and 659.42 nm, respectively. Each molecular band includes Q, P and R
branches.

Table 5.1 shows a comparison of the rotational lines positions observed in the current
study and a previous analysis conducted by Ginter [79, 80]. It was found that the
molecular transitions of our data are blue-shifted with respect to the Ginter values by
approximately 9 cm, or 0.45 nm, for the triplet d — b transition and 8 cm™, or 0.39 nm,
for the singlet D-B transition. Actually, we have no explanation for this deviation, but

it looks to be in good agreement regarding the position of all rotational lines.
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Table 5. 1: Positions of Q and P branches of the triplet d—b and singlet DB rotational transitions

obtained with a glow discharge. Observed values of these positions in wavenumbers were
compared with previous data reported by Ginter [79, 80], where v, is the central position of
each peak and Av is the difference between our value and the equivalent value reported
in [79, 80].

Branch d 32; —b 31'Ig (0-0) D 12; —B 11'[g (0-0)
. Current Current— . Current Current—
Ginter [7_9] value Ginter Ginter [8_0] value Ginter
Lo /Cm 1 -1 -1 Vo /Cm 1 -1 -1
Vo /cM Av /cm Vo /CM Av /cm

Q | 15623.87 | 15632.23 8.36 15161.72 | 15168.99 7.27
P(2) | 15594.63 | 15604.22 9.59 15132.70 | 15140.80 8.10
P(4) | 15564.60 | 15573.85 9.25 15103.46 | 15111.68 8.22
P(6) | 15534.14 | 15543.35 9.21 15074.25 | 15082.47 8.22
P(8) | 15503.33 | 15512.46 9.13 15045.12 | 15053.53 8.40
P(10) | 15472.23 | 15481.36 9.13 15016.11 | 15023.99 7.88

5.5 Treatment of the spectra

5.3.1 Calibration using glow discharge spectra

As mentioned in chapter4 section 4.3.1 and 4.3.2 and as an important step after collecting
spectra, calibration of spectra is required. For such, glow discharge spectra were
recorded at room temperature and low pressure where every experimental setup has a
particular discharge spectrum depending on the alignment of optical setup that based on
the arrangement of the lenses and mirrors to focus emitted lines on the CCD of
spectrometer (see chapter3- experimental part). The process of calibration explained in
chapter 4, in particular that the results of calibration, in terms of gradients and intercepts
found for the singlet D-B transition being different from the triplet d-b transition, as
shown in Table 5.2. This is because the experiment for D-B was conducted in another
date and under conditions differs from d-b which led us to record spectrum of glow
discharge for each case and doing calibration. Additionally, the glow discharge spectrum
is used as a reference by measuring the differences between the positions and shapes of
identical features in the collected spectra and discharge spectrum to investigate

associated changes in spectral parameters.
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Table 5. 2: The values of the experimental setup that made to record spectra of glow discharge

for calibration of the singlet D-B and d—b transitions after gas line evacuation at room 300 K.

T=296K d3zi — b3, (0—0) | D'Tf — B, (0-0)
Slope (m) / mm/row 0.05799 0.05795
Intercept (b) / nm 289.28 298.6228
V/ kv -0.61 -1.07
I/ pA -67 -94
P / mbar 61 78
Accumulation No. 20 10
Slit opening / pm 20 80
Exposure time / seconds 0.1 5.0

5.3.2 Fitting with Lorentzian function

As explained in chapter 4.3.1, to assess the changes in lineshape and position with
pressure and temperature, rotational branches were systematically and individually fitted
to Lorentzian functions. To perform this fitting, the Fityk software [139] was chosen
(Version 0.9.8). An example of a good fit, indicating the accuracy that could be achieved
by this method, is shown in Figure 5.1. This fit is for the rotational lines of the Q and P
branches of the d—b and D-B transitions of He3 in liquid helium, for which it is difficult
to gain high-resolution rotational lines. The R branch is not included in this analysis due
to its low resolution. Although at high pressures one of the branches merges with the
other, the fitting process allowed individual lines to be deconvoluted. For instance, from
Fig 5.1 it can be seen the P(2) line of the triplet d—b transition had merged with the Q
branch at a pressure of 2.6 bar, hence it difficult to determine the associated peak
position and linewidth. The fitting process, however, allowed for deconvolution of the

lines, allowing an accurate analysis of features for each branch, except the R branch.
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Figure 5.1: Fit of spectra using Lorentzian functions provided in the Fityk program [34] showing
a perfect fit in LHe for the triplet d-b and singlet D-B transitions at P = 2.6 bar and 1.4 bar
respectively, at T = 4.0 K. The black-dashed line represents the measured and calibrated spectra,
the overall fit is represented by a red-dashed line, and the blue dotted lines show the individual

Lorentzian components.

5.6 Molecular band
5.6.1d 3% — b 311, transition

It is noteworthy that the first part of analysis of molecular band was investigated in
principle by a colleague at the University of Leicester, Luis Mendoza-Luna [3]. To
complement his studies due to his lacking of time, however, further analysis at 4.5 K
was undertaken for d-b transition. Moreover, line intensities were investigated in
addition to the lineshifts and widths to confirm our group’s previous quadratic
component exploration into the formation of helium excimers in different environments

[59]. Therefore, the analysis of this triplet fluorescence, as will be presented in this
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section, are a collaborative work achieved by team work between myself and my
colleague [3].

Fluorescence spectra were recorded at 3.8, 4.0, 4.5, and 5.0 K, showing the
d? ¥+ — b3, transition of He; in the n = 3 Rydberg state [79], as shown in Fig 5.2,
for various different hydrostatic pressures, covering both the gas and the liquid phases
of helium. A glow discharge spectrum recorded in the gas cell at very low pressure is
shown as a reference for the line-positions under vacuum conditions [79] and to
demonstrate the resolution of the spectrometer. The spectrum shows typical features
with P, Q, and R rotational lines defined by the selection rules AN = —1, 0, and 1,
respectively. The quantum number, N, denotes the lower rotational state of the transition
and starts with the electronic angular momentum quantum number, which is one for the
b7, state. N refers to Hund’s coupling case (b), where N is the total angular momentum,
J, minus the electron spin, S (i.e., N =J—S). P and R lines are resolved; the Q lines lie
almost on top of each other and are thus too closely spaced to be fully resolved by our
spectrometer. All lines are split into groups of six energetically close transitions due to
spin—spin and spin—orbit interactions of the triplet levels in Hund’s case (b) [171]. As
before, however, these splittings cannot be observed at our resolution.

At low cell pressures, sharp, discrete lines were observed, similar to the spectra reported
by Hill et al. [50] and Li et al. [8]. With increasing pressure, the lines shift in frequency,
broaden and become increasingly asymmetric. By comparison with the glow discharge
spectrum, it can be clearly seen that at lower pressures the P(2) line and Q-branch
quickly gain intensity compared to the other P lines. Additionally, the P(2) line merges
at a certain, distinct pressure for each given isotherm, with the Q-branch. At 3.8 K this
occurs between 0.2 and 0.6 bar, at 4.0 K between 0.7 and 0.9 bar, at 4.5 K between 1.3
and 2.8 bar, and at 5.0 K between 1.6 and 3.6 bar, as shown in Fig 5.2.
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Figure 5.2: Selection of spectra of He; in helium as a function of pressure for four isotherms
(the measured temperature deviated by no more than 0.1 K from the isotherm). The lines of a
glow discharge reference spectrum are labeled R, Q, and P as a function of quantum number N
(Hund’s case (b)). With increasing pressure, the lines broaden and shift. Note also that with
increasing pressure the Q and P(2) lines gain more intensity compared to other lines, and
ultimately merge. The intensities and offset have been scaled for better visualization. Within the

resolutions observed, the rotational B constant for He3 was unchanged.
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Rotational resolution is no longer apparent when pressures increase much beyond the
saturated vapor pressure (SVP, which increases from 0.6 bar at 3.8 K to 1.9 bar at 5.0
K) of pure helium, and at a lower pressure for R lines than for P lines. At higher
pressures, the spectrum is similar to that reported by Dennis et al. [9]. Fig 5.3
demonstrates our data in comparison with Dennis et al.’s analysis in the gas and liquid
phases for the triplet 639.87 nm (b) and singlet 659.42 nm (a) transitions, where both
sets of data are highly resolved for all rotational lines in the gas phase under 4.2 K and
0.2 bar. In LHe, the P and R branches disappear and only the Q branch of both transitions
is observed. Most of the intensity is concentrated around the band in the centre. We
assign these features to the envelope of the Q(1) and P(2) transitions. The fact that these
two transitions are not resolved can be attributed to the liquid environment, which was
found to hinder rotation and produce a collapsed spectrum, for instance, for OCS [13,
34].
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0.2 bar i | 3%5
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Figure 5.3: Comparison of the d * ¥t —» b3 [[gand D ' X3 — B * ], bands at high resolution
in the gas and liquid phases for (a) Dennis’s experiment by electron-bombardment [14], (b)
current experiment by corona discharge, showing the difference in intensity between these two
transitions. The structure changed substantially after increasing the pressure in the liquid phase,
where the rotational lines of the P- and R-branches vanished, indicating the restriction to free

rotation of helium excimers in liquid He.
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Also, the resolution of R branches decreases at lower pressures than the P-branch.
Generally, the intensity of the D-B transition is much lower than for the d-b transition.
Hence, this makes the Q branch of D-B transition look like a shallow ‘curve’ at high
pressures. Conversely, for the d-b transition, the Q branch retains the appearance of a
broadened line with a high peak intensity. As shown in Fig 5.3, the difference in intensity
between these two transitions is considerable, and is similar to the observations of
Dennis [9]. However, rotational motions have not been resolved in this study in the
liquid helium, but which were observed in our study under wide range of pressures.

Fig 5.4 shows the spectra recorded for the triplet d—b transition at 3.8 K under a variety
of pressure values, covering the rotational R, Q and P branches. These lines shifted in

energy and broadened pressure until they could no longer be resolved.
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Figure 5.4: Spectra of the triplet d—b transition at 3.8 K as a function of pressure. The lines from
a glow discharge reference spectrum are labeled by black lines for R, Q, and P as a function of
guantum number N. Rotational lines are blue-shifted, broadened and resolution was

progressively lost with increasing pressure.
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5.6.1.1 Analysis of the d *%} — b *I1, transition

5.6.1.2 Line-Shift versus pressure

To analyse the changes in line position, broadening and intensity (i.e., the same
parameters as in chapter 4), the lines were individually fitted using Lorentzian functions.
Over a large range of pressures, the lines remain symmetrical; hence, fitting to a
Lorentzian line shape represents a reasonable means by which to assess and quantify
line intensities, lineshifts and linewidths at 3.8, 4.0, 4.5 and 5.0 K.

Fig 5.5 shows the Q and P lineshifts, AL(p), as a function of pressure. The lineshifts of
all sharp P lines are similar, but they are dissimilar to those of the Q lines. The lineshifts
can be grouped into different pressure regions; at pressures below the SVP of liquid
helium, the Q lines show small and only slightly increasing shifts with increasing
pressure. When the pressure is higher than the SVP of liquid helium, and when
subsequently further increased, the Q lines exhibit a stronger lineshift, which we
attribute to a stronger perturbation. Interestingly, at 4.0 K and 950 mbar, a small but
abrupt red shift is seen close to the SVP of liquid helium, as can be seen in the Fig 5.2.
The same red shift appears to be present at 3.8 K, but more data would be needed to
substantiate this supposition. These abrupt changes correlate with the increase of the
intensity ratio of the Q and P lines, which will be presented in coming sections. Lineshift
coefficients, 0AL / dp and 470, were obtained for the gas and solvated phases separately
by fitting the function 4A(p) = (OAA / Op) +440 to the data. Lineshift data was fitted by a
simple linear fit in the Origin program viay = a + b*x, where y and x are the input data
and represent lineshifts and pressures respectively, and a and b are the intercepts (A\o)
and gradient (0AA/0p), as shown in Table 5.3; data for the 3.8 K isotherm at pressures
before the red shift occurs were not analysed due to insufficient data being available.

Hence, the fitting in the gas phase has not been considered.
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Figure 5.5: Lineshifts as obtained through fitting with Lorentzians. Filled symbols represent
Q transitions, while hollow symbols represent P transitions averaged over all N except N =
2 (see text). The lineshifts can be grouped according to the gas and liquid phases of the
helium. The Pay lineshift coefficients (gradients of straight lines) do not change between
the gas and liquid phase, but the Q lineshift coefficients are consistently larger in the liquid
phase, indicating a stronger perturbation. Dashed lines represent regions in which these

coefficients change and where we suspect the phase transition takes place.
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Table 5.3 shows similar lineshift coefficients for Q and Payg transitions in the gas phase,
as expected. In the liquid phase, however, the lineshift coefficients of the Q and Payg
transitions differ and diverge, as they have different gradients. This indicates that the P
and Q features must originate from different species, i.e., species in different environ-
ments, because in molecular spectra the positions of the P and Q lines are mutually
dependent, as defined by the appropriate rotational constants (and hence structure), and

therefore cannot diverge.

