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Abstract

Neutral particles are an important constituent of low temperature plasma. Neutral

particles are involved in collisions in the plasma, where they can form new species

and are an energy and momentum sink. However, there are few methods that make

direct measurements of neutral species in the plasma.

A two-photon absorption laser-induced fluorescence (TALIF) diagnostic is

established to investigate the properties of neutral atomic hydrogen in a high density

pulsed plasma. A Nd:YAG-pumped dye laser at 205.1nm is used to directly probe

the ground state of atomic hydrogen, by monitoring the fluorescence at 656nm.

The TALIF diagnostic is capable of making both spatially and temporally resolved

measurements of the atomic hydrogen.

The TALIF diagnostic is used to examine the atomic hydrogen densities and

temperatures in high power (1-20kW) discharges in the MAGnetised Plasma Inter-

action Experiment (MAGPIE) helicon device. Neutral atomic hydrogen is observed

to decrease in density above 5kW applied RF power, where the plasma pressure

becomes comparable to the gas pressure. This decrease in density is explained to

be due to neutral depletion of the atomic hydrogen in the centre of the chamber,

which to the author’s knowledge are the first experimental measurements of neutral

depletion of hydrogen in a linear plasma device.

Temporal measurements in the afterglow of the higher power (>5kW) plasma

discharge show a replenishment of atomic hydrogen in the early afterglow. This

replenishment is observed to be consistent with depletion of atomic hydrogen during

the discharge and is due to the neutrals flowing back in to the depleted regions after

x



the plasma has decayed. Radial measurements show a slight increase in atomic

hydrogen further from the plasma core.

Atomic hydrogen is shown to display increasing temperature with higher

applied powers with a constant radial temperature profile. There is no observed

evidence of a secondary hotter population of atomic hydrogen.

A two-state decay of atomic hydrogen after the plasma discharge is observed

at lower applied power (1kW). It is determined that different processes account for

the two different decay rates with the second slower decay rate being due to atomic

losses at the chamber walls. A single decay rate is observed at the higher powers

which is also explained to be due to the same process.
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Chapter 1

Introduction

High density linear plasma devices such as the helicon that can produce plasma

density above 1019m−3 with input powers of only a few kW are very promising for

a range of applications.[1] An issue with the helicon plasma source is the observed

density limit where an apparent maximum density is achieved due to complete ion-

isation of the neutral species.[2] This density limit has been attributed to neutral

depletion. Neutral depletion is where the neutral density is reduced by the inter-

actions with the plasma.[3] This chapter will introduce high density plasma devices

providing a few examples where high density plasma sources are used including the

fusion device ITER. The role that neutral species play in plasmas and the current

methods of measuring neutral species in the plasma with their advantages and dis-

advantages will be presented. Following this will be a detailed discussion of the

previous research on neutral depletion. Finally, the introduction concludes with a

layout of this thesis.

1.1 High Density Plasma Devices

Plasma devices that can achieve high plasma densities (ne = >1019m−3) are highly

advantageous to plasma research across many applications from plasma processing

to nuclear fusion and plasma thrusters. A few of the potential applications of the
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1.1. HIGH DENSITY PLASMA DEVICES

high density plasma sources are discussed. Special consideration is given to hydrogen

plasmas and the hydrogen species that are present in such plasmas.

1.1.1 Fusion Energy

Since the mid 1900s fusion energy has been a dream of providing limitless clean

energy and today has become one of the largest global efforts in physics. As the

world becomes more conscious of the effects that traditional methods of energy

production, such as the burning of fossil fuels, have on the environment and climate,

alternative sources of energy need to be found. Yearly increases in energy demand

also greatly compound the issue with the International Energy Agency reporting a

117% increase in energy demand in 2017 since 1990 levels.[4]

Nuclear fusion provides a possible solution to the world’s growing energy

demands, offering virtually limitless electricity production that is also environmen-

tally acceptable.[5] There is a large amount of energy stored inside atoms that can be

utilised to generate electricity. There are two main methods to extract the nuclear

energy stored within atoms; fission and fusion. The current generation of nuclear

power plants use the fission process; where heavy nuclei such as uranium are split

into two lighter nuclei. In the fission reaction, the excess energy is carried away

in the form of high energy neutrons which are used to generate steam and drive a

turbine to produce electricity.

Nuclear fusion is the opposite process whereby two lighter nuclei fuse to cre-

ate a single heavier nuclei and energetic neutrons. It is this process that occurs

within stars to produce and release energy. A worldwide collaboration including

China, India, Japan, Korea, Russia, USA and the European Union (EU) are work-

ing to build a prototype fusion device, ITER (formally standing for International

Thermonuclear Experimental Reactor), at Cadarache in southern France.[6] ITER

will be the first realisation of the global collaboration towards nuclear fusion and

aims to demonstrate the feasibility of electricity production from a nuclear fusion

reactor.[7] ITER is designed to provide 500MW output for an input of 50MW, that

is an energy gain, Q ≥ 10. A schematic of ITER is shown in Figure 1.1. The main

2



1.1. HIGH DENSITY PLASMA DEVICES

vacuum vessel is shown in yellow on the left half of the schematic where the plasma

is confined. At the bottom of the main vacuum vessel is the divertor which is shown

in the lighter yellow colour.

Figure 1.1: Schematic of the ITER tokamak. Reproduced from [8]

Fusion Reactor Designs

The reaction of most interest is the fusion of hydrogen and deuterium:

2D +3T→4He + n + 17.6MeV (1.1)

This reaction requires temperatures in excess of 150 million kelvin.[9] Under

such extreme conditions, the fusion plasma cannot be directly contained in a conven-

3



1.1. HIGH DENSITY PLASMA DEVICES

tional vessel as the wall materials would rapidly degrade. It is therefore necessary

that fusion plasmas are confined so that they do not make direct contact with the

reactor walls. The main method by which this is achieved is through magnetic con-

finement, where the magentic field lines guide the plasma along a closed loop within

the reactor chamber. Magnetic confinement reactors can be divided into toroidal

tokamak designs, of which ITER is such a design, and the toroidal helix stellarator

design, such as Wendelstein 7-X[10] at the Max Planck Institute for Plasma Physics

in Germany.

The tokamak reactor design consists of a large toroid shaped main vacuum

vessel which the plasma is confined within. Two sets of super conducting magnetic

coils, the toroidal and poloidal coils, produce closed magnetic flux surfaces within

the fusion main chamber to confine the plasma away from the chamber walls.[11]

However, plasma-surface interactions cannot entirely be removed and there

are two distinct surface regions within the ITER reactor that will directly face

the plasma. The first is the reactor walls which is the first physical boundary to

the plasma. The plasma-facing first walls will be impacted by neutrons from the

DT fusion reaction (Equation 1.1) that are not confined by the magnetic field.

The blanket of the first wall will use energy from the neutrons to provide heat for

electricity generation and thermal and nuclear shielding to the vacuum vessel and

further external components.[12, 13]

The second region in the ITER tokamak where the wall will be in direct

contact with the plasma is the divertor. The plasma is deliberately brought into

contact with the divertor and neutralised to extract both the waste helium from the

DT fusion reaction and excess heat.[9]

The Divertor and Plasma-Material Interactions

The magnetic field in ITER has been designed to bring particles that drift outside

of the confined plasma in the core to the divertor.[14] The plasma that is directed

into the divertor will have an electron temperature ∼1-10eV while the wall will be

4



1.1. HIGH DENSITY PLASMA DEVICES

at a cooled temperature (∼1000K) compared to the hot plasma in the core. The

lower surface temperature is necessary to protect the integrity of the plasma facing

components (PFCs) on the divertor and extend the lifespan of these materials. A

schematic of the ITER divertor is shown in Figure 1.2, the divertor can also be seen

at the bottom of the vacuum vessel in Figure 1.1.