Table 5. 3: Lineshift coefficients for Q and averaged P (N > 2) lines in the gas phase and liquid

regions®
FIY) .
T [K] branch phase slope,g intercept, Aho
[nm/bar] [nm]

4.0 Q) gas 0.029 = 0.040 -0.018 £ 0.021
4.0 (Play,  gas 0.110 +0.011 -0.045 + 0.006
4.5 (0)) gas 0.073 £ 0.015 -0.002 £ 0.014
45 (P)ag.  0as 0.119 # 0.007 -0.050 + 0.006
5.0 Q) gas 0.095 = 0.011 -0.044 £ 0.012
5.0 (P)avg. gas 0.126 + 0.006 -0.056 + 0.006
3.8 Q) lig. 0.151 + 0.015 -0.213 £ 0.035
3.8 (Pag.  lig. 0.147 +0.043 -0.103 +0.104
4.0 Q) lig. 0.167 +0.010 -0.241 + 0.029
4.0 (P)avg- lig. 0.128 + 0.007 -0.086 + 0.020
4.5 Q) lig. 0.201 £ 0.016 -0.337 £ 0.061
4.5 (P)avg- lig. 0.113 +0.011 -0.038 + 0.038
5.0 Q) lig. 0.214 +0.021 -0.426 £ 0.091

5.6.1.3 Linewidth versus pressure

Linewidth is a further parameter that was investigated to understand the physical origin
of our observations. According to the physical perturbation, the line broadening can have

different sources; it can be due to collisions in the gas phase or thermal motion in the

8 Coefficients could not be determined at 3.8 K, Qqas, Pgas (too few data) and 5.0 K, Pjiq (unresolved
lines).
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condensed phase, where the perturbation shifts the energy levels and leads to line
broadening. Therefore, the linewidth of the Q and averaged P (N > 2) Lines was analysed
as a function of pressure of isotherms of interest in the gas and liquid phases.

Fig 5.6 shows the analysis of the Q and P linewidths, Aw(p), as a function of pressure.

As in the lineshifts, the linewidths can be classed into two regions of pressures; in the

gas phase at low pressure, below SVP, where the linewidth coefficients of the ‘;A—:’ of Q

and Payg lines are similar; in the high pressure region, however, the deviation of the
linewidth increases between the Q and Payg lines above the SVP of liquid helium.
Moreover, at higher pressures than SVP the rotational P(2) line becomes asymmetric,
which makes the fitting difficult and not accurate due to merging with the Q branch. As
a consequence, the averaged P branch (N > 2) was considered most suitable for analysis,
I.e., where the P(2) line was excluded. The pressures at which the P(2) line merges with
the Q branch varies with each given isotherm. At 3.8 K, this occurs between 0.2 and 0.6
bar, at 4.0 K between 0.7 and 0.9 bar, at 4.5 K between 1.3 and 2.8 bar, and at 5.0 K
between 1.6 and 3.6 bar, as shown in Fig 5.2.

Table 5.4 reports the values of linewidth coefficients of the Q and Payg lines of the
isotherms of interest. The difference between Qgas and Qiiq lines can be seen, whilst the
difference becomes smaller and did not much change (nearly straight line) between Pgas
and Piiq lines with pressure. Broadly speaking, the linewidth coefficients, dAw/dp, of
these Q branches were found to be greater than those for Payg lines in the liquid phase,
indicating changes of structure. At 3.8 K, more data would be needed in the gas phase

to confirm this observation, and also at 5.0 K, Pjiq (unresolved lines).
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Figure 5.6: As a consequence of fitting with Lorentzians, linewidths can be obtained as a function
of pressure of the triplet d-b transition for different isotherms. The Q branch is represented by
black filled symbols; red hollow symbols are the averaged P linewidths excluding the P(2) line.
The pressure is divided into two regions, which are the gas phase at low pressure and the liquid
phase at high pressure above the SVP, whilst the region in between, in which we expect to find

the phase boundary, is indicated by vertical dashed lines.
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Table 5. 4: Linewidth coefficients for Q and averaged P (N > 2) lines in the gas phase and liquid

regions °
T [K] branch hase ap
K] P [nm/bar] [nm]

4.0 Q) gas 0.321 + 0.014 0.305 + 0.039
4.0 (P)ave. gas 0.191 + 0.032 0.154 + 0.017
4.5 Q) gas 0.243 +0.072 0.223 + 0.045
4.5 (P)av. gas 0.165 + 0.046 0.154 + 0.029
5.0 Q) gas 0.355 + 0.029 0.169 + 0.031
5.0 (P)av. gas 0.176 +0.015 0.147 + 0.016
3.8 Q) lig. 0.299 + 0.014 0.337 + 0.033
3.8 (P)ave- lig. 0.238 + 0.019 0.134 + 0.048
4.0 Q) lig. 0.371 +0.108 0.189 + 0.056
4.0 (P)avg. lig. 0.229 +0.019 0.117 + 0.055
4.5 Q) lig. 0.349 + 0.013 0.145 + 0.044
4.5 (Pavg: lig. 0.164 + 0.025 0.093 + 0.079
5.0 Q) lig. 0.427 + 0.007 -0.427 +0.032

5.4.1.4 Line Intensity versus pressure

Line intensity was another parameter analysed by fitting rotational lines using Lorent-
zian functions. The intensity ratio in the d-b transition was taken between the line
intensity of the Q branch and the averaged P lines, excluding the P (2) line.

For solvated, and hence cold, He5, only the lowest allowed quantum state, N = 1, will
be populated because the next highest allowed level, N = 3, is 75 cm™* higher in energy.
Only odd N rotational states are allowed in the d3Y;} state because of exchange
symmetry. For the d 3 Y} state of He}, the only transitions emerging from the N = 1
state are the Q(1) and P(2) lines. The intensity ratio between the Q(N) and P(N) lines
(NP > 2) therefore qualitatively reflects the degree of rotational cooling. Fig 5.7 shows
the ratio of the line intensity of the Q lines and the averaged line intensity of the P lines.
The intensity of the P(2) line has been excluded from the average because it changes
line shape as it merges with the Q branch. For all four isotherms shown in Fig 5.7, the
Q/P intensity ratio is roughly constant in the gas phase but increases linearly in the liquid

phase of helium with pressure. Presumably, the rotational energy is transferred into

® Width coefficients could not be determined at 3.8 K, Qgas, Pgas (More data needed) and 5.0 K, Pjiq
(unresolved lines).
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collective modes of the solvation shell and liquid environment [172, 173]. In superfluid
helium droplets, this type of energy transfer was found to cause rotational line
broadening [174, 175]. A simple explanation of the linear dependence of the Q/P
intensity ratio on pressure is that molecules coexisting in the gas phase are rotationally
cooled by collisions with the liquid. Additionally, the use of electronically excited He
excimers as molecular probes means that our ability to observe rotational cooling is
limited by the excimer’s radiative lifetime. An upper limit to the fluorescence lifetime
has been found as t~10 ns [51]. The fact that solvated excimers may cool from several
hundred Kelvin to 4 K over this time frame would give a lower limit to the rotational

cooling rate of ~101°-10 1 Ks2,
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Figure 5.7: Pressure dependence of the intensity ratio of the Q branch and averaged P lines,
excluding P(2), for 3.8, 4.0, 4.5, and 5.0 K. The ratio is roughly constant in the gas phase,

but increases linearly with pressure in the liquid phase of helium.
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5.6.2 D'z} — B ', transition

This section presents another interesting transition which follows the triplet d-b
transition in wavelength. Although, the intensity of D-B transition is much lower than
d-b transition and sometimes it is difficult to observe in spectra, we have found from the
best to analyse this band. This is because: (a) the structure of rotational lines is relatively
simple, (b) it does not overlap strongly with other transition except the hydrogen line at
545 nm, (c) sufficient data set were obtained including this transition, and (d) it was
discussed by literatures of electronically excited bulk liquid helium “He [7, 9, 54].
However, pressure and temperature dependence of the lines shape were not sequentially
investigated in different phases by literatures. Fluorescence spectra recorded at 3.8, 4.0,
4.5and 5.0 K show the D ' X7 — B 11, transition of He; in the n =3 Rydberg state [79].
The rotational transitions up to J = 10 for the P and J = 8 for the R branches were detected
at low pressure. Although the resolution and intensity of the singlet D-B transition is
very low compared to the triplet d—b transition, the emission is nevertheless intense
enough for spectral analysis to be carried out.

Additionally, excitation of LHe by electron bombardment by Dennis [9] was compared
with the current spectra produced by corona discharge in the gas phase and LHe, as
shown in Fig 5.3, covering the R, Q, and P branches. The D-B transition was not
investigated extensively due to difficulties in observing these transitions in the gas
phase, and which could not be resolved in LHe. For instance, in [176] the D-B band has
been resolved and displayed a rotational structure at P = 0.2 bar, low gas density, and T
=4.2 K, but not in LHe. In other studies, well-resolved rotational structure was observed
for this band was observed in LHe at low applied pressure (P~1.0 bar), but which
disappeared for P > 4 bar [55]. To the best of our knowledge, there are no studies in the
literature reporting the pressure dependence of lineshifts, widths and intensities of this
transition, with the exception of a single study that investigated line broadening of three
rotational lines in excimers produced by corona discharge at three different pressures
and 80 K [54]. Another set of research investigated the lineshifts of the Q branch only
at 4.2 Kand up to 7 bar [56], while there was a strong overlap for the rotational lines at
2.0 bar that made deconvolution of lines impossible. Broadly, however, none of these
studies have considered the effects of pressure and temperature. However, the current

technique enabled us to record and analyse hundreds of spectra in this wavelength range
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in the gas and LHe states over a wide range of pressures. Therefore, we consider these
data worthwhile and supportive of the results of previous studies.

Fig 5.8 shows a comparison between the set of the rotational Q, P and R branches from
corona discharge with a negative polarity, at four isotherms and for different hydrostatic
pressures, covering the gas and the liquid phases. A glow discharge spectrum was
recorded in the evacuated cell at low pressure, 78 mbar, as a reference for the
linepositions under vacuum conditions [80]. The dashed black lines represent a glow
discharge reference involving the Balmer alpha line (H.) [177] emitted from atomic
hydrogen which are attributed to H impurities unavoidably obtained in N6.0 purity He,

which is frozen out and thus disappears from the spectrum at low temperature.
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Figure 5.8: Spectra of He3 in helium as a function of pressure for four isotherms. The glow
discharge reference spectrum is represents by a dashed black line, where the R, Q, and P lines are
labelled as a function of quantum number N (Hund’s case (b)), involving the Balmer alpha line
emitted (H,) [47] from atomic hydrogen due to H impurities present in the N6.0 purity He used.
With increasing pressure, the lines broaden, shift and the Q and P(2) lines gain more intensity
compared to other lines, and which ultimately merge. The intensities and offset have been scaled

for better visualization.
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Similar to our observation of the rotational lines features of the triplet d—b transition in
section 5.4, by increasing the pressure in the cell, the lines broaden, shift towards shorter
wavelengths, change their shape (particularly the P(2) line), and a blue shift is often
observed with respect to the reference value, as shown in Fig 5.8. By comparison with
the glow discharge spectrum, it is clear that the P(2) line gains in intensity compared to
other P lines. Alongside this, the P(2) line ultimately merges with the Q branch at a
particular pressure, as depending on isotherm. At 3.8 K, this happens between 0.2 and
0.8 bar, at 4.0 K between 0.7 and 0.95 bar, at 4.5 K between 0.9 and 1.34 bar, and at 5.0
K between 1.6 and 3.6 bar. On the other hand, the R branch becomes unresolved at lower
pressures than the P branch. The rotational B constant for He; was unchanged through-

hout the above.

5.6.2.1 Analysis of the D 'X; — B 1 jtransition

5.6.2.2 Lineshift versus pressure

To analyse the changes in linewidth, line position and intensity, the lines were separately
fitted with Lorentzian functions at 3.8, 4.0, 4.5 and 5.0 K. Over a large range of pressures
the lines remain symmetrical, hence the fits with Lorentzian functions represents a good
way to assess and quantify lineshifts by subtracting the maximum peak position of the
rotational Q and P lines from the position of the glow discharge spectrum (as a reference)
over a wide range of pressures for each given isotherm. The average of the shift of each
of the P rotational (4, 6, 8 and 10) lines has been considered. However, P(2) was
excluded from the average due to being superimpose on the Q branch. In Fig 5.9, the
lineshifts of the Q and Payg branches for the D-B transition as a function of pressure at
3.8,4.0,4.5 and 5.0 K are shown.
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Figure 5.9: Lineshifts gained by fitting with Lorentzian lineshapes as a function of pressure of
the DY} - B[], transition at 3.8, 4.0, 4.5 and 5.0 K. Black and filled symbols represent
the Q branch, red and hollow symbols are the average P lineshifts excluding P(2). These lines
were classified into two regions; the gas phase, where the lineshift coefficients, dA1/0P, of the
Q and the Payg lines were found to be identical; the liquid phase, in which Q—0A4/0P coefficients
are considerably larger compared to the Pay, indicating the change in structure in LHe. The
dashed lines show the region where the lineshift coefficient changes and phase transition was
believed to occur. Note the decreasing lineshift with pressure at 3.8 K in the gas phase.

Fig 5.9 shows the Q and Payg lineshifts AA(p) as a function of pressure. The lineshifts
can be classified into two pressure regions: pressures below the SVP of liquid helium,
where the Q-lines show small, and only slightly increasing shifts when the pressure is
increased. With further increases in pressure, the Q-lines exhibited abrupt blue-shifts
that were larger than those observed at lower pressures. The observed abrupt change
indicates a change in the structure of the perturbing environment, and is attributed to the
formation of a dense solvation shell. Lineshift coefficients, 6AA/0p and Ao, were
obtained for the gas and solvated phases separately by fitting the function 4A(p) = (0AA
/ 0p) + Alo to the data in the Origin program, as shown in Table 5.5.
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For all isotherms, lineshift coefficients of the Q and Pavg branches in the gas phase are
similar, while in the liquid phase the slopes indicate the formation of a dense solvation
shell. These observations indicate that the P and Q features must originate from different
species because in molecular spectra the positions of P and Q lines are mutually

dependent, as defined by rotational constants.

Table 5. 5: Lineshift Coefficients for Q and Averaged P (N > 2) Lines in the Gas Phase and
Liquid Regions.

FTY) :
T[K] branch  phase slope, 55 intercept, Aho
[nm/bar] [nm]

4.0 Q  gas 0.097 + 0.009 0.019 + 0.005
4.0 (Pas.  gas 0.101 + 0.009 -0.011 + 0.005
4.5 Q) gas 0.078 £0.015 0.019 £ 0.009
45 (Plas. S 0.087 + 0.026 -0.006 +0.016
5.0 Q) gas 0.095 + 0.015 0.023 £0.010
5.0 (Pas.  gas 0.104 + 0.006 -0.037 +0.006
38 Q) lig. 0.196 + 0.010 20.078 + 0.024
3.8 (Pl liq. 0.112 +0.011 10.028 + 0.024
4.0 Q) lig. 0.192 + 0.007 -0.116 + 0.019
4.0 (Plag.  lig. 0.133 + 0.019 -0.075 + 0.036
45 Q) lig. 0.167 + 0.013 10.029 + 0.038
45 Pl ig. 0.140 + 0.038 -0.044 +0.081
5.0 Q) lig. 0.134 + 0.001 0.036 + 0.002

The lineshift coefficients of the Q and Pay lines are listed in Table 5.5, with the exception
of the 3.8 K isotherm where too few data points below SVP were available for reasonable
analysis, and for the 5 K isotherm in the liquid phase, where the P-branch lines were
unresolved. The intercepts of the lineshift coefficients are negative, indicating that the
molecules are in a different environment than the gas phase. Also, the magnitude of the
intercept increases with temperature for the rotational Q and P lines in the liquid phase,

showing a greater sensitivity to the environment than the gas phase.

5.6.2.3 Linewidth versus pressure

Similar to the lineshifts scenario, to investigate the changes in line broadening, the lines
of the Q and Payg branches were separately fitted with Lorentzian functions for each
isotherm. Over a large range of pressures, the lines remain symmetric, hence fitting to

Lorentzian functions represent a good way to assess and quantify line broadening using
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the linewidth as the sole parameter. Fig 5.10 shows the linewidths obtained from the
fitting procedure as a function of pressure at 3.8, 4.0, 4.5 and 5.0 K. Q lines were found
to broaden more rapidly than Payg lines. Line broadening constants essentially increased
continuously with increasing temperature. Also, it is noticeable that linewidth of the Q
branch in the singlet D-B and triplet d—b transitions is larger than the lineshift by a factor
of about 1.5. The abrupt change in the linewidths of the Q branch occurs in the pressure region
that represented the phase boundaries for each given isotherm.

For the sake of clarity of our conclusion, the coefficients of the linewidth aAw/aP of the
Q and Payg lines are listed in Tables 5.6. Likewise, the intercepts, 4w, of the linewidth
coefficients are negative, indicating that the molecules exist in a different environment.
Also, the magnitude of the intercept of the Q- branches is larger in the liquid phase than

the gas phase, showing a greater sensitivity to the condensed shell than the gas phase.
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Figure 5.10: Pressure dependence of the linewidth of the Q- and Payg branches features (after
deconvolution, see above text) in the gas and liquid phases at 3.8, 4.0, 4.5 and 5.0 K. The line
broadening of the Q-transitions with pressure is larger than for the Py lines. The dashed lines
indicate the crossover regions.
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Table 5. 6: Line broadening coefficients, ?—Pf", for the Q and the averaged P branch (N > 2) lines

in the gas and liquid phases at 3.8, 4.0, 4.5 and 5.0 K. For 3.8 K, Qgas and Pgss coefficients could
not be determined due to insufficient data. At 5.0 K, the rotational lines of P branch could not
be resolved due to hindering of rotational motion at high pressure. All slopes found for the Q
branch in the liquid phase are greater than those found for gas phase.

dAw ;
T[K] branch  phase slope,ﬁ Intercept, Awo
[nm/bar] [nm]
4.0 (9)) gas 0.326 + 0.053 0.137 £ 0.032
4.0 (P)avg. gas 0.331 £0.032 0.156 + 0.019
4.5 Q gas 0.247 + 0.096 0.169 + 0.059
4.5 (P)awg.  gas 0.342 £ 0.124 0.161 +0.077
5.0 Q gas 0.195 + 0.052 0.185 + 0.040
5.0 (P)ag.  gas 0.204 + 0.038 0.236 +0.039
3.8 Q) lig. 0.488 £ 0.029 -0.017 £ 0.071
3.8 (P)avg. lig. 0.341 £ 0.038 0.099 +0.084
4.0 Q) lig. 0.786 £ 0.078 -0.531 £ 0.223
4.0 (P)avg. lig. 0.449 £ 0.078 0.026 +0.158
4.5 Q lig. 0.649 + 0.063 -0.347 £ 0.191
4.5 (P)avg. lig. 0.404 £ 0.015 -0.056 + 0.032
5.0 (9)) lig. 0.609 + 0.007 -0.248 £ 0.015

5.6.2.4 Line Intensity versus pressure

A further spectroscopic parameter to analyse is the ratio of the line intensities. As
opposed to the d—b transition, the intensity ratio of the singlet D-B transition is taken
between the line intensity of the Q and the P(2) lines. This is because the intensity of the
averaged P branch fluctuates with pressure, hence the averaged P branch was ignored in
this analysis. The pressure dependence of the intensity of molecular bands has been
studied previously [51]. This study found that the intensities of atomic and molecular
emissions decrease exponentially with increasing pressure, indicating that most of the
excited states are non-radiatively quenched by the surrounding ground state liquid. In
the current experiment, however, we have found that the intensity ratio increases in
proportion to pressure. This indicates a change in the structure of the perturbing
environment, showing rotational population transfer to lower energy states. For all
isotherms, line intensity ratios (Q/P2) appear to be essentially constant in the gas phase
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at low pressures below the SVP. However, after crossing the phase boundary into the
liquid phase above the SVP, the line intensity ratio increases in proportion to pressure,

as shown in Fig 5.11.
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Figure 5.11: Pressure dependence of the line intensity ratio of the Q branch and the P(2) line
(Q/P2), at 3.8, 4.0, 4.5 and 5.0 K. The intensity ratios increase slightly with pressure in the gas
phase, whereas in the liquid phase of helium it increases linearly and strongly with pressure. The
abrupt change between the liquid and gas phases is taken to be the phase transition, as depicted

by the vertical dashed lines.
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For 5.0 K and at pressure greater than 1.66 bar, the line intensity of the P branch was
increasingly more difficult to measure because the spectral resolution progressively
decreases or is distorted at higher pressure via stronger environmental perturbations.
Hence, the line intensity ratio (Q/P2) was impossible to measure in the liquid phase of
helium. Consequently, the intensity ratio coefficient in Fig 5.11 at 5.0 K is solely in the
gas phase. This investigation of line intensity provides us with further evidence of this
intriguing region between the gas and liquid phases of helium, indicating the phase

boundary at a given pressure, as it turns out by the dashed vertical lines.

5.5 Predicted phase transition of the SVP of LHe

As mentioned in chapter 4.6, the limited regions between the gas and liquid phases that
shown in Figs 5.5, 5.6, 5.7, 5.9, 5.10, and 5.11 in between the dashed lines are likely to
represent phase transition regions. The phase transition was thought to occur at pressures
lower slightly than the actual SVP curve of “He, as dependent on the analysis of
parameters. Thereafter, a comparison between the actual SVP curve [137] and expected
regions of the studied parameters was made, as shown in Fig 5.12, where the values of
pressures in which the crossing phase occurs for each isotherm are fitted with an
exponential function (see text in 4.6).

Upon comparison of Fig 5.12 with the actual SVP curve, it was found that for the d—b
transition, the linewidth and lineshift data implies a phase transition below the actual
SVP curve, whilst line intensity data suggest a phase transition slightly above the SVP
at 3.8 bar, as consistent with SVP in the other isotherms. Regarding the D-B transitions,
all data derived for all parameters imply phase transitions at pressures below that of the
actual SVP curve. This means that below the phase transition, clusters form around the
helium excimers at these points. After crossing the phase boundary, and with
subsequently increasing pressure, excimers are solvated (as can identified by a stronger
interaction with the environment or, in other words, a greater gradient for the various
parameters so determined). Table 5.7 reports the pressures at which the estimated
regions of the phase transition are. It is worth remarking that to improve the accuracy of
this feature more data is required, especially in the regions confined between the gas and

liquid phases.
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Figure 5.12: Hypothetical phase diagram for the excimer-helium mixed system showing the

comparison between the saturated vapour pressure (SVP) of pure “He, and the hypothetical

thermodynamic phase transition obtained by an exponential fit of different parameters (linewidth,
lineshift and line intensity ratio of the d-b and the D-B transitions) at 3.8, 4.0, 4.5 and 5.0 K.

Hollow points represent spectra measured for each of the indicated isotherms. The shaded region

between the hollow points represents the region in the P-T diagram where the hypothesized

thermodynamic transition for the excimer-helium mixed system is located.

Table 5. 7: The values of pressure that quantify the hypothetical thermodynamic transition for

the excimer-helium mixed system for the d-b and the D-B transitions at 3.8, 4.0, 4.5 and 5.0 K.

3.8K 40K 45K 50K
Y | paamer | SWpeed | Suspeced | Supected | Suspoctd
transition/bar transition/bar transition/bar transition/bar
Linewidth 0.190-0.796 | 0.720—-0.950 | 0.905-1.337 | 1.600 —3.550
d-b Line Shift 0.190-0.796 | 0.720—-0.950 | 1.400-2.780 | 1.600 - 3.550
Line Intensity | 0.190-0.796 | 0.950-1.430 | 1.400-2.780 | 1.000-1.600
Linewidth 0.190-0.796 | 0.950—-1.430 | 0.905-1.337 | 1.600 —3.660
D-B Line Shift 0.190-0.796 | 0.720—-0.950 | 0.905-1.337 | 1.600 - 3.660
Line Intensity | 0.190—0.796 | 0.648—0.946 | 0.905-1.337 -
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5.6 Conclusion and General observations

In conclusion, we have investigated the spectra of He3 in normal liquid helium as a
function of pressure and temperature. At low pressure, rotationally resolved
D'¥} - B'Il, transition of He; were observed. Upon increase the pressure the lines
shifted in energy and broadened until they completely vanished. Analysis of lineshifts,
linewidths and line intensities, of the He® in chapter 4, show analogous evidence for
what observed for the triplet d-b lines for the presence of (i) cold excimers solvated in
helium, (ii) hot excimers in gas pockets within liquid helium due to the joule heating of
discharge and —when the pressure is low enough — (iii) in the gas phase. The excimers
rotate freely in the gas pockets, while the solvated excimers are thermalised and hindered
in their rotation. Our work establishes a phase diagram for a mixed phase of He’ and
ground-state helium, explaining the release of energy by formation of microscopic gas
bubbles, the desorption of excimers from electronically excited helium clusters, and the
nucleation and stabilization of He5-Hen at temperatures low temperatures. The
exploration of helium in different phases at the nanoscale with the great precision
inherent to rotational spectroscopy should therefore be possible. This is promising for

the investigation of molecular superfluidity.

The general trends of the rotationally resolved d3 ¥} — b3[[,(0 —0) and D * 3} -
B ' [14(0 — 0) transitions of He; can be listed as following;

- High rotational quantum states are populated; for the triplet d-b, up to J = 18 and
14 for P(18) and R(14) respectively, while for the singlet D-B up to P(10) and
R(8).

- The relative separation between rotational lines is constant, as a result the B
rotational constant does not change, at least insofar as we have been able to
determine. However, the P(2) line is a distinct case where in the d—b transition,
it merges with Q branch and becomes asymmetric at high pressures, whereas for
the D-B transition, the P(2) line remains separated from Q before merging, and
this why the latter was taken into account in intensity ratio analysis.

- For both transitions, the rotational resolution of the R branch was lost at lower
pressures than the P branch. The rotational motions of the P branch of the D-B
band have been hindered ultimately at pressures less than d-b band for each
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isotherm, and the consequent effect on rotational B constant, whose effect on the
spectrum is to condense the line spacing. As a results these rotational lines
disappear at specific pressure; for the D-B band at 3.8 K, this happens at 2 bar,
2.8 bar this happens while for d-b transition, at 2.8 bar disappeared. At 4.0 K,
the P branch can no longer be resolved at 1.78 for the singlet, but for the triplet
this occurs at 2.74. At 4.5 K and for D-B, it prevented at 1.34 bar whereas this
occurs for d-b band at 2.77 bar. Finally, for both transitions at 5.0 K, there was
not enough data in liquid to recognize, so this happened around 1.6 bar, as can
be seen in Fig 5.2 and 5.8.

- All spectral lines gain blue-shift toward short wavelength as a function of
pressures with respect to the glow discharge spectrum. However, a red shift was
observed for some isotherms when crossing the phase transition, which can be
interpreted as the signature of a structural change of the medium around the
excimers. Then, again blue-shift is significant at high pressures in LHe.