Figure 1.2: Schematic of the ITER divertor. Reproduced from [6]

Even though the plasma is significantly cooler in the divertor compared to

the plasma core, the particle and heat flux are still high enough to cause significant

erosion of the plasma facing components. Sputtering of materials from the surfaces

can contaminate the fusion core, leading to radiative cooling and reducing the fusion

reaction.[14] van Eck et al. provides a summary of the typical conditions that will be

expected in the divertor of ITER.[15] Electron densities of approximately 1021m−3

with an electron temperature of 1-5eV. Particles fluxes of 1024-1025m−2s−1 are ex-

pected on the divertor with heat fluxes of 10 MW m−2 raising the surface tempera-

tures up to 1000K.[15, 16] It has been decided that the divertor will be constructed

from tungsten, due to its reduced sputtering rate and low tritium retention.[17] How-

ever under transient heat loads the melting of tungsten and the ejection of material

is an ongoing concern.[12]

5



1.1. HIGH DENSITY PLASMA DEVICES

The magnetic field lines in ITER are shown in Figure 1.3. The plasma is

confined within the closed magnetic field loops. The cross section of the magnetic

fields can be seen close to the divertor, this is called the ’separatrix’, charged particles

on the outside of this last closed loop will be directed into the divertor region of the

tokamak.

Figure 1.3: Schematic of the mangetic field lines in ITER. Reproduced from [18]

One of the methods of cooling the incoming plasma is via seeding of neutral

gas impurities into the divertor region creating a ‘detached regime’. These neutral

species are excited by collisions with the plasma and are excited to higher energy

levels, absorbing energy from and cooling the plasma. The neutral species direct

the energy away in the form of radiation, hence this method is called radiative

cooling. The neutral candiates for radiative cooling in the divertors are focused

on noble gases and nitrogen.[19, 20] Limiting the contamination of the core from

these added impurities is an ongoing area of research.[21, 22, 23] Another concern

is the formation of new compounds from the added species, such as ammonia, when

nitrogen is used as the cooling species. Ammonia has been shown to form in plasma

6



1.1. HIGH DENSITY PLASMA DEVICES

that comprise of mixed hydrogen and nitrogen gases.[24]

Various linear plasma devices are able to investigate fusion-relevant plasma

effects on materials and the applicability of radiative cooling and detachment in

high power linear plasma devices around the world. Examples includes MAGNUM

PSI[25] and PISCES[26]. Due to the larger costs associated with building and op-

erating tokamaks, it is advantageous to conduct more de-localised and varied re-

search on smaller high power plasma devices. The MAGnetised Plasma Interaction

Experiment (MAGPIE) linear helicon plasma device has been constructed at The

Australian National University to investigate high power plasma physics in linear

devices and plasma-material interactions.[27] The MAGPIE device is discussed in

greater detail in Chapter 2.

1.1.2 Negative Ion Sources for Neutral Beam Injection Sys-

tems

Neutral beam injection systems work by accelerating ions to high energies before

neutralising them to create the energetic neutral beam. The general neutralisation

process is achieved by passing accelerated ions through a neutral gas and the en-

suring collisions transfer electrons to the high energy ions.[28] This neutralisation

process is not very efficient for positive ions at high energies (>100keV), however

the process remains efficient for negative ions.[29] Some examples of current neu-

tral beam injection systems are BATMAN[30, 31] and ELISE[32] which is to be the

ion source for ITER. These neutral beam injection systems require high throughput

negative ion sources that are a high priority for heating magnetically confined fusion

devices.

Conventional negative ion sources use an inductively coupled plasma (ICP)

source as shown in the simplified schematic in Figure 1.4. The general operation

of a negative hydrogen ion source can be found in [33]. In the current generation

of negative ion sources a caesium oven is located directly under the source to con-

tinuously evaporate caesium into the plasma chamber to lower the surface work

function for negative ion production at surfaces. Following is a transverse filter to

7



1.1. HIGH DENSITY PLASMA DEVICES

cool and redirect electrons, a plasma grid which is positively biased to provide a sur-

face for negative ion production and finally an extraction grid is used to accelerate

the negative ions.

Figure 1.4: Simplified schematic of a typical negative ion source.

These devices produce negative ions by surface localised reactions that re-

quires the continuous surface treatment with caesium.[34]. Caesium has the lowest

work function of any of the metals and most readily gives up an electron to form

negative ions from neutral species such as molecular hydrogen. These ICP sources

are expected to only just meet the requirement for ITER and caesium has its own

problems, such as achieving uniform caesium layers over the large grid to provide

stable and uniform current densities.[33]

Another possible method for negative-ion production is to use higher den-

sity plasma devices, such as helicon devices, which can achieve significantly higher

densities than an ICP device. These higher densities coupled with lower tempera-

tures are shown to enhance the rate of negative ion production[35] and may poten-

tially provide high enough densities of atomic and ionic hydrogen that caesiation

requires.[36, 37] Helicon plasma sources with 20kW applied power are able to achieve

densities that requires 100kW in an ICP source. This is due to better power cou-

8



1.1. HIGH DENSITY PLASMA DEVICES

pling in helicon devices.[38] The possibility of helicon sources as negative ion sources

has encouraged numerous groups to investigate the validity of helicon negative ion

sources.[39, 40, 41, 42]

1.1.3 Wakefield Accelerators

Over the last 50 years accelerators have been used to probe the fundamental struc-

ture of the physical world. This has recently cumulated in the discovery of the

Higgs Boson in the Large Hadron Collider (LHC)[43, 44], a 26.7km circumference

accelerator at The European Organization for Nuclear Research (CERN), Geneva.

Today’s accelerators are limited by an accelerating gradient of 100MeV m−1

by RF breakdown and degradation of the cavity walls.[45] Therefore to achieve

tera-electron volt (TeV) energies of particles, tens of kilometres are required. Cir-

cular geometry accelerators are capable of achieving these energies but synchrotron

radiation also poses limitations that require accelerators on the scale of 100km.[46]

Plasma-based accelerators are seen as the next generation of accelerators due

to plasma being able to support electric fields that are orders of magnitude larger

than current accelerators.[47] The plasma is able to support waves or wakes that

travel at velocities near to the speed of light, which are excellent for acceleration

particles to relativistic energies.[45]

The Advanced Proton Driven Plasma Wakefield Acceleration Experiment

(AWAKE) at CERN will be the first proton-driven wakefield experiment in the

world.[48] A detailed description of the AWAKE experiment can be found in [49].

The AWAKE experiment will test the principle proof-of-concept of the wakefield

acceleration created from the proton-driven plasma, however there is still a lot of

future research required for these wakefield accelerators. The key issues have been

stated as requiring shorter proton pulses and scalable plasma sources.[45] High power

helicon plasma sources are a current area of research for the next generation plasma

source for wakefield accelerators. [50]

9



1.2. LINEAR PLASMA DEVICES

1.2 Linear Plasma Devices

Linear plasma devices are extremely useful for studying plasma physics and be-

haviour in a divertor type environment, as well as for developing high density plasma.

While linear plasma devices will not be able to completely match the complexity

of a tokamak divertor, they can come very close to the relevant plasma parameters

for plasma-material interactions.[51] The divertor of the ITER tokamak needs to

withstand steady-state heat fluxes up to 10MWm−2[52], with electron densities of

1021m−3, electron temperatures up to 10eV and ion fluxes of ∼1024-1025m−2s−1.[53]

Various linear devices are able to achieve the majority of these conditions. Linear de-

vices allow ease of study, are designed with easily removable component, have easily

controlled plasma parameter, configuarble magnetic geometries and excellent diag-

nostic access. High density plasma devices generally allow steady-state operation

and the higher accessibility of linear devices allows measurements to be conducted

in a more cost effective and easier way.[54] It is due to these reasons and the rela-

tively low cost, compared to tokamak devices, that make linear plasma devices an

excellent choice for plasma studies.

1.2.1 DC Plasma Discharge Devices

There are a collection of DC plasma sources that are capable of producing high den-

sity plasma. They operate at high pressures (1Torr) and require a complex differen-

tial pumping system. These include cascaded arc discharges such as MAGNUM-PSI

at the Eindhoven Institute of Technology, The Netherlands[55, 56], reflex arc dis-

charge source in NAGDIS-II at Nagoya University, Japan[57] and DC arc sources

such as PISCES-B at The Univeristy of California San Diego[26]. A list of these

devices with their operating conditions, discharge type, typical electron densities

and temperatures, and ion fluxes are shown in Table 1.1.

10
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Table 1.1: Parameters of high density linear plasma devices. The expected conditions in the ITER divertor is included for comparison.

Device Name Discharge Electron Electron Ion Flux Magnetic Field Pulse length Reference

Type Density (m−3) Temperature (eV) (m−2s−1) Strength (T) (s)

NAGDIS-II Cusp arc up to 1020 0.1-10 1023 0.25 Steady state [57]

(Nagoya University,

Japan)

PISCES-A Reflex arc 1016-1019 3-20 1020-1022 0.02 Steady state [58, 59]

(UCSD, USA)

PISCES-B Reflex arc 1016-1019 3-50 1020-1023 0.04 Steady state [60, 26]

(UCSD, USA)

PSI-2 DC arc 1016-1019 1-40 1020-1023 0.1 Steady state [61, 62]

(FZJ, Germany)

MAGNUM-PSI Cascaded 1019-1021 0.1-10 1023-1025 0.4-1.7 110 depending [63, 64]

(FOM-DIFFER, arc on B field/

The Netherlands) steady state

MPEX (ORNL, USA) Helicon up to 6×1019 1-10 1023 0.6-1.4 1 [65]

CSDX (UCSD, USA) Helicon up to 2×1019 3-6 1021 up to 0.24 Steady state [66]

ITER divertor Tokamak 1020-1021 1-10 1024-1025 5 500 [67]
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Figure 1.5: Schematic of NAGDIS-II. Reproduced from [68]

In NAGDIS-II, the plasma is generated in the source region by a steady-state

power supply that drives a DC current between a heated LaB6 disk cathode and a

grounded anode.[68] A schematic of the NAGDIS-II device is shown in Figure 1.5.

The electrons that are emitted from the LaB6 cathode do not hit the anode directly,

they are instead reflected by negative potentials of the target and the cathode and

bounce along the plasma column.[69] These types of plasma sources are termed a

reflex arc. The NAGDIS-II device can achieve electron densities up to 1020m−3 and

temperatures of 1-10eV.[57]. These high densities and low electron temperatures

allow the physics of plasma detachment, that is important in the operation of the

ITER divertor, to be studied.

The PISCES-B source is also a DC reflex arc type source.[69] These plasma

sources are able to operate at lower magnetic fields ∼0.1T since the discharge relies

on cross-field transport, where the discharge arc is across the magentic field.[51]
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PILOT/MAGNUM PSI uses a cascaded arc plasma source, it is a DC plasma

source that generates high density, low temperature plasma. Cascaded arc plasma

sources require higher pressures than other discharge types and strong magnetic

fields (∼1T) for transport and confinement of the plasma with the differential pump-

ing system. Shown in Figure 1.6 is a schematic of a cascaded arc plasma source.

Figure 1.6: Schematic of a cascaded arc plasma source. Reproduced from [70]

As shown in Figure 1.6, the general construction of a cascaded arc plasma

source contains a needle-shaped cathode usually made from LaB6 and an anode.

Very high voltages and currents are required to create the breakdown. These are

quite often wall stabilised by insulated cascaded plates to maintain the electric

field between the cathode and anode. These plasma devices have produced some

of the highest electron densities in a linear plasma device, up to 1021m−3. Table

1.1 contains a summary of the plasma parameters achieved (electron density and

temperature, ion flux) and the operating conditions (magnetic field strength, pulse

length) of a selection of high density linear plasma devices.

While these DC discharge sources are able to produce very high plasma den-

sities, they can suffer from metal impurities in the plasma due to sputtering of the

source. This makes RF sources with an external antenna an attractive alternative
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because there are no internal electrodes.[51] These RF sources provide continuous

operation with reduced impurity generation.

1.2.2 Radio Frequency Plasma Generation

A large majority of radio frequency plasmas in industry and laboratory use capaci-

tively coupled plasmas (CCP). A discussion of CCP devices can be found in [71, 72].

In a capacitively coupled plasma it is the strong electric fields that create break-

down in the gas. The easiest way to produce a plasma with low power is by using

a capacitively coupled plasma device. The voltages required to create breakdown

depends on parameters of the device such as operating gas pressure and the distance

over which the voltage is applied. The way in which the power is coupled into the

plasma has a large effect on the densities and temperatures that can be achieved in

the plasma device. It can also effect the stability of the plasma.

One such example of a CCP plasma device is the parallel plate discharge as

shown in Figure 1.6 (left). In this device one electrode is operated with RF power

and the other is grounded. This creates a time varying electric field between the

electrodes, where the power can be coupled through both collisions between the

accelerated electrons and neutral particles, causing ionisation and excitation, and

also through collisionless heating where the time varying electric field transfer energy

to the electrons.

Another method to create plasmas which have higher densities is through

inductively coupled plasmas (ICP). A discussion of ICP sources can be found in

[71, 72] and a review in [73]. An ICP usually has an antenna separated from the

plasma by a dielectric barrier as shown in Figure 1.7 (right), the antennas are usu-

ally wound around a cylinder in a cylindrical configuration. These antennae have

both a capacitive component due to the electric fields from the antenna as well as

an inductive component from the electromagnetic field created by current in the

antenna.
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Figure 1.7: Simple schematic of a capacitively coupled plasma (CCP) device

(left) and an inductively coupled plasma (ICP) device (right).

ICP plasma systems display a transition from a predominately capacitively

coupled plasma (E mode) to one that is dominated by the inductive coupling (H

mode). The E mode is seen to dominate at lower powers and pressures and tran-

sitions to the H mode at higher power or pressure. The transition depends on the

plasma device geometry and the gas used. At low plasma densities, the skin depth

of the plasma, δ = c/ωpe, where c is the speed of light and ωpe is the electron plasma

frequency will be quite large and the wave is not coupled to the plasma. As the

density is increased (usually through an increase in RF power) the inductive mode

is induced.

Another mode is available in discharges that have an applied external DC

magnetic field where electromagnetic waves, such as helicon waves, create an addi-

tional method of heating in the plasma. This helicon mode (W mode) has resonant

absorption of the RF wave and couples to pwoer to the plasma. A helicon wave is

a circularly polarised EM wave that propagates along the magnetic field. Helicon

waves penetrate deeper into the plasma than inductive systems, providing greater
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power transfer into the plasma through interactions with the propagating wave along

the plasma device. The mechanism through which the helicon waves couple to the

plasma is not fully understood, it has been suggested that it occurs through both

collisional and collisionsless mechanisms, such as inductive heating or Landau damp-

ing respectively.[74, 75] Helicon plasmas are known for achieving high densities with

modest powers and in some cases complete ionisation in the plasma core. A thor-

ough review of helicon sources, theory and their applications by Shinohara can be

found in [1]

Early work on helicon sources was carried out by Boswell[76] and Chen.[77]

The first use of helicon modes in the laboratory was first achieved by Boswell in 1970,

using a double sided antenna.[78] Helicon plasma versatility makes them useful in a

range of areas: fusion material interactions, plasma processing, space plasmas and

propulsion. The MAGPIE device at The Australian National University utilises

a helicon antenna for producing high density plasmas.[27] Other helicon plasma

sources are the Controlled Shear Decorrelation Experiment (CSDX)[66] at University

of California San Diego and the Materials Plasma Exposure Experiment (MPEX)[65]

at Oak Ridge are both examples of high power helicon plasma sources. Plasma

conditions of these devices can be found in Table 1.1 above.

1.3 Hydrogen Plasmas

There are six different ground-state forms that hydrogen can exist in within a

plasma; there are the neutral species, atomic hydrogen (H) and molecular hydrogen

(H2), the positive ions (H+, H+
2 and H+

3 ) and also the negative hydrogen ion (H−).

Each of these species can undergo collisions and reactions with the other species and

can depend strongly on the species energies.
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1.3.1 Collisions

Atoms and molecules within the plasma interact with each other through collisions

where they are scattered in a different directions to their initial trajectory. The

frequency of collisions between two species is defined by:

νA,B = vthnAnBσA,B (1.2)

where νA,B is the collisional frequency between species A and B, vth is the thermal

velocity between the two species, nX is the density of each of the species and σA,B

is the cross section of the collision between A and B.

A hard-sphere model can be considered for collisions between two neutral

species. These collisions occur when the Van der Waals radii of the two neutral

species overlap. The cross section of the neutral-neutral collision is given as:

σA,B = σB,A ≈ π(rA + rB)2 (1.3)

where rX is the Van der Waals radius of the individual species. For atomic

hydrogen, the Van der Waals radius has be approximated as 0.12nm [79] and for

molecular hydrogen as 0.152nm[80].