- Again, the dashed vertical lines mark the gap in the data where we have reason
to suspect the crossover region between gas and liquid to lie, assuming that for
electronically excited helium the phase transition may not be exactly identical to
that of pure helium. Our assumption is due to the changing slopes of the
linewidth, lineshift and intensity coefficient trend lines, and from the observation
that this trend is not always exactly coincident with the SVP. We thus postulate
the existence of a phase transition at certain pressures on isotherms pertaining to
the phases of helium described above. Interestingly, the phase transition was
found to occur at slightly lower pressures than the actual SVP curve for *He, as
is clear from Fig. 5.12 for the d-b and the D-B transitions.

- Similarly, for the observed atomic lines, linewidth values are always greater than
lineshifts for both the singlet and triplet transitions. Additionally, the linewidths
and shifts for the singlet D—B band are larger than the triplet d—b band by a factor
of around two.

- The abrupt changes that have been seen in the lineshifts, widths and in the
intensity ratio molecular transitions, indicate a change in the structure of
perturbing environment, therefore, attributed to the formation of a dense
solvation shell.

- The difference in the gradients of the coefficients of all parameters in each of the two

phases can be readily explained by a superposition of spectra from excimers in
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different types of environments: (i) in a fully solvated state (ii) in hot gas cavities.
Both species contribute a different spectral weight to the Q and P lines of the
spectrum. These different contributions are apparent in the significantly larger
intensities of the Q and P(2) features compared to the P and R lines of higher N,
as can be seen in Fig 5.2 and 5.8.

- The coexistence of He; in the gas phase under conditions where the helium
should be liquid is not unreasonable. Similar to the electron beams used in the
past, corona discharge excitation in a point-plane geometry concentrates
excitation energy within a small spatial volume, which may lead to local heating
and boiling in the vicinity of the tip electrode.

- The establishment of the spectral fingerprint of solvated helium excimers in
liquid helium and the associated pressure and temperature-dependent lineshifts
is encouraging for use of molecular probes in the investigation of superfluid
helium, for which a number of techniques for the injection of molecules are
currently being pursued [36-39]. In a broader context, such experiments may lead
to a better understanding of molecular solvation in related systems [44—46] in
particular, and fluids in general [178-180].

Fig 5.13 shows a schematic picture of an excimer (excited helium molecule, He3) in
different species. Firstly (a) represents all cases discussed before in the cell, when
excimer sits within a cavity (bubble), (in a state referred to as a Rydberg state,
represented as a red dot in the orbital) in the gas phase, Secondly a picture of He; is
given where the helium atoms are clustered around the excimer in the gas
environment and below phase transition SVP, and a final species when excimer
resides in a cavity in a solvated shell in the normal liquid helium. (b) the small set of
helium excimers caged within a cavity in a liquid helium environment (solvated

layer).
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Figure 5.13: Schematic diagram of an excited helium molecule (He; excimer) in different
species; (a) excimer (a Rydberg state) in the gas phase, an excimer forming a cluster
with helium atoms in the gas phase but close to the SVP, and an excimer residing within
a cavity in the fully solvated state in normal liquid helium (LHe). (b) Image of the LHe

environment when the excimer is fully solvated by ground state helium atoms.

5.7 Error determination

The reasons of error determination that arise from different sources (see text in chapter
4.8) for analysis of atomic lines, are similar to that undertaken in the analysis of
molecular bands. Table 5.8 is an example of the goodness of the fit to the linewidths of
the rotational Q and Payg lines of the triplet d-b transitions. The magnitudes of the
coefficients of the parameters studied in the molecular transitions, namely the intercept

and the gradients for given isotherms along with standard error (Std. Error) of every fit
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are listed. Additionally, this analysis includes the standard errors of each value and the

magnitudes of the R-squared factor (R?), which represent the goodness of the linear fit.

The scattering of the lineshifts, widths and intensities have the most dominant effects on

magnitude of any error, and this scattering is affected by the changes in pressure and

temperature to a greater extent than any other sources of error.

Table 5. 8: The results of the standard error of the linear fit of linewidths of the d-b transition.

These results include the gradients (nm/bar) and intercept (nm) in the gaseous and liquid phases

for each given isotherm. The accuracy of the linear fit is quantified by the R? factor.

T/K | Branch | Phase | Intercept | Intercept | Slope Slope Statistics
Value Std. Error | Value | Std. Error | Adj. R-Square
3.8 Q Liquid | 0.337 +0.033 0.298 +0.014 0.982
3.8 P Liquid | 0.134 +0.048 0.239 +0.019 0.942
4.0 Q Gas | 0.189 +0.056 0.373 +0.108 0.684
4.0 Q Liquid | 0.305 +0.039 0.321 +0.014 0.979
4.0 P Gas | 0.154 +0.017 0.191 +0.032 0.873
4.0 P Liquid | 0.117 +0.055 0.229 +0.019 0.924
4.5 Q Gas | 0.223 +0.045 0.243 +0.072 0.673
4.5 Q Liquid | 0.145 +0.044 0.322 +0.013 0.983
4.5 P Gas | 0.154 +0.029 0.165 +0.046 0.699
4.5 P Liquid | 0.093 +0.079 0.164 +0.025 0.821
5.0 Q Gas | 0.169 +0.031 0.355 +0.029 0.941
5.0 Q Liquid | -0.427 +0.032 0.427 +0.007 0.999
5.0 P Gas | 0.147 +0.016 0.176 +0.015 0.936
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Abstract

Gaseous helium was excited at room temperature (300 K) using a corona discharge with
negative polarity. Fluorescence spectra recorded in the visible and near infrared regions

between 0.2-26 bar show the rotationally resolved d3Y) — b3[l; and D* ¥} -
B '], transitions of He3, and the atomic 2p P «3s 1S and 2p 3P«3s 3S transitions.

The analysis of observed transitions showed line shifts, spectral broadening and intensity
changes whose magnitudes were dependent on pressure. Symmetrical shapes of the
atomic 706 nm and 728 nm, and rotational 639 nm and 650 nm lines, were observed and
described by Lorentzian profiles. A comparison between the experimental 706 and 728
nm lines and their simulation by the impact theory of broadening and shifts in spectral
lines was made. Other features were analysed such as the electron mobility, pressure

effects on the current discharge and applied voltages.

The structure of this chapter is as follows: Section 6.1 gives a concise introduction to
the chapter. Experimental data are reported in Section 6.2. The relationship between the
current and voltage discharge with pressure is described in Section 6.3. Section 6.4
presents fluorescence spectra that were resolved at room temperature, covering the
singlet and triplet transition regions. The analyses of said spectra are presented in
Sections 6.5, including lineshifts, widths and intensities as a function of pressure, and a
comparison with results at low temperature is made. A theoretical treatment of the
spectra is given in Section 6.6, including simulations of the singlet 728 nm and the triplet
706 nm lines. Section 6.7 presents molecular bands for the singlet and triplet transitions.
The analyses of said molecular bands are presented in Sections 6.8, including lineshifts,
widths and intensities as functions of pressure, in addition to the comparison with results

at low temperature. A number of concluding points are presented in Section 6.9.

6.1 Introduction

Spectroscopic emission is an excellent means through which to gain information on
discharge plasmas at low and high pressures. Although electrical discharge is a

complicated process in dense liquids and high-pressure gases, the point-plain geometry
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can help control and determine corona discharge after applying a high voltage to a tip
electrode and avoiding breakdown between the electrodes (see chapter-3).

With a high electric field close to a tip electrode, the density of the corona current which
is dominated by the mobility of electrons — increases considerably. Light emitted from
the electronically excited states of atoms and molecules near an ionization region was
observed in this experiment. The interaction between excited atoms or molecules and
their environment in the cell yields the fluorescence spectra that give details and
information about the pressure and temperature effects of a helium gas. This information
can be obtained by investigating the line position and shape. Studies similar to those
described above have investigated the profile of spectral lines emitted due to discharge
in low pressures gases [181, 182] through the interaction of excited atoms with
surrounding ground state atoms that leads to the broadening and shift of emitted spectral
lines. Other research efforts have analysed the blue shift of the triplet 706 nm line (3s-
2p transition) of atomic helium at 77 and 300 K, using a scanning Fabry-Perot
interferometer [112, 130, 183]. However, these measurements were made in low-
pressure helium gas at less than 10 Torr (0.013 bar). Another type of interaction that has
been investigated was the singlet 728 nm line (3s-2p) transition, which was found to
broaden with pressure, but not shift, the associated spectral lines [107, 110]. A corona
discharge has been utilized to investigate these transitions up to 5 MPa [184], while
associated measurements have detected a considerable asymmetry in observable lines.
Our measurements at 298 K using pressures of up to 30 bar, have allowed us to observe
He I atomic and molecular emissions using corona discharge. The symmetric lines of
these transitions supported our analysis of lineshift and linewidth parameters across this
range of pressures. Then, comparison with simulation using the impact approximation
has predicted the gas temperature in the ionization zone to be high <500 K, whereas in
reference [184] the agreement between experimental line profiles and simulation occurs
when a temperature in the ionization zone of 500 K is assumed. Finally, to examine the
general trends of these parameters, a comparison with the results of the low temperature

experiments discussed in chapters 4 and 5 will be given.
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6.2 Experimental data

A corona discharge allows for the electronic excitation and ionisation of helium atoms
at 298 K and over a range of pressures, from a small fraction of a bar up to 30 bar. The
high-pressure helium cell used at room temperature is made of stainless steel metal,
differing from that used for low temperatures (which was made of copper - see chapter
3). The excited helium atoms and molecular-excimers undergo transitions between
electronically excited states. Intense fluorescence in the visible and near infrared regions
was observed in the wavelength range from 300 - 1000 nm. The mechanisms by which
the excited states of molecules and atoms were populated are deduced through the
spectroscopy. An Andor Solis Technology Shamrock SR303i spectroscopy was used to
record and collect the light emitted from the corona discharge in the vicinity of the tip
of the top electrode through an optical setup similar to the one described in chapter 3.
Spectroscopic results recorded at 300 K are displayed in Fig 6.1, showing the atomic

and molecular transitions of the excited helium atoms (He*) and the excimers (He3).
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Figure 6.1: Overview of the spectra of He gas at 300 K and up to 26 bar of pressure. The spectra
have been moved upwards by 0.1-0.2 a.u. for clarification. The discharge current changed
during recording of spectra, and consequently the baselines are not completely equivalent and

consistent, especially at high pressure.
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Figure 6.2: Expanded wavelength range from Fig. 6.1, focussing on the transitions of interest
in this chapter including the singlet and triplet 3s — 2p transitions of the atomic lines of He*,

and the singlet and triplet D-B and d-b transitions, respectively, of the molecular bands of He;.

A section of the entire wavelength range was selected so as to concentrate on the
electronic transitions of the excited helium atoms and molecules, as shown in Fig 6.2.
In this wavelength region, ranging from 630-740 nm, the triplet d-b and singlet D-B
transitions of the molecular bands of He3, and the singlet with triplet 3s — 2p atomic
transitions of He* are illustrated. These transitions were selected to compare with the
analogous results investigated at low temperature (3.8, 4.0, 4.5 and 5.0 K) in chapters 4
and 5. A glow discharge spectrum designated by a dashed black line is shown as a
reference for the other spectra where, before pressurising with helium gas, the cell was
evacuated to 0.07 mbar using a scroll-pump at room temperature and then recording a
discharge glow spectrum after applying a voltage with a negative polarity. Because the
glow discharge spectrum was used in the calibration process, and as a reference to
investigate line position and shape, any change in optical setup obliges us to record a
new glow discharge spectrum. Table 6.1 shows the details of the experimental setup used

to record the glow discharge spectrum under different conditions.
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Table 6.1: The experimental conditions under which glow discharge spectra were recorded for

calibration of the atomic lines and molecular transitions after gas line evacuation at room

temperature.
T=300K Reference/ atomic Reference/ molecular
lines bands
Slope (m) / mm/row 0.05767 0.05796
Intercept (b) / nm 299.361 299.442
VI kv -0.2 -14
I/ pA -9.5 -0.5
P/ bar 0.1 0.1
Accumulation No. 20 20
Slit opening / pum 100 100
Exposure time / seconds 0.1 2

6.3 Current and voltage relationship with pressure

The ionization region, which is confined near the tip of the tip electrode and was
extremely intense in this region, leads to the ionization of the fluids and gases, as well
as light emission at a much smaller maximum length than the tip-plane distance. This
happens when the tip is held at a negative potential, resulting in electrons being
‘injected’ through the tip and the formation of an ionized area in the immediate vicinity
of the tip.

The ionization region and excitation process depend on the voltage applied and varies
from one plasma to another. In the present experiment, the voltage was applied from a
DC power supply (Spellman/MPS15N10/24/DCC2) under negative polarity. No current
was directly measurable after applying a low voltage to the point electrode. However,
by increasing the voltage, at some point a current was detected which increases rapidly
with voltage. Remarkably, the initial observation to the reading of a measurable current
is always correlated with discharge ignition and light emission near the tip. In other
words, when we observe a current, this means the start of the discharge and beginning
of fluorescence, which can then be used for spectroscopic purposes.

Changing the pressure during operation was found to affect the discharge current and

temperature of the cell. The range of voltages, as affected by the number density of
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helium atoms, was found to vary between 0.6 and 3.7 kV, and the discharge current
between 8.0 and 120 pA, over the course of the experiment.

The 1 — V curves for the space charge-controlled region are shown in Figure 6.3. The
average-voltage current curves are moved to higher voltages with increasing pressure.
The currents measured at P = 1.0 bar were sometimes unstable, but this phenomenon
reduces rapidly, again with increasing pressure. This relationship has effects on the

mobility of electrons in the medium of the cell, as will be explained in the following

section.
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Figure 6.3: Voltage versus current as a function of pressure at room temperature. At 1.0 bar

the current was unstable.