For charged-neutral collisions Samuell[81] and Hjartson[82] have previously

estimated the cross-sections by approximating the charged species as hard spheres.

They assume that the electrons and protons have a negligible radii. They assume

that the charged species have the same cross sections as their charged counterparts.

For H+
3 , it is assumed that the cross section is proportional with the number of

atoms in the collision. The cross-sections for the atomic and molecular hydrogen

scattering reactions are found in Table 1.2.
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Table 1.2: Cross sections σ(m−2) for neutral-neutral and neutral-charged colli-

sions. [81]

H H2 H− H+ H+
2 H+

3

H 1.8× 10−19 2.3× 10−19 1.8× 10−19 1.8× 10−19 2.3× 10−19 2.8× 10−19

H 2.3× 10−19 2.8× 10−19 2.3× 10−19 2.3× 10−19 2.8× 10−19 3.3× 10−19

1.3.2 Hydrogen Reactions

Each of the hydrogen species may undergo reactions with any of the other species

in a hydrogen plasma. This can lead to a very complex set of reactions, each

of which can have reactions rates that strongly depend on the electron and ion

temperatures. As this thesis focuses on atomic atomic, the important reactions

for atomic hydrogen will be considered. In high-density plasmas, the dominant

production mechanism of atomic hydrogen is the dissociation of molecular hydrogen

(e−1+H2 → 2H+e−). Other important production mechanisms for atomic hydrogen

include dissociation of H+
2 (e− + H+

2 → H + H+ + e−), dissociative recombination

(e−+H+
2 → 2H), dissociative attachment (e−+H2 → H−+H), and charge exchange

(H++H2 → H+
2 +H). There are also important loss mechanisms that are important

for atomic hydrogen, they are direct ionization (e− + H → H+ + 2e−), charge

exchange (H +H+
2 → H2 +H+), and associative detachment (H +H− → H2 + e−).

Hydrogen plasma is a lot of more complex than simply atomic hydrogen, a list of

the dominate reactions that occur within a hydrogen plasma and the corresponding

reactions rates are is shown in Table 1.3.
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Table 1.3: Set of dominate reactions and reaction rates for species in hydrogen plasmas.

Reaction Rate Coefficient (m3s−1) Reference

e− + H2 → H+
2 + 2e− 7.27× 10−15T0.549/Te−0.001

e + 1.37× 10−14T−0.557
e e−20.3/Te [83]

e− + H2 → 2H + e− 1.54× 10−14T−0.0636
e e−8.63/Te + 1.11× 10−13T−0.813

e e−13.4/Te [83]

e− + H2 → H + H− 4.43× 10−17T−1.29
e e−11.7/(Te+0.158) + 1.33× 10−19T−1.39

e e−3.77/Te [83]

e− + H→ H+ + 2e− 9.74× 10−15T0.174
e e−14.3/(Te+0.001) + 6.35× 10−15T0.433

e e−16.4/Te [84]

e− + H+
2 → H + H+ + e− 3.50× 10−13T−1.25

e e−3.19/(Te+0.008) + 1.77× 10−13T−0.0924
e e−3.04/Te [85]

e− + H+
3 → H+

2 + H− 1.93× 10−15T−1.07
e e−6.26/(Te+0.131) + 5.35× 10−17T−0.371

e e−2.07/Te [85]

e− + H+
3 → H2 + H+ + e− 2.69× 10−13T−2.45

e e−15.6/(Te+0.003) + 1.01× 10−12T−0.464
e e−26.8/Te [85]

e− + H− → H + 2e− 4.58× 10−13T0.287
e e−4.41/(Te+0.117) + 2.71× 10−14T0.62

e e−1.82/Te [86]

e−H+
2 → 2H 2.29× 10−14T−0.571

e + 3.31× 10−15e−152Te [86]

e−H+
3 → 3H 3.36× 10−15T−0.716

e + 3.73× 10−14T−0.67
e e−6.40/Te [86]

e−H+
3 → H + H2 2.03× 10−15(T−0.189

e + 0.040T−1.49
e ) + 5.57× 10−14T−1.23

e e−6.21/Te [86]

e− + H→ H− + hν 5.75× 10−20(T−0.0285
e + 0.94T−0.05

e ) + 6.54× 10−19T−5.18
e e−72.4/Te [86]

H + H+
2 → H2 + H+ 1.59× 10−14T−0.859

i e−4.61/(Ti+0.786) + 1.64× 10−15T−0.353
i e0.258/Ti [86]

H + H− → H2 + e− 2.16× 10−13T−1.89
i e−12.7/(Ti+1.17) + 1.30× 10−15T−0.418

i e−0.192/Ti [86]

H + H− → 2H + e− 3.81× 10−15T0.280
i e−3.76/(Ti+0.626) + 4.55× 10−16T0.603

i e−0.375/Ti [86]

H2 + H+
2 → H + H+

3 6.29× 10−15T−1.46
i e−2.22/(Ti+0.356) + 2.71× 10−16T−1.30

i e−0.317/Ti [86]

H2 + H+ → H + H+
2 5.54× 10−16T0.453

i e−3.26/(Ti−0.001) + 5.98× 10−18T−2.88
i e−0.310/Ti [86]

H2 + H+ → H+
3 + hν 1.63× 10−21 [87]

H+ + H− → 2H 4.46× 10−14T−0.281
i + 1.26× 10−14e−1.96/Ti [86]

H+
2 + H− → H2 + H 2.23× 10−14T0.425

i + 8.93× 10−14e−0.261 [88]
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1.4 Neutral Behaviour in Plasma Devices

A limiting factor in achieving high plasma densities is due to the bahviour and in-

teractions of the neutral species in the plasma. The neutral species are a source of

ion production and collisions with neutrals can affect the plasma transport proper-

ties and plasma confinement.[89] The neutral species can be deeply involved in the

plasma chemistry, being particularly important in plasma recombination and neg-

ative ion production.[90] It has been observed that low pressure plasma discharges

reach a maximum plasma density, an upper limit, whereby further increasing the

applied power no longer increases the plasma density.[2, 3, 91]

The neutral species in plasma need to be correctly understood to have a com-

plete understanding of the plasma itself. The neutral species in hydrogen plasmas

are of particular interest due to their relevance in high power linear devices for ap-

plications to fusion, negative ions sources and wakefield accelerators (as discussed

earlier).

Hydrogen plasmas display an extremely complex and diverse array of plasma

dynamics. This provides extremely rich and complex plasma chemistry where the

excited electronic states and excited rotational and vibrational states all contribute

to various reaction pathways.[92] Hydrogen is also a highly chemically active species

and readily reacts with other plasma species or with surface materials.[93, 94] Ad-

ditionally, plasma dynamics in hydrogen plasma are observed to strongly depend on

isotopic composition adding additional complexities.[36] Hydrogen being the light-

est element has heavier isotopes that are double and triple its mass. This leads to

unique reaction and transport dynamics between the isotopes and noticeable shift

in the energy levels.[95]

1.4.1 Measuring Neutral Species

A number of different techniques exist to measure neutral species in a plasma. As

with all plasma diagnostics, these techniques can be divided into two categories:

non-perturbing measurements and perturbing measurements. A non-perturbing di-
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agnostic does not disturb the plasma in any manner, while a perturbative measure-

ment disturbs or interacts the plasma as part of making the measurement and can

create disturbances that alter the property being measured. Ideally all measure-

ments would be non-perturbing, however it is not always possible and perturbing

diagnostics must be employed.

The pressure gauge is possibly the simplest method to measure neutral den-

sity. However pressure gauges are not ideal for most plasma applications. Typi-

cally a pressure gauge is mounted on the chamber walls, which will only provide

a localised edge measurement.[96, 97] Pressure is also an indirect measure of the

density, as pressure is the product of both the density and the temperature. To

ascertain the density from a pressure measurement, accurate knowledge of the neu-

tral temperature is required. Additionally, the majority of pressure gauges measure

the combined pressure of all the species and do not differentiate between species,

making it impossible to determine individual densities in multi-species plasma.

There are many different types of pressure gauges with different methods

of measuring pressure. Different gauges have practical ranges over which they can

operate this usually dictates when a gauge can be used for a certain application.

Table 1.4 contains some of the most common gauges available for measuring the

pressure.

Mass spectrometry can be used to determine the species composition in the

plasma. The mass spectrometer technique operates by bending the path of a charged

species in a magnetic field. The higher the charge on a species the greater the force it

feels from the magnetic field and the heavier a species the less it will respond to the

force. Thus a mass spectrometer measures the mass-to-charge ratio of ions. To mea-

sure the neutral species the ions from the plasma are blocked, usually with an ionic

repulsion filter at the front of the mass spectrometer. Inside the mass spectrometer

the neutral species are ionised and detected according to their charge-to-mass ratio.

Mass spectrometry is able to determine absolute densities when carefully designed

and calibrated.[98] Like pressure gauges, mass spectrometry measures the species at

the wall or the interface between the plasma chamber and the mass spectrometer

chamber.
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Table 1.4: Types of pressure gauges with their method of detection and practical pressure range.

Instrument Name Physical Phenomena Detection Method Practical Pressure Reference

Range (Torr)

Pirani Gauge Heat transfer from Wire current 10−3 to 1000 [99]

wire to environment

Thermocouple Gauge Heat transfer from Wire temperature 10−3 to 5 [99]

wire to environment

Ionisation Gauge Current ionises Ion current on collector 10−10 to 10−3 [99]

gas at grid

Diaphragm Deflection of Various above 10−2 [99]

flexible membrane

Bourdon tube Mechanical stress Mechanical movement 1 to 1000 [99]

under pressure
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Due to the collisional nature of plasma, there is a distribution of excited states

for each species throughout the plasma. The excited species will spontaneously de-

cay from the excited states to lower energy levels with radiative emissions. Optical

emission spectroscopy (OES) is the technique that looks directly at the naturally

emitted radiation from the plasma. Figure 1.8 shows an example spectra from a

hydrogen plasma, highlighted are the Hα and Hβ emission from atomic hydrogen

at 656.28nm and 486.13nm, respectively. The Fulcher band which is a rotational

molecular H2 emission is also labelled on the Figure. As the radiative emission is

from the excited state of the species as it decays to a lower energy state, the infor-

mation that is gained from optical emission spectroscopy is about the excited state.

To then determine information about the ground state species, models are required,

such as collisional-radiative models for hydrogen.[100, 101] These models can be

difficult to construct even for simple species as the rates of various processes, such

as excitation, ionisation and recombination are greatly affected by small changes

in plasma conditions such as electron density and temperatures.[102] Thus, accu-

rate knowledge of the electron parameters is also required using optical emission

spectroscopy to determine neutral densities.

Figure 1.8: Spectra of a hydrogen plasma with the Hα and Hβ atomic emission

lines labelled. The Fulcher band from molecular hydrogen is also shown.

Optical emission spectroscopy provides advantages over pressure gauges, col-
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lection optics are able to measure into the interior of the plasma and are not re-

stricted to the edge. Optical emission spectroscopy is a line-integrated measurement

and to make localised measurements requires multiple viewing angles and compli-

cated techniques to reconstruct the profiles, such as Abel inversion.[103]

Laser absorption spectroscopy techniques provide a way to achieve better

spatial and spectral resolution than optical emission spectroscopy. Absorption of

the incoming photons result in an electronic excitation transition in the absorbing

species. A simple excitation and emission scheme is shown in Figure 1.9, the state is

excited by the absorbed photon and decays back down to the lower state by emitting

a photon. Due to the absorbed transition being induced by the incident photon,

the technique probes the initial state as opposed to the excited (emitting) state.

Laser absorption spectroscopy measures the decrease in the laser energy due to the

absorption of the laser with the absorbing species and has been used extensively for

neutral hydrogen.[104, 105]

Figure 1.9: Absorption and emission scheme by photons in a two energy level

system.

Another laser absorption diagnostic is laser-induced fluorescence (LIF).[106]

With laser-induced fluorescence the species is excited to a higher energy state via the

absorption of a photon. The corresponding decay of the excited higher energy state

releases a photon (fluorescence) which is recorded. Laser induced fluorescence can be
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induced with multiple photons, provided the sum of the photon energies add to the

difference between the energy levels.[107] Setting up of a two-photon absorbed laser

induced fluorescence (TALIF) diagnostic to investigate neutral species, specifically

atomic hydrogen, in high power discharges in a linear plasma device is the main

focus of this research. A complete discussion of the TALIF diagnostic system and

the underlying physics is presented in Chapter 3.

1.4.2 Neutral Depletion

With the increasing availability and use of high power linear plasma devices, the

effect of neutral depletion has become more apparent. It has been observed that

there may be a maximum plasma density that can be attained by high power linear

devices. Miljak and Chen [2] attributed this observed density limit to neutral de-

pletion. Neutral depletion has been widely measured in a range of different plasma

sources and the cause of the depletion attributed to different mechanisms. Here a

short overview is provided of the cause of neutral depletion and some of the reported

occurrences of neutral depletion in the literature. There are three main mechanisms

believed to lead to neutral depletion in linear devices; ionisation, gas heating, and

high plasma pressure.[3]

In what were probably the first measurements of neutral depletion Boswell et

al. [108] measured the Doppler broadening of argon lines in a helicon plasma device.

They found that argon atoms were ten times hotter in the centre of the discharge

compared to the edge and surmised that atomic argon density in the core is 10

times less than at the edge. This form of neutral depletion is termed gas heating

depletion, where a non-uniform neutral heating by the plasma results in a hotter

gas temperature in the plasma core. With a uniform neutral pressure, the neutral

density in the centre will be reduced due to the higher gas temperature.[109]

Neutral depletion due to gas heating has been observed even at moderately

low powers. Rossnagel et al. [110] found in an argon electron cyclotron resonance

(ECR) source that the gas density was reduced by 86% during the discharge. Nakano

et al. [111] found in an argon ECR plasma that the neutrals were 450K hotter under
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the source compared to downstream resulting in neutral depletion.

Gas heating has been measured in inductively coupled plasma (ICP) sources.

At 200W in an argon ICP plasma, Hebner [112] measured an increase in gas tem-

perature from room temperature to 900K. Following this, Hori et al. [113] found

neutral depletion of 40% in an ICP device by investigating the radial profile which

they explained to be due to gas heating of neutrals by ion-neutral collisions.

Another method of neutral depletion is due to high ionisation (known as

ion pumping), where all of the neutrals that diffuse into the centre of the plasma

discharge are ionised. The newly created ions are then accelerated out the plasma

core by electric fields and recombine to form neutrals at the walls.[114] Gilland et

al. [115] concluded that ionisation was the cause of neutral depletion in their argon

helicon plasma. They determined the mean free path for ionisation (λi) in their

argon discharge was approximately 0.1cm. As the mean free path for ionisation is

less than 10% of their chamber diameter, they concluded that ion pumping (they

refer to as neutral pumping) is the cause of neutral depletion. Neutral depletion due

to ionisation has been modelled by Fruchtman.[114, 116]

Tynan et al. [117, 118] observed neutral depletion, which was attributed to

ion pumping, occurring with an argon discharge in an helicon device with a surface

wafer. It was found that the gas density was non-uniform and this could lead to

over-etching in plasma processing.

When the plasma density becomes high, for instance when ionisation is high

or the plasma is magnetically confined, the neutral species can often be depleted from

the core. This is observed to occur when the plasma pressure becomes comparable

to the neutral pressure.[119, 120] Under these conditions neutral depletion is known

to be due to both plasma pressure and gas heating of the neutrals by the plasma.[3]

Aanesland et al.[121] measured the ground state xenon atom density in a he-

licon discharge using two-photon absorption laser-induced fluorescence (TALIF).

They determined neutral depletion by comparing the xenon density during the

plasma discharge to the xenon density without the plasma. Under conditions that

produced maximum depletion they measured an 85% decrease in density at the
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centre. The profile at the centre has a 6cm flat profile and then slowly increased

in density towards the edge recovering to 40% depletion. They suggest that it is

likely the neutrals are pushed into regions with lower magnetic field, that is into the

source. Liard et al. [122, 123] further investigated the results by Aanesland through

modelling and neutral density measurements with TALIF. They included an axial

magnetic field to existing transport theory to explain neutral depletion. The model

showed that increasing the magnetic field reduces neutral depletion, however, they

considered a constant plasma density, whereas plasma density will increase with

magnetic field at constant power. They also showed that plasma confinement is re-

duced with increasing neutral depletion. Liard et al. [124] later showed that neutral

depletion occurs very quickly in the centre of the xenon discharge, on the order of

milliseconds, taking about 50ms for the centre to reach steady state depletion. At

the edges the time-scales are longer. After the plasma discharge it took almost two

seconds for complete repletion of the neutral xenon in the core.