6.4 Spectral lines of the 3s 13S — 2p 3P transitions

In this section, the atomic lines are presented that were observed at room temperature in
the range 700-730 nm covering the atomic 3s S —2p P and 3s 3S —2p 3P transitions.
Fig 6.4 presents the spectra at 300 K for a range of pressures between 0.7 and 26 bar.

All of these lines were calibrated with respect to a glow discharge spectrum, as indicated
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previously. As is known, the triplet transitions are more intense than the singlet
transitions. It can be seen that the resolution of the singlet was lost due to pressure earlier
than the triplet where, at 14 bar, the singlet line disappears, while the triplet line retained
some shape, albeit shifted and broadened, up to 26 bar.
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Figure 6.4: Spectra of atomic lines of the singlet and triplet 3s-2p transitions at 300 K and up to

26 bar. Different spectra have been displaced vertically by 0.05-0.7 a.u. for reasons of clarity.

6.5  Analysis of atomic lines

6.5.1 Line shift, width and intensity vs pressure

To better compare line profiles, the intensities have been normalized. Figure 6.5 shows
the transitions in the singlet and triplet regions, where spectra have been recorded at
various pressures. For comparison, a glow discharge spectrum of atomic helium is also
shown (dashed line) in Fig. 6.5. As pressure is increased, the line broadens and begins
to develop a blue-shifted wing (i.e., towards shorter wavelengths); as pressure is

increased further, this wing becomes a separate band that takes on a symmetric line
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profile. However, at very high pressures the line profile becomes to some extent
asymmetric and its blue wing is more intensive than its red wing. The blue shift indicates

a strong repulsive interaction between excited He atoms and the ground state atoms.
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Figure 6.5: Fluorescence spectra of helium excited by a corona discharge at 300 K in the region
of the atomic 3s 1S—2p P transition of singlet helium and triplet transition 3s 3S—2p 3P. All
intensities have been normalised. A dashed black line represents the reference spectrum
obtained from the glow discharge at room temperature. At 14 bar, the singlet line disappears,

while the triplet line maintains its shape, albeit shifted and broadened, up to 26 bar.

To estimate lineshift, broadening and intensity, the spectral lines were first calibrated,
normalized and fitted to a Lorentzian function using the Fityk software, which produced
good fits to the data. The shifts in spectral lines for the singlet transition were measured
from their maximum positions relative to the maximum of the glow discharge line as a
reference over a range of pressures (0.5-27 bar). Fig. 6.6 shows the lineshifts obtained
from this fitting procedure as a function of pressure at 300 K for the singlet and triplet

transitions.
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Correspondingly, Fig. 6.7 shows the linewidths for the 728 and 706 nm lines as a
function of pressure at 300 K. The symmetry retained in most of the atomic lineshapes
allowed us to quantify the linewidths as a function of full width at half maximum
(FWHM).

Line intensities, as obtained from fitting the spectral data with Lorentzian functions,
were examined. It is apparent from Fig 6.4 that there was a difference in the intensity
ratio between the triplet and singlet, where the intensity of the singlet lines was much
lower than that of the triplet lines and this ratio varies with pressure. Hence, an analysis
without meaningful calibration is rather pointless. We have therefore divided the
intensity of the triplet by that of the singlet lines prior to normalisation, which eliminates
the effects of changes in intensity due to external factors such as current and voltage.
Fig. 6.8 shows the effects of intensity ratio after fitting the spectral lines with Lorentzian

functions for spectra recorded at room temperature as a function of hydrostatic pressures.
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Figure 6.6: Pressure dependence of the 3s 13S — 2p L3P atomic singlet and triplet transitions as
a function of pressure at room temperature. Both transitions show a linear dependence on
pressure. The lineshifts for the singlet are greater than for the triplet.
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Figure 6.7: Pressure dependence of the linewidth of the 3s +*S — 2p 2P atomic singlet and triplet

transition at 300 K. Similar to the lineshift analysis, the linewidths for both transitions are

proportional to the hydrostatic pressure, where the linewidth for singlet line is greater than that

of the triplet line by a factor of two.
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Figure 6.8: Pressure dependence of the intensity ratio of the triplet 706 nm and singlet 728 nm

lines at 300 K. The intensity ratio shows a linear dependence on pressure.

All the parameters analysed, the widths, shifts and intensities of lines, are proportional

to gas density and are characterized by the repulsive interaction between an excited

helium atom and its surrounding ground state atoms. Also, it can be seen that at low
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pressure, from 0.5 to 2 bar, the data fluctuate and are unstable; at pressures greater than
2 bar, the data show an essentially linear increase with pressure. Additionally, although
the atomic lines of the singlet at 728 nm vanished at lower pressures than the triplet 706
nm line, the values of its lineshifts and linewidths are greater than the value of triplet
line by a factor of two. But generally, the values of linewidths for both transitions are
greater than the values of lineshifts . These observations are similar to features of the

atomic lines at low temperature (< 5 K).

6.5.2 A comparison with results obtained at low temp-
erature

A comparison between the results of analysis of the lineshifts and linewidths at 300 K
and the results for low temperatures reported in chapter 4 and 5 is given herein. Fig. 6.9
shows a comparison of the (wavenumber) shifts of the triplet 706 nm lines at 3.8, 4.0,
4.5, 5.0 and 300 K. At low temperatures, the pressure dependence of lineshifts is

exhibited much more clearly than at room temperature.
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Figure 6.9: Comparison of the lineshifts observed for the atomic triplet line as a function of
pressure up to 26 bar between low isotherms (3.8, 4.0, 4.5 and 5.0 K) and room temperature (300

K). The change in trend in the shifts is significant between low and high temperatures.
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Fig. 6.10 clarifies also the gradient of the linewidth strongly in wavenumbers for the

triplet 3s — 2p transition as a function of pressure between low isotherms (3.8, 4.0, 4.5,

5.0 and 16 K) as reported in chapter 4 for the gas and liquid phases, and at room

temperature (300 K).
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Figure 6.10: Linewidths of the triplet line as a function of pressure in the gas and liquid phases

at low temperatures compared to the findings at room temperature (300 K). A considerable

difference can be seen between these isotherms.
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room temperature.

164



Chapter 6. Spectroscopic investigations of corona discharge in He at 300 K

60

55 - a
50 g‘z\
45 O

=
5 30 &
= . o

2 25 4@
a 20 - o bl Py 3sis-2ppP
1 o m 38K
15 L ° © 40K
1 & A 45K
10 ° @ 50K
1 & - % 16 K
S - @ 300K
1 % T ' 1 ¢ I L 1 < T T L I
0.0 0.2 0.4 0.6 0.8 1.0 {2 1.4

Pressure (MPa)

Figure 6.12: Linewidth as a function of pressure for the singlet line in for measurements at
cryogenic temperatures and at room temperature. The gradients of the associated lines decrease
towards high temperature.

For all comparisons in Figs 6.9-6.12, it can be seen that the gradients of the lineshifts
and linewidths for both the singlet and triplet lines at 300 K are significantly lower than
at cryogenic temperatures. As such these comparisons of the pressure dependence of the
lineshift and linewidth for a liquid versus a gas indicate to the effects of high density of
helium atoms at low temperatures strongly than room temperature. Hence, strong
interactions between dense helium and excited helium atoms (He*) at low temperatures
lead to large linewidths and lineshifts.

In Figs. 6.13 and 6.14, further comparisons of lineshift and linewidth between our
experimental results and findings of our collaborators in Grenoble-Alpes University,
France, at low temperatures and 300 K are made. In this study [15], the analysis of
lineshift and linewidth of triplet 706 lines were carried out only at 4.2 K in the liquid
phase and a supercritical gas phases at different temperatures and at pressures ranging
from 0.1 to 6 MPa. The atomic lines recorded in this study showed an asymmetry in the
shape with increasing pressure. Furthermore, analysis of the singlet 728 nm lines were
not obtained. However, in current study a symmetric shape enhances the analysis of the
lineshift and linewidth for both transitions, and the slight asymmetry observed only
occurs at higher pressures.
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6.6 Theoretical treatment

It is of interest to compare our experimental measurements with simulated parameters
of linewidths and lineshifts of atomic lines. The shift and broadening of the atomic triplet
line at 706 nm was studied theoretically by Leo [185], who indicated a linear relationship
of the lineshift and broadening as a function of density (). Primarily, the density and
temperature of a gas in the ionization zone of discharge were assumed to allow
calculations using the approximation of impact theory to investigate the shift and width
of spectral lines. This theory describes the collisions of the excited helium atom with
atoms in their fundamental state using impact approximation.

On the other hand, for the asymmetric profile of the spectral lines observed with more
blue-shifted wings than the red wings at high pressure, a quasi-static approximation was
required in addition to impact theory [184]. Here, impact theory was dependent on the
temperature and pressure of the gas, while the quasi-static profile was predicated on the
gas density, &, only, where the spectral line centre is described by impact theory, while
the wings were described by the quasi-static model. Hence, using these approximations,
provided us with more information about the experimental data.

The object of the analysis was to estimate the temperature of the helium gas within the
ionization zone and to properly describe the differences in lineshift and linewidth
compared to low temperature. Here, the gas number density, A, can be calculated from
the ideal gas equation for a given pressure and temperature in order to use the fitting
parameters of the simulation:

PV=NRT=NKT oottt e e e e e (6.1)

e P =absolute pressure

e V =volume

e T =absolute temperature

e n =number of moles

e R =universal gas constant = 8.3145 J/mol K
e N =number of atoms and molecules

e k= Boltzmann constant = 1.38066*10% J/K
e k=R/Ny

e Ns= Avogadro’s number = 6.0221*10% mol*
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6.6.1 Simulation of the triplet 706 nm line

A symmetric Lorentzian profile of spectral lines was used in the analysis of the impact
broadening theory with widths and shifts being proportional to a gas density, & [181,
182]. According to a Lennard-Jones interaction potential between radiator and
perturbators [167], the analysis of the line distortion depends on the nature of the
interaction. Therefore, the repulsion interaction (U(r) = hCi2 r'*?) which dominates the
interaction between the radiator and perturbators was assumed For a repulsive
interaction, the equations used to calculate lineshift (S.) and line broadening (AAL) within
the impact approximation can be given as follows [184]:

AZ

S, =0.922 (2—nc> woL YN (6.2)
2 2/11

AL, = 6.44 <2—nc> WL CO N (6.3)

where A = 706 nm is the wavelength of the triplet 3s—2p line, Ci2 is the repulsive
coefficient of the Lennard-Jones potential in cm*?/sec, w = 10* x T is the relative
velocity (in cm/sec) of the He atoms, T is the gas temperature in K and A is the gas
number density (in cm™), was taken from NIST. As mentioned, a symmetric Lorentzian
profile was assumed for the spectral lines in the calculation, with a lineshift to linewidth
ratio of 0.143. In fact, this ratio is close to that of our experimental data with helium gas
at 300 K for both the 706 and 728 nm lines at low pressure. The deviation increases
between experimental data and simulation with increasing pressure.

Simplifying equations (6.1) and (6.2) by substituting the values of constants and treating
the repulsive potential with value of constant C1,= 1.6 x 1072 cm*?/sec, the magnitudes

of the shift and FWHM (in nm) of the 706 nm line can be given respectively as:

9
-21 T \22
S, =0.384-10721 - N - (%) ............................ (6.4)
9
-21 T \22
AA, = 29-1072 - N - (%) ............................. (6.5)
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The results of calculation are reflected in
3S triplet transition for the linewidth and

our experimental results.

Figs. 6.15 and 6.16 for the atomic 2p 3P «-3s

lineshift, respectively, and are compared with

1.9
1.7 A
1.5
1.3
1.1
0.9
0.7
0.5
0.3
0.1

300 K-706 nm

e EXP —e—Calcul

Linewidth (nm)

ation

-0.1

-0.2 3.8 7.8

11.8

15.8

19.8

23.8

27

Pressure (bar)

Figure 6.15: Linewidth of the 706 nm line of helium gas at 300 K and various pressures. Black

points represent the experimental data whilst

the red line represents the results of the simulation.
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Figure 6.16: Lineshift of the 706 nm line as

Black points represent experimental data and

a function of pressure of the helium gas at 300 K.

the red line represents the results of the simulation.
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It is notable in the above figures that our values only seem close to those of Leo at low
to medium pressures between 1-19 bar, according to the lineshift to linewidth ratio of
about 0.143. In the region below 1 bar, the lineshift and broadening fluctuate due to
instability in the current, which affects the corona discharge and thus the spectra. From
19 bar, our experiments show a nonlinear relationship between lineshift and pressure
and same behaviour for linewidth, therefore the impact approximation can no longer be
applied for higher pressures. The determination of the density of the He perturbators
thus proved very complex and cannot be simply deduced from the broadening and shift
of the line. It is therefore expected that the line profile will need to be calculated using
the quasi-static approximation. This step will be discussed for future, however; the

current focus will remain on the lineshift and linewidth for the moment.

6.6.2 Simulation of the singlet 728 nm line

The resonance broadening A4,..¢ of the line at 728 nm is characterized by an oscillator

strength, f=0.276 of the resonance transition of the line at 58.4 nm [184], and is given

by,

AryfA
Moy = 1.44 % N (6.6)

Here A is the wavelength (728 nm), f = 0.276, A» = 58.4 nm, the classical radius of an
electron is ro = €%/ 4z eomc? = 2.8 x 102 cm, and N is the gas number density in cm™
which was taken from NIST. The expressions for the resonance width and shift of the

atomic lines at 728 nm are given by:
Myes (728nm) = 4.3-10721 N ..o (6.7)

Sres (728nm) = 1.05- 10721 N .ot (6.8)

The results of the simulations are presented in Figs. 6.17 and 6.18 together with the

experimental data.
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Figure 6.17: Broadening of the 728 nm line of helium gas at 300 K at different pressures. Black

points represent the experimental data and the red line represents the result of the simulation.
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Figure 6.18: Lineshifts of the 728 nm line as a function of pressure of helium gas at 300 K.
Black points represent experimental data whilst the red solid line represents the results of the

simulation.