Cho [125] also modelled neutral behaviour in a pulsed plasma discharge. They

showed the depletion occurring during the plasma pulse and replenishing after the

pulse. They showed that a lower pressure leads to much greater neutral depletion

and achieves a steady state more quickly.

McNeely et al. [126] used optical emission spectroscopy and pressure mea-

surements with a baratron to determine neutral depletion of up to 70% compared

to the initial gas density in an RF driven H− ion source. They observed that the

depletion fraction increased with gas flow rate. This dependence on gas flow was

much stronger than the decrease in depletion due to increasing gas pressure.

O’Connell et al. [127] showed that depletion due to gas heating and high

plasma pressure are competing mechanisms linked to the fill pressure. At low pres-

sures, the high plasma pressure caused by high ionisation rates led to significant

neutral depletion. With higher fill pressures, the depletion due to the plasma pres-

sure is lessened and depletion due to gas heating increases.[128]

Galente [129] investigated neutral depletion in hydrogen and deuterium up

to 2.5kW applied RF power but did not observe depletion of the neutral species in
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the discharge. To the author’s knowledge, neutral depletion has not been directly

experimentally observed in a helicon hydrogen plasma to this date.

Fruchtman [114, 116, 119, 130, 131] has done extensive research on neutral

depletion and modeled the mechanisms that lead to neutral depletion occurring

in linear plasma devices. A thorough review by Fruchtman of the experimental

observations and the mechanisms that cause neutral depletion can be found in [3].

Recent modelling suggest that neutral depletion is occurring in the MAGPIE

plasma device at high RF powers.[132] Shown in Figure 1.10 are results of the neutral

atomic and molecular hydrogen from 2D-axisymmetric model of a 20kW applied RF

power hydrogen discharge in MAGPIE. The model calculates significant depletion of

both the atomic and molecular hydrogen. Atomic hydrogen is shown to be depleted

along the axial core and increasing in density radially. Molecular hydrogen also

displays radial depletion, however is generally depleted to a greater extent overall

and is focused down towards the end of the target chamber.

1.5 Thesis Structure

This thesis is a detailed investigation into the dynamics of neutral atomic hydro-

gen in the MAGPIE device at high powers (up to 20kW). This thesis includes a

description of the newly established two-photon absorption laser-induced fluores-

cence diagnostic to measure the atomic hydrogen. The TALIF diagnostic is directly

utilised to measure the depletion of atomic hydrogen in the MAGnetised Plasma In-

teraction Experiment (MAGPIE) device. An overview of the physics and operation

of the diagnostic is also covered. The structure of the thesis is follows:

The MAGnetised Plasma Interaction Experiment (MAGPIE), the helicon

plasma device which is investigated in this research, is discussed in Chapter 2. This

chapter also contains a description of some of the diagnostics and techniques that

are used in this thesis.

The focus of Chapter 3 is the two-photon absorption laser-induced fluores-
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Figure 1.10: Model of the atomic hydrogen and molecular hydrogen density in

the MAGPIE helicon device with 20kW applied RF power. Reproduced from

[132]

cence diagnostic that has been newly established as part of this research. It begins

with a discussion of the laser-induced fluorescence technique. Following is a descrip-

tion of the operation and control of the diagnostic system. The chapter will conclude

with a detailed explanation of the physics for determining neutral temperatures and

densities, including calibrations and spectral broadening considerations.
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Chapter 4 presents measurements of atomic hydrogen density and tempera-

ture in the MAGPIE helicon device. The measurements are restricted to the plasma

afterglow due to very low signals during the plasma discharge, possibly due to deple-

tion of atomic hydrogen. A single spatial position in the radial centre of MAGPIE

is the focus of this chapter. The plasma conditions will also be discussed and ex-

planation will be given as to how the plasma affects the neutral behaviour, such as

neutral depletion in the plasma chamber. This chapter includes the first experimen-

tally measured depletion of atomic hydrogen in a helicon plasma device.

In Chapter 5, the parameter space is expanded to include the temporal evo-

lution of atomic hydrogen into the plasma afterglow. The loss mechanisms of atomic

hydrogen in the plasma afterglow is modelled and compared to experimental mea-

surements to determine the dominate loss processes. Following, the radial profile

of atomic hydrogen and the electron density is investigated and presented. These

measurements will be related back to and build on the discussions in Chapter 4.

The conclusion and summary of this research is in Chapter 6. It also provides

an overview of possible future directions for this research.
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Chapter 2

The MAGPIE Helicon Plasma

Device

The experiments conducted in this thesis were conducted in the MAGPIE device at

the Australian National University. MAGPIE is a 2m long helicon plasma device

which consists of two chambers, the source region and the target region. MAGPIE

uses a RF power source and a helicon antenna to produce plasma. MAGPIE has

previously been described in detail[27]. This chapter will provide a thorough discus-

sion of the device, its control systems and some of the diagnostics that are relevant

to this work.

2.1 Magnetized Plasma Interaction Experiment -

MAGPIE

The MAGPIE helicon plasma device is designed primarily for studying fusion rel-

evant plasma material interactions as well as basic plasma studies (negative ion

production, plasma detachment). Linear plasma devices are also excellent for devel-

oping and testing diagnostics as they have better diagnostic access along the device

as opposed to the difficult diagnostic access on fusion devices. In this way, linear

devices make excellent test-beds for equipment and specialised studies relevant to
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2.1. MAGNETIZED PLASMA INTERACTION EXPERIMENT - MAGPIE

fusion devices. Materials can be placed into the target region of MAGPIE where

they are exposed to plasmas and can afterwards be investigated using material di-

agnostic methods. Additionally, diagnostic techniques allow changes in the plasma

to be measured, due to the presence of materials in the plasma.

2.1.1 Chamber and Design

The MAGPIE device consists of two chambers, the source chamber and the target

chamber. The source chamber is a 1m long borosilicate glass tube with 10cm diam-

eter and it is in this chamber that the plasma is produced. At one end of the source

chamber, a second target chamber is connected. The second chamber is a four sided,

68cm long stainless steel target chamber with a 16cm inner diameter. A schematic

of MAGPIE is shown in Figure 2.1 highlighting the sections of the MAGPIE device.

Figure 2.1: Schematic of MAGPIE device.

In addition to the two main chambers, at the other end of the source chamber,

a stainless steel vacuum 6-way cross piece is connected. The 6-piece allows additional

components, such as diagnostics, to be added to the downstream region of the

MAGPIE device. Connected to the underside of the 6-way cross is a butterfly valve

that allows additional control of gas pressure in MAGPIE. Below the butterfly valve

is the vacuum system which consists of an Edwards nEXT400 Turbomolecular Pump
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2.1. MAGNETIZED PLASMA INTERACTION EXPERIMENT - MAGPIE

with a pumping speed of 400 L/min, a backing Edwards E2M40 High Vacuum Pump

with a pumping speed of 700 L/min and an ammonia cold-trap.

At the opposite end of the MAGPIE device, attached to the end of the target

chamber, is a small 11cm long, 6cm diameter inlet chamber. The gas inflow and

pressure gauges are all connected to this small inlet chamber. This design whereby

the gas is introduced into the target chamber is to assist in creating higher plasma

densities in the target chamber.

MAGPIE has two independent sets of water-cooled electromagnetic coils.

The source coils are a broadly spaced set of five of coils around the source cham-

ber and the mirror coils are a closely packed set of seven coils around the target

chamber. Each individual coil has an outer diameter of 42cm, inner diameter of

28cm and a 5cm thickness and contains 14 turns of copper tubing. The coils are

water-cooled by pumping water through the hollow tubing. Each set of coils are

controlled independently and can operated with currents up to 1000A, however only

for a short duration (minutes) for currents above ∼500A due to thermal heating of

the coils.

A 180 degree left handed 22cm long 12cm diameter Nagoya III helicon an-

tenna used for plasma generation is located on the outside of the source chamber

close to the interface with the target chamber. The edge of the helicon antenna

is located at position z=0 in Figure 2.1. RF shielding surrounds all of the source

chamber underneath the source coils. Each of the operational systems on MAGPIE

are further discussed in more detail below.

Diagnostic Access

The target chamber of MAGPIE has four interchangeable side plates. Side plates

available include: full borosilicate glass, stainless steel and stainless steel plates with

two 70mm diameter ports or five 40mm diameter ports. The set-up of the target

chamber sides, for the two-photon absorption laser induced fluorescence diagnostic,

is shown in Figure 2.2. A full stainless steel plate is on the bottom of the chamber.
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The two sides are stainless steel plates with two diagnostic ports on each. As can be

seen in the schematic of the side plate set-up, the port on the right has a small sap-

phire window connected. It is through this port that the excitation laser for TALIF

diagnostic (discussed in the Chapter 3) will enter the chamber. A borosilicate glass

plate is on top of the target chamber. The borosilicate glass has a high transparency

for all relevant fluorescent wavelengths for this research.

Figure 2.2: Schematic of target chamber with the side plate configuration used

for the TALIF diagnostic in this work.

The stainless steel end plate of the target chamber can be replaced with

plates that have either a single 75mm diameter diagnostic port in the centre or three

40mm diameter off-centre ports. These end plates can also be used on each side of

the six-piece at the pump end of the source chamber. Different windows can be

attached to the ports to allow optical access from either end of the MAGPIE device

or additionally the ports can be used to insert various probes into the chamber. The

exchangeable ports and side plates on both the target chamber and the ends of the

device make MAGPIE easily adaptable for various diagnostics.
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2.1.2 RF Power System

There is a choice of RF power supplies used for MAGPIE, depending on the input

power desired. The low power system consists of a Rhode-Schwarts SM300 radio

frequency signal generator which outputs through an Electron Navigation Indus-

tries (ENI) A150 low-noise radio frequency pre-amplifier before a second Alpha RF

Systems 77Dx amplifier.

Alternatively MAGPIE is supplied power from an AMPEGON high power

RF transmitter for higher power operation up to 20kW. Two AMPEGON transmit-

ters were part of the H-1 heliac stellarator system that operated at the ANU from

1992 until its decommissioning in 2017. One of these transmitters is connected to

MAGPIE to provide much higher power operation. Each transmitter uses a high-

power tube RF amplifier and can supply 200kW pulsed power or 40kW of continuous

power. It has a frequency range of 4-20MHz. For this research all investigations were

carried out at a frequency of 13.56MHz.

MAGPIE is designed to operate at continuous RF power at 1kW or pulsed

at powers up to 20kW. Above 1kW the excessive heat loads on the chamber wall

prevent continuous operating and MAGPIE is restricted to operating in a pulsed

mode. At 20kW RF power, a 1% duty cycle is used to reduce overheating.

When using antennas to couple power into the plasma, the antenna-plasma

system behaves as a load with a complex impedance. The impedance depends on

the antenna and plasma properties, which change with feedstock, input power and

magnetic field. To maximise the power into the plasma and protect power supplies

by reducing reflected power, the impedance needs to be matched. To achieve this

a tunable matching network is used. For MAGPIE a standard π-type is used as

shown in Figure 2.3. The network consists of a fixed 1.5µF inductor (L1), which

is connected between two grounded 3kV variable vacuum capacitors with 50-500pF

and 85-200pF for C1 and C2 respectively. Each of the capacitors are manually

tunable to match the impedances between the plasma and the RF generators. This

matching network provides impedance matching for a broad radio-frequency range
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from 7-28MHz possible from the RF power supplies. A Pearson 6600 50mV/A

current probe around the output of the matching box is used to measure the antenna

current.

Figure 2.3: Schematic of the π-type impedance matching network for MAGPIE.

L1 = 1.5µH inductor. C1 and C2 are variable vacuum capacitors with capacitance

50-500pF and 85-200pF.

Ideally when the RF transmitter is switched off it will be an instantaneous re-

moval of applied power. In practice, there is an intrinsic ramp-down of the transmit-

ted power. This becomes more noticeable when operating in higher power regimes.

It is important to take this ramp-down into consideration because there is still power

being applied to the plasma during this time and it will impact on the plasma pa-

rameters. The antenna current during the ramp-down phase at the end of the RF

pulse is shown in Figure 2.4, the absorbed power by the plasma will follow closely

the antenna current. It takes 40µs (0.04ms) for the transmitters to completely stop

supplying current through the antenna. During this time the plasma may continue

to be excited and created. It is not until after the current in the antenna has entirely

gone to zero that the plasma will decay. It is important to be aware of the switch-off

regime of the power supplies as it may create different decay rates in the afterglow

during the ramp-down and no applied power stages.
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Figure 2.4: Antenna current 1kW.

2.1.3 Magnetic Field Configuration

MAGPIE has two independent sets of electromagnets, the source and mirror fields

as shown in the schematic of MAGPIE in Figure 2.1. Each consists of a set of

water-cooled electromagnets connected in series. The source coils consist of five

electromagnets broadly spaced by 180mm. Whilst the mirror coils consist of seven

closely packed coils in the target region, only five coils are connected in series.

The two coils closest to the source regions are not used in this work. The mirror

coils derive their name from the magnetic mirror (also called a magnetic trap) where

charged particles are trapped by the pinch of the magnetic fields at the ends and force

the particles in the opposite direction. Each set of coils is powered by a separate

Magna-Power Electronics TS +LXI Programmable DC power supply capable of

supply up to 1000A. In this work, a constant magnetic field configuration of 50A

source current and 300A mirror field current has been used for all measurements.
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The magnetic field strength in MAGPIE is shown in Figure 2.5. The top plot

shows a 3D plot of the magnetic field strength with the maximum 1000A in both

the source and the mirror coils. The black lines show the outline of the MAGPIE

chamber walls. The magnetic field strength remains fairly constant across most of

the source chamber while decreasing at the pump end. The strong peak in the target

chamber creates a magnetic pinch where plasma is focused towards the centre of the

chamber creating higher plasma densities.
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Figure 2.5: (Top) Surface plot of the magnetic field strength from the maximum

1000A:1000A coil configuration on MAGPIE. Back lines show the outline of the MAGPIE

chamber. The antenna edge is at z=-0.02m and the TALIF measurement position is at

z=0.13m (Bottom) Magnetic field strength along the centre of MAGPIE for the maximum

1000A:1000A coil configuration (black) and the standard 50A:300A coil configuration used

in this work (red).

The bottom plot in Figure 2.5 shows the magnetic field strength along the

axial component along the centre of MAGPIE. In black is the magnetic field strength

with the maximum 1000A:1000A current configuration. The field strength is slightly

more than 1000G in the source region and peaking upstream in the target chamber

at approximately 2000G. Shown in red is the magnetic field strength for the stan-

dard 50A:300A current configuration that is used in this research. This magnetic

field configuration can be operated continuously without becoming too hot which
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is a necessity for the long scan times (∼1hr) for a single TALIF scan. The max-

imum magnetic field strength under these conditions is approximately 600G. The

measurements made in this work are focused on the axial position z=150mm, at this

position the magnetic field strength is 200G.

The dual coil systems in MAGPIE create a magnetic pinch in the target

chamber, that is the field lines direct towards the radial centre of the chamber. This

focuses the charged species in the plasma towards the centre due to smaller Larmor

radii and provides higher plasma densities. A plot of the magnetic field lines is

shown in Figure 2.6 for the standard 50A:300A operating conditions. The two sets

of coils are both shown in red, the source coils are the wider spaced coils on the left

while the closer packed mirror coils are on the right, only the five operating mirror

coils are shown in the figure. The outline of the MAGPIE chamber is highlight by

the black lines. The edge of the helicon antenna is located at z=-0.02m position.

Figure 2.6: Plot of the magnetic field lies under the standard 50A:300A operating condi-

tions. The centre of the electromagnets are shown in red and the outline of the MAGPIE

chamber is in black. The five source coils are on the left and the mirror coils are on the

right.

2.1.4 Gas and Pumping System

The gas pressure is monitored through the use of three different gauges, a MKS

Baratron Type 120A Pressure Transducer, a Granville-Phillips convectron gauge and

ionisation gauges. In general, the ionisation gauge is used to monitor the vacuum
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pressure, that is without gas flow, as the vacuum pressure is of the order of 10−6 Torr.