From Fig 6.17 and 6.18, and similarly for our observations of the calculations for the
706 nm line, there is a linear relationship at low pressure between the lineshift and
broadening of the 728 nm line as a function of pressure. However, at pressures greater
than 8 bar the experimental results deviate from the calculation for both lineshift and

linewidth, indicating that the impact approximation can only be applied at lower
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pressures. We have therefore undertaken to calculate the line profile using the quasi-
static approximation.

Additionally, the results of the linewidth for both simulation and experiment are greater
than those for the lineshift, as for the 706 nm line.

6.7 Molecular bands

This section presents fluorescence spectra recorded at 300 K showing the d 32} —
b3y and D 'E¢ — B I, transitions of excited helium molecules He . Fig 6.19 shows
the molecular singlet and triplet transitions for various different hydrostatic pressures
ranging between 0.5 and 26 bar at room temperature in the range 630 — 667 nm. A glow
discharge spectrum was recorded and is shown as a reference for the line positions under
vacuum conditions and the conditions listed in Table 6.1 for molecular bands. From Fig
6.19, the spectrum shows typical features with P, Q, and R rotational lines defined by
the selection rules AN = —1, 0, and 1, respectively, upon the radiative transfer between

electronically excited states of Hey.
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Figure 6.19: Spectra of the triplet d-b (left) and singlet D-B (right) transitions of the He excimer
as a function of pressure at room temperature. Rotational lines are labelled R, Q, and P as a
function of quantum number N (Hund’s case (b)). The Balmer series hydrogen alpha line (H-a)
due to hydrogen impurities in the N6.0 He, overlapped the D-B spectra at the R(4)-branch. The

glow discharge spectrum is represented by a dashed black line as a reference.
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It was found from Fig 6.19 that with increasing pressure, the lines broaden, shift and the
Q, P(4) and P(6) lines increase in relative intensity compared to other lines, while at low
temperatures (see chapter 5) the rotational Q and P(2) lines gained in relative intensity
and ultimately merged. The intensities and offset have been scaled for better
visualization. The atomic Balmer series Hydrogen alpha (H-a) was also observed due to
H impurities in the N6.0 He, in which overlapped the D-B spectra at the R(4) branch.
The intensity of this line was also affected by pressure. Within the resolutions observed,
the rotational B constant for He; was unchanged.

It is noted that the intensity of R-branches decreases at lower pressures than the P-branch
for both transitions. Moreover, it was observed that the rotational P-branches of the
singlet D-B transition were unresolved) at pressures between 10-12 bar, which is lower
than the case for the triplet d-b transition (which became unresolved between 20-22 bar).
Generally, the absolute intensity of the D-B transition is much lower than that of the d

— b transition. Hence, this makes the Q-branch of the D-B transition

6.8 Analysis of molecular bands

6.8.1 Lineshift, linewidth and intensity versus pressure

Similar to the previous analysis of molecular bands in chapter 5, rotational lines were
normalized, calibrated and fitted to Lorentzian functions to assess lineshifts, line
broadening and intensities. The results of analysis are shown in Fig. 6.20, which presents
two panels as a comparison of the lineshift and linewidths for the singlet D-B and triplet
d-b transitions as a function of hydrostatic pressure. In both parameters of lineshift and
widths were analysed for the Q-branch and Payg-branch, where the latter considers all
lines of the P-branch from P(2) to P(10). It can be seen that the linear relation between
those parameters and pressure holds for the Q- and Payg-branches, however, the
coefficients of lineshift and width for Q-branch are larger than the Payg in both
transitions. In similar manner to these transitions at low temperatures, D-B transitions
disappear at pressure lower than d-b lines, where Q-lines were hindered at 20 bar and at
14 bar for Pay lines. In contrast, the rotational lines for the triplet d-b transition were

started to vanish at 26 bar for the Q-branch and up to 22 bar for Payg.
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Figure 6.20: Lineshifts (left panel) and lonewidths (right panel) as obtained by fitting with
Lorentzians at 300 K as function of pressure for d-b and D-B transitions. Black squares represent

“Q-branch transitions”, while red circles represent P-branch transitions averaged over all V.

The last parameter analysed through the fitting process was the line intensity ratio of the
Q lines and Payg lines. The fluorescence intensity was observed to change with pressure
and temperature, so an analysis without meaningful calibration is inappropriate. We
have therefore divided the line intensity of the Q- branch by that of the Payg-branches
prior to normalisation, which eliminates the effects of intensity changes due to external
factors.

Fig 6.21 shows the ratio of the line intensity of the Q lines and the averaged line intensity
of the P lines over all N lines, for the singlet D-B and triplet d-b transitions. From Fig.
6.21, the Q/P intensity ratio increases linearly with pressure. However, at high pressure

the increment of the line intensity ratio fluctuates for both transitions.

174




Chapter 6. Spectroscopic investigations of corona discharge in He at 300 K

11

i 3 1.3 ]
1o—d_b

Intensity ratio (Q/Pavg.) (arb.u)
L

6.5 1 -

6.0

55 IR IS IR (U Y NI N ST ST

0 2 4 6 8 10 12 14 16 18 20 22
Pressure (bar)

Figure 6.21: Pressure dependence of the intensity ratio of the Q-branch and Pav-branch
excluding P(2), for 3.8, 4.0, 4.5, and 5.0 K.

6.8.2 A comparison with results at low temperature

In this section, a comparison between the results of the analysis of lineshifts and
linewidths at low and high temperatures for the molecular bands is given. Also, a
comparison with the previous results from our collaborators in Grenoble, France [15],
will be made. The latter comparison was for lineshift only as no line broadening results
were available.

Fig 6.22 shows the linewidths (in nm) of the molecular singlet D-B and triplet d-b bands
at the 4.0, 5.0 and 16 K isotherms compared to results at 300 K as a function of pressure.
The line broadening of the singlet transition is greater than that of the triplet at low
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temperatures. Contrary to the room temperature results, it was found that the singlet is

less pressure dependence than the triplet.
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Figure 6.22: Measurements of linewidth as a function of pressure in different temperatures for
the singlet D-B and triplet d-b transitions. The gradient of the linewidth increases at low
temperature.
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Figure 6.23: Comparison of the lineshift for the 706 nm line as a function of pressure between

previous and the current studies at low and room temperatures.
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A similar comparison was made for lineshift under identical conditions to the above and
for the same transitions (including the results of the Grenoble group), as shown in Fig.
6.23. According to the reference calculation, lineshifts for the triplet lines were in
wavenumbers, while nanometres was used for the singlet line. Again, similar to the
linewidth, the lineshift for the triplet rotational lines was smaller than for the singlet at
low temperatures, whereas at 300 K, the shift observed for the triplet lines is greater than
for the singlet.

It is clear from Fig 6.22 and 6.23 that the gradients of the lineshift and linewidth for the
molecular bands decrease with increasing temperature; the effects of pressure are
reduced at increased temperature due to the consequent reduction in helium atom density

at high temperature

6.9 Conclusion

We have presented a study of atomic lines and molecular bands emitted from excited
helium atoms (He*) and excimers (He3). We have shown well-resolved spectra can be
produced using a corona discharge that is well-suited with another high pressure cell
differs from the cell that use with liquid helium phase to excite visible and near infra-
red fluorescence of gas helium at 300 K and investigate pressure dependence.

The atomic and rotational lines for both singlet and triplet transitions shifted in energy
and broadened as the helium pressure was increased. The parameters for the spectral
lines were compared with the collisional broadening and shifts calculated using impact
theory, from which good agreement was found with experimental results at low
pressures. However, this approximation was found to break down with the increasing
pressure assuming that impact theory can clearly be seen to be invalid for calculating
line position at an increase in helium atoms density npe (T,P) = 5.7 x10%° cm™ [184].
Another assumbition is that the heating of the gas in the ionization zone is to
temperatures greater than 300 K (due to the effects of the large discharge current near
the tip of the electrode), where a good agreement between the measured linwidths and

lineshifts with simulations was found to be at 500 K for ionization zone [184]. Other
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comparisons of line parameters for the excited atoms and molecules are made between
the results for liquid helium at low temperatures, and the gas at room temperature.

Although at 300 K the density of gas helium is lower than for the liquid phase, spectral
lines of excited helium atoms and rotational lines of excimers are shifted to some extent
but broadened significantly due to the frequent collisions with other He atoms in the gas
phase. In contrast, a strong lineshift and broadening for all transitions of interest were
observed at high density in the liquid phase. These features indicate into effects of
pressures and temperatures on interactions between both species, excited atoms and
molecules, with environment providing evidence of ability to control the interaction in

different conditions by changing pressures and temperatures.
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Chapter 7

Results and discussion

Using corona discharge for detection of the
emission spectroscopy of different plasmas
at room temperature

Abstract

A corona discharge was generated by DC source under a negative polarity in a stainless
steel high pressure cell at room temperature. By the injection of pure helium, pure air,
an unspecified perfume and mixture of these three materials was used as the gaseous
medium to generate a corona discharge, with emission spectroscopy subsequently
carried out to investigate the discharge characteristics and determine the plasma
parameters. Atomic lines of He I, (Ar I, 11), O and N atoms, as well as molecular bands
of due to N, N and He I were identified, presenting in the spectral range 300-1000 nm.
Because the fluorescence spectra composition gives insight into the ongoing plasma
chemistry, in this chapter, a corona discharge coupled with optical emission
spectroscopy in the UV, visible and near infrared regions was used as a diagnostic means
of examining atmospheric pressure air, and a mixture of helium with air and perfume,
which could be relevant to bio-medical, explosive detection and environmental

applications. This is just the beginning of a project that is far from being complete.

The structure of this chapter is as follows: Section 7.1 gives a concise introduction to
the chapter. Experimental data are reported in Section 7.2. The analyses of spectra are
presented in Sections 7.3, including the analysis of atmospheric pressure air with a
plasma of helium and an unknown perfume. General observations and future plans are

given in Section 7.4.
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Chapter 7. Discharge process analysis of atmospheric pressure air plasma at 300 K

7.1 Introduction

Recently, considerable attention has been devoted to methods of efficient analysis and
investigation of atmospheric pressure (atm) air plasmas at different gas temperatures.
This field of research is motivated by various applications, such as activated reflectors
and absorbers of electromagnetic radiation, polluted air detoxification, and as surface
treatments [186-188]. One such study used a radiofrequency plasma source method to
deconvolute the constituents of air (N2, Ar and O, ) [189], for instance. Interestingly,
however, DC glow discharge appears to be an effective and promising method by which
to efficiently obtain a plasma [190]. A DC electric field was applied to efficiently
produce a glow discharge [191, 192] atmospheric pressure air plasmas at gas
temperatures below 2000 K. Often, it is believed that atmospheric pressure air plasmas
represent cases of local thermodynamic equilibria due to the rapid interspecies collisions
that occur at high pressure. However, optical diagnostic techniques of emission
spectroscopy cannot rely upon this assumption because the electrical discharges affect
the velocity gradients of flowing plasmas and the elevated temperature of electrons can
result in large departures from chemical and thermal equilibria [192].

The production of stable sources of homogeneous atmospheric-pressure plasma is a
complicated challenge. A major obstacle in the generation of glow discharge plasmas in
gases at atmospheric pressure (APGD) is raised from instabilities. As a consequence,
this is leads to the glow-to-arc transition (GAT) [193-196]. Also, in some excitation
processes of gaseous plasma, a high electric field is required to emit electrons from the
cathode through ion impact. To overcome this instability, a microhollow cathode
discharge (MHCD) was used as the electron source to support and extend the range of
stable operation between the microhollow anode and a third positively biased electrode,
as the density of the discharge electrons is expected to extend [193, 194]. Moreover, the
process of converting an atmospheric-pressure glow discharge (APGD) into a filament
discharge can be realized through the use of noble gases and high-frequency electric
sources.

Although a high cost of the noble gases plasmas, it is still focussing and required by
researchers. This is because a sustainable discharge of atmospheric air can be obtained
through use of the noble gases [197]. Also, other researchers found glow discharges
were easier to generate with pure inert gases [198, 199], though the possibility of
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producing a sustained DC glow discharge in a mixture of helium with air was explored
by Arkhipenko et al. [195, 200].

The current experiment is similar to that used in chapter 6 with only a few alterations,
as explained in chapter 3. The high efficiency of our high-pressure cell suggests that we
can employ a corona discharge in different, and potentially quite varied, environments.
As mentioned previously, this is in fact not a new method, as many researchers have run
corona discharges at room temperature in different environments for the purposes of
emission spectroscopy. With a slight different in setup design, we were able to reproduce
their results. However, the efficiency is very high in terms of how much light we were
able to get out in our method, as our spectra could be recorded, with a good to excellent
signal-to-noise ratio, in short time. A high discharge voltage is necessary to generate a
stable plasma in air, but the introduction of He gas improves the stability of the plasma
at high pressures for reasonable discharge voltages. Hence, those two conditions have
supported our experiment to allow for straightforward observation of spectra.

The technique of an atmospheric-pressure glow discharge (APGD) described in this
chapter was applied for four types of air or helium plasmas. The first case (1)
corresponds to glow discharges generated by a DC electric field in air at atmospheric
pressure. The second case (2) consists of a mixture of air and helium that is exposed to
the glow discharge. The third case (3) is a mixture of air with an unspecified perfume.
Finally, case (4) corresponds a mixture of air, helium and perfume.

In order to investigate further, the processes associated with air operating in a helium
and in unspecified perfume mixture are investigated spectroscopically in this chapter.
This effect might find an application for the detection of small quantities of the
impurities in helium gas and also to detect spectra emitted from samples during their
destruction by the discharge process.

Broadly, this experiment idea reviews diagnostic techniques based on optical emission
spectroscopy, and it should be noted from the outset that this is just the beginning of a
new research topic and not the key point of this thesis. The objective in this chapter and
these experiments is to use helium or air at atmospheric pressure whilst employing a

corona discharge as a means detect unknown transitions over chemical interactions.
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7.2 Experimental data

The layout of the experiment and optical alignment used in this chapter is similar to that
described in chapter 6 for the room temperature experiment with a few minor alterations
(see chapter 3 for experiment at room temperature, section 2.4). The procedure required
evacuation of the cell and pipes to 6 mbar on a Pirani gauge before initiation of the
discharge, followed by filling the cell with dry air and then mixing with helium or
perfume at atmospheric pressure (1 bar). The plasma was established with a glow
discharge at atmospheric pressure. Therefore, the discharge was ignited for each case
near to the tip electrode by applying a high voltage under negative polarity from a DC
power supply (Spellman/MPS15N10/24/DCC2). Obtaining a stable discharge was
initially difficult, but atmospheric-pressure glow discharge (APGD) was obtained after
with a degree of experimentation with increasing the discharge current. Moreover, it was
subsequently realized that the discharge current decreases over time, leading to a
reduction in intensity of the associated spectral lines, requiring us to change the value of
current on occasion to maintain experimental conditions. Fluorescent light was recorded
using an Andor Solis Technology Shamrock SR303i spectrometer for different plasmas,
as described in the following sections.

The DC power supply was applied across the electrodes under negative polarity. The
power required varies depending on the plasma, and the associated plasma concentr-
ation, under consideration, the size of the gap between the electrodes and the temperature
of the gas. Table 7.1 shows the discharge characteristics used in this experiment.

The acquisition time for each individual spectrum was 2 s for all measurements, except
for the spectrum of air plus helium for which the acquisition time was 1 s. The
acquisition was repeated 20 times, during which the spectra were accumulated and
corrected for noise (cosmic event removal, etc.). This led to an effective exposure time,

teff = texp _ Naccu = 20 s 0r 40 s, as shown in Table 7.1.
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Table 7.1: Experimental conditions required to ignite discharges through plasmas at atmospheric

pressure in air, and details of effective time required to record each spectrum.

Plasma Air Air + He | Air+ perfume | Air + He + perfume
-V /kV 6.11 7 8.15 6-8

-1/ pA 0.5 1-2 4-5 3

Power / mW 3.1 14 32.6 -40.8 18-24

Exposure time /s | 2 1 2 2

N. accumulation | 20 20 20 20

toss 40 20 40 40

It seems that the mixture of air and helium plasma required greater power for ignition

and the air less the least among these species.

7.3

7.3.1 Spectraofair and air plus helium at atmospheric

Analysis of Spectra

pressure

The spectra from the various kinds of plasma at atmospheric pressure were collected at
specific voltages and currents and then analysed and compared via emission
spectroscopy. The emission spectra span the wavelength region 300-1000 nm, covering
the UV, visible and near infrared regions for each plasma.

A corona discharge was ignited at atmospheric pressure, although this process was
started by allowing the cell to pressurise to 0.5 bar and then filled gradually to 1 bar. Fig
7.1 shows the spectra of these two cases of atmospheric-pressure glow discharge
(APGD). From this comparison, it is clear that some lines are missing at 0.5 bar that
were present at high intensity at 1 atm. The signs (symbol) of the transitions observed
are not given in this figure, but rather in subsequent figures when they become more

intense after mixing with He.
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Figure 7.1: The emission spectrum obtained by atmospheric-pressure glow discharge (APGD)
at 0.5 and 1 atm at 300 K.

The next step was the addition of pure helium to gain a mixture of helium and air at
room temperature and atmospheric pressure. Stabilising the discharge was to some
extent easier after adding helium to the air. In the case of air, the discharge frequently
broke down due to arcing across the plasma, though after many attempts a stable
discharge in air was achieved. A review of spectra recorded for a mixture of helium and
air compared to the spectra recorded for 1.0 bar of pure helium is shown in Fig. 7.2,
where the spectra for pure helium was taken from the result in chapter 6 (for pure helium
excited by corona discharge under negative polarity in the cell after the evacuation
process described above). Regarding plasma formation in ‘pure’ air, the cell was filled
with helium, evacuated, and then filled with dry air, which was then exposed to a high
voltage to obtain an atmospheric-pressure glow discharge (APGD). It can be seen from
Fig 7.2 that some transitions do not appear in the plasma of air, nor in the plasma of pure
helium. However, they are observed in the spectra recorded for a mixture of air plus
helium, as shown inside dashed circles over the red spectrum. On the other hand, some
lines in the spectra of pure helium are significantly reduced in intensity and hidden after
mixing the helium with air plasma, as indicated by the dashed ellipses over blue
spectrum. Moreover, numerous transitions were either observed, or became stronger,

when mixing pure helium with air at atmospheric pressure, as represented by red
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spectrum; these bands will be fully identified in subsequent figures (7.4 and 7.5). With
this observation, helium gas as a trace can be assumed to detect missing atomic and
molecular lines. Most of the transitions that can be resolved in pure helium are labelled

for the blue spectrum in Fig. 7.2 below.
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Figure 7.2: Overview of the spectra at room temperature of the plasma of pure helium at 1 bar,
dry air at atmospheric pressure and a mixture of air with helium produced using corona

discharges. The spectra have been moved upwards by 500-1000 a.u. for clarification purposes.

N3 is produced when the helium plasma expands into the ambient air. Where the spectra
are dominated by bands of the second positive system of N2 which is then ionized due
to excited metastable helium atoms, He*, forming nitrogen molecule ion (N3) according
to the reaction [201]:

He*+ N2 — NJ +He +e”

7.3.2 Spectra of air and air plus perfume plasmas

The second case investigated was the emission spectra of a mixture of an unspecified
perfume with air. Here, the pressure cell was evacuated to 0.6 mbar to remove the

helium. After that, atmospheric-pressure glow discharge (APGD) was run and a
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spectrum of air recorded at 300 K. Then, an unknown perfume was introduced through
the inlet (a Dragon leak valve), to merge with the air plasma. Hence, a corona discharge
was established across the electrodes under a negative voltage polarity. Fig. 7.3 shows
the spectrum of air compared to that of a mixture of air and perfume.

35000 _
—— Pure air
—— Air + Perfume
30000 -
25000 -
g
8,
> 20000 -
K77
o
E 15000
10000
5000 - Y PN ” 2 A A
L) L} L) L} | L)

I | | J
600 700 800 900 1000
Wavelength (nm)

1 T
300 400 500

Figure 7.3: A comparison between the spectrum of air and spectrum of an unspecified perfume
and air mixture at atmospheric pressure. Some transitions were hidden in the air plasma

spectrum while, after mixing with perfume, were observed, such as the atomic nitrogen (N)

group.

From Fig. 7.3, various transitions were either extremely weak or unresolved in the pure
air plasma spectrum. However, these bands were observed after subsequent mixing of
air with perfume at atmospheric pressure. We realized that the cell pressure had
increased to be 1.2 bar after adding the perfume to the air in the cell, means that the
estimate value of pressure of perfume (~0.2) was added to the atmospheric pressure (1
bar). We used perfume merely to see the effect on the discharge of a material containing
chemical elements that might conceivably need to be distinguished. Some of these
transitions can be recognized according do assignments given in the literature. To gain
a precise description, the spectral range, 300-100 nm, was divided into regions that were

recorded at higher resolution and zoomed in to show the difference between these two
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cases. The first region, 350-400 nm, as shown in the Fig. 7.4, contains a large group of
transitions associated with molecular nitrogen. Also, it can be seen the spectral lines how
are developing by corona discharge and mixing with helium at atmospheric pressure,
where these lines gain more intense, broadening and observed after mossing such as N2
C-B (0-1) transition. All transitions are labelled corresponding to each group from

element in figures below.
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Figure 7.4: High resolution spectrum of the range 350-400 nm of Fig. 7.3 to show emission
features from plasmas of air and a mixture of air and perfume. Such plasmas are readily
produced by means of the electrical discharge due to the formation of corona discharges.

Various transitions of N, and N, were observed.

Diverse molecular transitions of N2 (C—B) and NJ (B—X) appeared in the air plasma at
room temperature depending on plasma excitation level (power applied on tip electrode).
On the other hand, these transitions become particularly intense, and previously unseen
transitions could be observed after adding the perfume, such as the N> (C-B) (0-1)
feature at around 355 nm. Spectroscopic measurements of the N2 (C—B) transition were

reported in figures 8 and 9 of ref. [202] by Yu et al., which shows a spectrum obtained
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from a glow discharge. Where in such study, the vibrational temperature of the C state
can be determined by the structure of the vibrational sequences (0,3), (0,2), (1,3), (2,4),
(3,5) and (0,1) of the N2 (C—B) system. The rotational temperature of the spectra
reported in this study [202], was found by fitting the spectrum in the range 260-382 nm,
in which corresponds to the vibrational band sequence of N2 C—B with NEQAIR2
simulations. The best fit between the measured spectrum and simulated one yields a
rotational temperature of 2200 + 50 K [202]. Hence, our next step will be conducting
such simulations to identify the rotational temperature of any level.

Fig. 5.7 (a) - (g) completes the presentation of the spectra in the 300-1000 nm range for
the air and perfume plasmas as produced by a corona discharges.
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Figure 7.5: Typical emission spectra of air and perfume at atmospheric pressure from a corona
discharge in the UV, visible and NIR regions (300-1000 nm). Expanded views of the ranges are

given to clarify the differences between the air and perfume plasmas presented in Fig 7.3.

190



Chapter 7. Discharge process analysis of atmospheric pressure air plasma at 300 K

From the comprehensive presentation of the entire spectral range, as divided into short
ranges, in Fig. 7.5 (a-g), atomic lines that can be attributed to O I, N and He | atoms were
observed. Additionally, molecular bands for the Hez I, N2 and N3 were also observed
using a corona discharge. Transitions of Ar I, Il was also observed in the 750-930 nm
region, as shown in Fig. 7.5 (e), (f) and (g).

Intense atomic and molecular spectra due to nitrogen and oxygen make it difficult to
observe the weak H and OH emissions.

7.3.3 Spectra of air, helium and perfume plasmas

The final case of the use of atmospheric-pressure glow discharge (APGD) was that of a
mixture of the plasmas presented in previous sections, namely air, perfume and helium
plasmas, at room temperature and atmospheric pressure.

The most surprising observation in this experiment, as mentioned previously, was the
differences between spectra substantially during separating of the samples studied,
before and after the helium to the mixture. Fig. 7.6 presents the spectra recorded for dry
air, air plus perfume, air plus helium and a mixture of air plus perfume plus helium
plasmas. Indeed, the effect of excitation in the corona discharge of the plasmas in Fig.
7.6 is clear, especially before and after adding air and helium. For instance, the
designated areas within circles from 1-4 for the spectrum of air indicate the spectral lines
observed, or otherwise. Then on injecting the perfume to air at atmospheric pressure,
these lines either appear, or increase or decrease in intensity. Remarkably, in the region
labelled circle-3 at ~5.60 nm range in Fig. 7.6, there are no features in neither the spectra
of plasma of air (black line), nor air plus helium (blue line); however, the plasma of air
at atmospheric pressure with perfume allows observation of this transition, which can
be assigned to the molecular transition of N2 (B-A). On the other hand, on diluting this
mixture of air and perfume with the addition of helium, the intensity of the N2 band
decreases. Broadly, the development in the spectra observed allows us to conclude that
helium plasma can used to identify transitions or reduce the intensity of some lines, or
we can depend on air at atmospheric pressure as a means to detect and explore elements

and transitions.
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Figure 7.6: Development of the spectra for atmospheric pressure glow discharges of different
cases of plasma; dry air, air plus perfume, air plus helium, and a mixture of air plus perfume
and helium. Examples of some of the transitions observed, or otherwise, in the air plasma
spectrum are highlighted by black circles 1-4, which become either less or more intense on

mixing with perfume and helium at room temperature and using corona discharges.

7.4 General observations and plan

Optical emission spectroscopy was used in the UV, visible and NIR regions as a diagno-
stic of atmospheric pressure air with perfume and helium. Corona discharge has been
employed for this purpose using a negative polarity voltage at room temperature. Some

of the key points that we realized in this experiment are as follows:
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One of the main reasons the atmospheric pressure plasma is a complicated
challenge is due to the lack of knowledge regarding the fundamental properties
of atmospheric pressure glow discharges (APGDS).

A major challenge that we faced during these experiments was in initiating the
discharge in atmospheric pressure air, where numerous attempts were required
before gaining a stable discharge.

Arcing occurred when mixing atmospheric pressure air with perfume, and the
strong spark in the cell that resulted in repeated arcing with each attempt at
achieving a stable discharge in the cell before such was actually achieved.
Helium gas was used to enhance and identify a number of the transitions that
were either missing or observed in only weak intensity in other plasmas such as
perfume and air at atmospheric pressure.

The measured gas temperature does not noticeably increase when the discharge
is applied.

We can use this discharge mechanism of the plasma to understand the species
generated in the air and other plasmas.

This project needs further analysis and investigation to deconvolute the various
— and numerous — emission transitions.

We need to change the concentration of helium (pressure of He) with air or
perfume and same thing for perfume (pressure of perfume), in order to see what
happens for emitted lines features.

The experiment needs to be repeated using a well-characterised material with a
known concentration in air and helium.

The use of simulations to determine the rotational and vibrational temperature.
Different discharge currents are required to increase the chance to reaching
higher electronic levels, allowing for the exploration of more transitions of the
species present.

Finally, this study and results are evidence of using corona discharge and helium to

detect another transitions or reduce their intensity, to be an answer on one of our

questions in this thesis whether we are able to employ discharge or helium in different

field.
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Chapter 8
Summary and outlook

Whilst each results chapter includes its own set of conclusions, in this chapter we
highlight the main points in this work with suggested future work. Broadly speaking, in
this project a rich series of fluorescence spectra for “He were investigated involving
atomic and molecular transitions under different experimental conditions. Therefore,

this thesis was divided into two sections:

The first section covers the data at cryogenic temperatures and we have found that; in
this part new data at various pressures and temperatures have been reported that, to the
best of our knowledge, have not been previously investigated, including in the region
below SVP.

The spectroscopic investigation of localized atomic He* and molecular excited helium
He’ (excimers) states can be carried out using corona discharge as the excitation source
in the gaseous and normal liquid phases. Intense fluorescence spectroscopy in the visible
and near infrared regions was observed due to transitions between electronically excited
states, and showed the rotationally-resolved d 33 - b3[[yand D * ¥} —» B,
transitions of He. We also observed fluorescence from the 3s 3S - 2p 3P and 3s 1S -
2p 1P atomic transitions (He*). Spectra were recorded at 3.8, 4.0, 4.5 and 5.0 K over a

range of pressures from 0.1-6.0 bar.

The analysis of the observed shifts, widths and intensity of molecular bands show a
distinct difference in the gradients of the coefficients of these parameters for each given
isotherm between the gas phase and liquid phase. Remarkably, similar behaviour was
observed for the analysis of atomic lines. This abrupt change in lineshifts and linewidths
with pressure that occurred by crossing the SVP curve of helium was indicative of the
change in structure of the helium environment around the He*and He’ species. This
provides evidence as to the linear superimposition of the two different contributions to
the emission lines, and enabled us to disentangle those contributions as arising from the

existence of He*or He emitters residing in different environments: (i) cold emitter
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resides in a solvated shell of helium, (ii) hot emitter existing in a gas pocket in normal
liquid helium, providing new insight into solvation phenomena at the nanoscale.

A further interesting observation was that inhibition of the free rotation of molecule was
identified at pressures and temperatures in the region below the saturated vapor pressure
(SVP) of helium (vapor phase), i.e., before helium liquefies. This could be an indicator
of the high sensitivity of the He3-He interaction more than that of the He-He interaction,
and for the He* emitter the interaction of He*-He is stronger than for the He-He
interaction. Consequently, clusters around the He*or He’ emitters were expected to form
below the SVP curve region of helium upon increasing the pressure. This study will
contribute to a better understanding of collisional processes in different phases,

including studies that are relevant to an understanding of microsolvation

The set of cryogenic systems in this experiment needs further development to increase
cooling power, enabling us to obtain temperatures lower than 3.5 K and allowing the
investigation of the superfluidity of helium and the transitions in this regime. More data
are needed to elucidate the gap in the data when crossing the region of the SVP curve of
helium (see Fig. 4.1) to determine the pressure and temperature conditions favouring

clusters formation with high precision.

Simulation is also required to simulate transitions by the different emitters in the
cryogenic cell to determine the rotational temperature of molecules and to distinguish
between different contributions obtained for these transitions. Additionally, calculations

of the mobility of electrons in liquid helium represent another target for future work.

The second part of this thesis was the room temperature experiment. As a further
advantage of the application of the corona discharge technique, it was employed to form
plasmas from pure air, an unspecified perfume and helium. The idea here was to collect
the spectra of these substances separately, then after mixing them with helium. After
that, a comparison between these spectra was carried out to explore and understand some
of the emitting species generated in this mixture of plasmas at atmospheric pressure for

the first time.

Some transitions in these spectra disappeared after injecting helium into the discharge
region; by contrast, other transitions became either stronger or weaker with helium. As
a result, helium gas can be used to enhance and identify a number of the transitions that

were either missing or observed only weakly in other plasmas such as perfume and air
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at atmospheric pressure for the first time. Molecular transitions of N, (C—B) and N3
(B—X) and spectral atomic lines of N, H, O, Ar I and He | were observed in spectra at

room temperature.

A corona discharge at atmospheric pressure air coupled with optical emission
spectroscopy can be employed in different environmental applications such as; a
diagnostic means for various plasma sources, bio-medical and explosive detection. In
medical aspect, it will be planned to collect several samples from breath of patients, then
analyse emitted spectra of a mixture of the gas helium with breath of patients after
applying corona discharge at atmospheric pressure air.

The idea of this experiment is new and was carried out over only a short period (due to
lack of time), therefore it needs further analysis to disentangle and deconvolute the
various — and numerous — spectral features.

Minor modifications to the equipment such as the gas inlet (perfume or any other

material) enhances the ability to control the concentration of this gas at any given time.
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Appendix

Appendix A

Atomic and molecular transitions of helium

The atomic and molecular transitions of He*and He; [203]

Transition Wavelength or band-head (nm)
eI, — St (0-0) 465.0
BN — b1, (0-0) 640.1

D'y — B'I, (0-0) 659.6
2ur — b, (0-0) 596.0
OIZ};F — AY, (0-0) 911
Gli}; — A, (1-1) 930
C'sf — A'S, (2-2) 950
Ll — a’%S, (0-0) 919

3tp— 28 501.6

3'D - 2'P 667.8

315 = 2tp 728.1

3PP — 238 388.9

33D — 2°P 587.6

3*S — 2°P 706.1

4'p — 28 396.5

41D — 2'P 492.2

415 —»21p 504.8

4£P— 2%S 318.8

42D — 2°P 447.2

435 — 2°P 471.3
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Appendix B

Potential energy curves for states of He,. Reproduced from Fig. 1 of [204]
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Appendix C

Drawing of copper high pressure cell (low temperatures) [3]
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201

Technical drawings of the tip bearer electrodes
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Appendix

D-2

Appendix

| drawings of the flat electrodes
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High-Voltage monitor

Appendix
Appendix E
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Appendix F

Drawing of stainless steel cell (room temperature)
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Appendix
Appendix G

The standard error deviation data for the simulation treatment of the

lineshifts for the atomic singlet and triplet transitions.

Singlet Triplet
Shift Shift
3.8K 40K 45K 50K 3.8K 40K 45K 50K
P STDE P STDE P STDE P STDE P STDE p STDE p STD P STD
M \Y V \Y V \ EV EV
019 | 003 | 014 | 000 | 021 | 000 |0.22| 000 | 019 | 003 | 014 | 001 | 0.21 | 0.00 | 0.22 | 0.00
051 | 000 033 | 001 |035] 002 |037| 001 |[051 ) 0.00 | 0.33 | 0.01 | 035 | 0.01 | 037 | 0.01
079 | 003 | 042 | 001 | 046 | 002 | 049 | 000 [ 079 | 0.06 | 042 | 001 | 046 | 0.01 | 050 | 0.01
130 | 001 | 058 | 0.01 | 066 | 0.03 | 063 | 0.00 |1.30 | 008 | 058 | 0.01 | 0.66 | 0.01 | 0.63 | 0.00
195 ] 004 | 065 ]| 001 |081 | 0.02 |081] 002 |195| 007 | 065 | 0.01 | 0.81 | 0.01 | 0.81 | 0.01
199 | 005 | 072 ]| 001 | 092 | 003 | 091 | 002 | 199 | 006 | 072 | 0.01 | 092 | 0.02 | 0.91 | 0.01
208 | 005 | 095 | 0.02 | 134 | 0.04 |100| 0.02 | 2.08 | 008 | 095 | 0.06 | 1.34 | 0.04 | 1.00 | 0.01
218 | 0.06 | 143 | 0.00 | 138 | 0.04 | 158 | 0.09 | 218 | 0.08 | 143 | 0.08 | 1.38 | 0.04 | 1.58 | 0.00
229 | 004 | 178 | 0.02 | 140 | 0.04 | 159 | 0.09 | 229 | 008 | 1.77 | 0.08 | 1.40 | 0.04 | 1.59 | 0.00
277 ] 004 | 210 ] 007 | 279 | 011 | 160 | 0.09 | 277 | 008 | 210 | 0.06 | 2.78 | 0.06 | 1.00 | 0.00
3.00 | 007 | 228 | 005 | 299 | 013 |355| 022 | 300 | 0.08 | 228 | 0.07 | 299 | 0.05 | 355 | 0.01
304 | 014 | 241 | 006 | 344 | 015 | 366 | 022 |3.04| 006 | 241 | 0.07 | 344 | 0.04 | 3.66 | 0.02
329 | 0413 | 261 | 011 | 369 | 020 | 558 | 040 | 329 | 0.04 | 261 | 0.05 | 3.69 | 0.01 | 558 | 0.06
274 | 011 | 398 | 019 2.74 | 004 | 398 | 003 | 022 | 0.00
307 | 014 | 408 | 020 3.07 004 | 408 | 003 | 038 | 0.01
309 | p11 | 410 23 309 | pos | 410 | go1 | 050 | 0.01
313 | 011 | 428 016 313 | 006 | 428 | 0.00
322 | 017 322 | 0.03
323 | 016 323 | 0.03
328 | 016 3.28 | 0.03
334 | 015 334 | 0.05
338 | 0.18 338 | 0.02
340 | 021 3.40 | 0.05
340 | 015 340 | 0.05
344 | 013 3.44 | 0.03
3.46 | 0.9 3.46 | 0.02
383 | 0.19 3.83 | 0.04
393 | 021 393 | 0,01
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Appendix H

The standard error deviation data for the simulation treatment of the
linewidths for the atomic singlet and triplet transitions.

Singlet Triplet
Width Width
3.8K 40K 45K 50K 3.8K 40K 45K 50K
P [STD| p |[SID| p |[STD| p |[SID| p [STD| p [SID| p |[SID| p |SID
EV EV EV EV EV EV EV EV
019 | 0.0L | 014 | 000 | 021 | 0.03 | 022 | 005 | 019 | 0.03 | 014 | 006 | 021 | 0.03 | 022 | 0.02
051 | 0.03 | 033 | 004 | 035 | 0.05 | 037 | 007 | 051 | 0.01 | 033 | 003 | 035 | 0.01 | 0.37 | 0.00
079 | 033 | 042 | 001 | 046 | 0.0L | 049 | 003 | 079 | 0.08 | 042 | 002 | 046 | 0.01 | 050 | 0.03
130 | 039 | 058 | 0.07 | 0.66 | 0.12 | 063 | 0.01 | 1.30 | 0.09 | 058 | 0.08 | 0.66 | 0.11 | 0.63 | 0.08
1.95 | 047 | 065 | 0.07 | 081 | 009 | 081 | 0.05 | 195 | 0.3 | 065 | 0.07 | 0.81 | 013 | 081 | 0.15
1.99 [ 048 | 072 | 0.03 | 0.92 | 004 | 091 | 0.08 | 1.99 | 013 | 0.72 | 0.09 | 0.92 | 014 | 091 | 0.15
208 | 047 | 095 | 035 | 134 | 040 | 1.00 | 006 | 208 | 0.12 | 095 | 008 | 134 | 0.08 | 1.00 | 0.5
218 | 048 | 143 | 043 | 138 | 039 | 158 | 019 | 218 | 014 | 143 | 011 | 138 | 0.08 | 158 | 0.2
229 | 051 | 1.78 | 046 | 140 | 041 | 159 | 019 | 229 | 043 | 1.77 | 012 | 140 | 0.08 | 159 | 0.1
277 | 049 | 210 | 051 | 279 | 057 | 1.60 | 022 | 2.77 | 014 | 210 | 014 | 2.78 | 015 | 1.00 | 0.11
300 | 054 | 228 | 055 | 299 | 057 | 355 | 0.86 | 3.00 | 0.14 | 2.28 | 015 | 299 | 0.5 | 355 | 0.16
304 | 061 | 241 | 056 | 344 | 0.63 | 3.66 | 0.65 | 3.04 | 017 | 241 | 015 | 344 | 019 | 3.66 | 0.19
329 | 061 | 261 | 056 | 369 | 0.69 | 558 | 122 | 3.29 | 0.18 | 2.61 | 015 | 369 | 0.18 | 558 | 0.5
274 | 057 | 398 | 067 274 | 016 | 398 | 020 | 022 | 0.02
307 | 058 | 408 | 0.92 307 | 018 | 408 | 020 | 0.38 | 0.00
309 | 064 | 410 | 0.75 309 | 018 | 410 | 023 | 050 | 0.03
313 | 0.69 | 428 | 0.90 313 | 017 | 428 | 019
322 | 075 322 | 019
323 | 0.76 323 | 020
328 | 0.79 328 | 019
334 | 064 334 | 018
338 | 085 338 | 0.20
340 | 057 340 | 019
340 | 0.66 340 | 018
344 | 076 344 | 019
346 | 0.86 346 | 0.19
383 | 056 3.83 | 0.20
393 | 0.78 393 | 022
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