The baratron is used for measuring the pressure under typical operating conditions

5-15 mTorr and the convectron gauge measures from this range up to atmospheric

pressures.

Vacuum pressure is maintained through the use of two pumps. An Edwards

E2M40 dual stage rotary vane vacuum pump provides a first stage of the vacuum

which pulls the pressure down to 10−2 Torr. The Edwards nEXT 400 mechanical

turbomolecular pump brings the base pressure down to 10−6 Torr. Between the 6-

way piece and the turbomolecular pump is a butterfly valve. The butterfly valve is

used to restrict the pumping rate of the system by gradually isolating the pumping

system from the MAGPIE chamber. For all measurements presented in this work

the butterfly valve is kept fully open.

Gas is let into the end of the target chamber through a stop valve via a 4.8mm

diameter pipe. A mass flow controller allows the rate of gas flow to be controlled.

Up to three different gas species can be connected to MAGPIE at one time, to allow

gas mixtures to be used for plasmas in MAGPIE. Gas pressure will not be constant

across the entire chamber as the pressure is measured at the gas inlet positions. The

relationship between the pressure at the gas inlet and the gas pressure at z=150mm

into the target chamber is shown in Figure 2.7, which is fit by a linear relationship

over the measured range. The change in pressure was determined by measuring the

pressure with the baratron at both positions with identical gas flow conditions, that

is with both pumps are full speed and the butterfly valve completely open. For

all plasma discharges in this work the gas is flowing with a pressure of 10mTorr

measured at the inlet. In the following chapters, measurements have been made

focusing on the axial position z=150mm, therefore maintaining the gas pressure at

10mTorr (as measured at the gas inlet) the pressure at this position is 9.1mTorr.

MAGPIE has 4 gas inlets combining into a single inlet pipe that introduces

gas into the target end of the chamber. One has a stop valve directly to atmosphere

and is used for venting and bringing up to atmospheric pressure to change compo-

nents. Two of the inlets are controlled via an MKS 100 sccm mass flow controller.

Finally the fourth inlet is controlled by a needle valve. These valves allow differing
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Figure 2.7: The measured edge pressure in the target chamber at z=150mm as

a function of the measured pressure at the gas inlet.

levels of control over gas flow. MAGPIE can currently be operated with variety of

gases; hydrogen, deuterium, helium, nitrogen, argon and krypton.

When using plasma comprised of mixed gases, there are associated changes

in the plasma chemistry. One important example is the formation of ammonia and

other NH-compounds in mixed hydrogen-nitrogen plasmas. As ammonia is toxic it

needs to be efficiently collected and disposed of. It also can damage the pumps in

the vacuum system. As such ammonia traps are added to the exhaust line when

operating with such plasmas.

The ammonia traps consists of a large container placed in the exhaust line

after the turbomolecular pump but before the oil backing pump. The container has

a bell jar inside of it that is open to the atmosphere but isolated from the exhaust.

The bell is filled with liquid nitrogen at -270 degrees, this will cause the ammonia to
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condense to a liquid (freeze) and remain in the trap. Stop valves before and after the

container allow it to be isolated from the exhaust and easily removed to be emptied.

2.2 Experimental Uses

This section will discuss the main functions and important research capabilities of

the MAGPIE device. Linear plasma systems, such as MAGPIE, offer convenient

insight into plasma physics without added complexity of geometry and quite often

simpler control systems.

2.2.1 Device for Studying Plasma-Surface Interactions

One of the main objectives of the MAGPIE device is to investigate fusion relevant

plasma-material interactions. Materials in the divertor are expected to be exposed to

extreme plasma conditions such as 1020 m−3 plasma densities, electron temperatures

up to 100eV and ion fluxes of 1024 m−2 s−1.[54, 133, 134] While the conditions in

MAGPIE do not quite reach these levels, reaching plasma densities (ne) of 1019

m−3, there are ways to reproduce these conditions, such as longer exposure times to

produce the same fluence.

MAGPIE has multiple removable target holders that are used to place ma-

terials into the target chamber to investigate surface effects for plasma exposed

materials as well as the interactions in the plasma through the interactions occur-

ring at the surface. The target holders can be electrically biased to increase the

effective electron temperature and use a voltage to heat and maintain a constant

temperature to simulate the heat loads expected in the divertor region.

MAGPIE is also able to conduct general purpose plasma-surface interactions

and previous investigations have included using graphite, diamond, copper, stainless

steel and various polymers.[81]
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2.2.2 Diagnostic Development and General Plasma Studies

The easy diagnostic access in MAGPIE’s design makes it excellent as a test-bed

for setting up or developing new diagnostics. As discussed in Section 2.2.1, the

interchangeable side plates on the target chamber make it easy to switch out the

diagnostic ports, windows and probe holder for the diagnostic requirements. Ad-

ditionally the end plate of the target chamber and the three of the six plates on

the six-way piece at the end of the source chamber, are interchangeable and provide

extra availability for diagnostic applications. The sixth position currently has a

quadrupole mass spectrometer for chemical analysis of the plasma species and has

been used in mixed H2/N2 studies examining ammonia production.[24] The MAG-

PIE device was previously used in the development of the coherence imaging system,

which is to be used on ITER as part of its set of diagnostics.[135, 136, 137]

This easy adaptability of MAGPIE makes it excellent for general studies of

the plasma. MAGPIE is one of the few high power helicon devices in operation

(>20kW).[1, 138, 139] This allows MAGPIE to study the maximum density limit

in helicon plasmas and as well as the corresponding neutral depletion. Part of

this research has involved the initial set-up, implementation and development of a

two-photon absorption laser-induced fluorescence diagnostic. Following, the TALIF

diagnostic is subsequently used to investigate neutral atomic hydrogen in the MAG-

PIE device and the role it plays in neutral depletion and the helicon density limit.

2.3 Diagnostics

A range of routine diagnostics are available on MAGPIE. This section briefly de-

scribes the experimental set-up and operation of only diagnostics that are relevant

to this thesis.
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2.3.1 Langmuir Probe

One of the most fundamental diagnostics in plasma physics is the Langmuir probe.

The uncompensated single Langmuir probe was originally designed by Langmuir

in 1924.[140] When the probe is biased with respect to the plasma it will draw a

current. By varying the bias on the probe, electrons and ions of different energies

will be collected by the probe. Sweeping the voltage on the probe and measuring

the current, the electron energy distribution function (EEDF) can be determined

and can yield plasma properties directly from the current-voltage (IV) characteristic.

Plasma properties that can be determined from the Langmuir probe include electron

density and temperature, ion density and the floating and plasma potentials.

Langmuir Probe Theory

Figure 2.7 shows a typical IV characteristic from a single Langmuir probe. The

IV curve can typically be considered to have three regions. Region I is the ion

saturation current, where the probe is biased negative with respect to the plasma

and all of the positive ions are collected by the probe. Above the floating potential

(Φf ), the voltage at which the probe draws no current, is Region II. This region

extends up to the plasma potential (Φp), the potential of the plasma relative to the

ground. This region is known as the electron retardation region, voltages within

this region will draw both electrons and ions. As the probe is still biased negative

with respect to the plasma, only electrons with sufficient energy to overcome the

electrostatic repulsion of the probe are collected by the probe. As the electrons

that are collected by the probe depend on the electron energy, the electron energy

distribution function (EEDF) can be determined from Region II.[141] Region III is

the electron saturation region, this occurs when the probe voltage is greater than

the plasma voltage Vp > Φp. In this region, only electrons are being collected by

the probe. At a certain voltage all of the electrons are being collected by the probe,

this is known as the electron saturation voltage. The ion saturation (Isat), electron
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saturation (Esat), floating potential (Vf ) and plasma potential (Vp) are highlighted

on the IV curve in Figure 2.8, which define the edge of each of the three regions

discussed.

Figure 2.8: IV curve showing the ion saturation (Isat), electron saturation (Esat),

floating (Vf ) and plasma (Vp) potentials.

For the assumption that the electrons have a Maxwellian velocity distribution,

the current drawn by the probe is given by:[142]
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where ne is the electron density, Te is the electron temperature, Ap and As are the

surface area of the probe tip and sheath respectively. The second term is the ion
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saturation current. In an unmagnetised plasma the ion saturation current is given

by:[142]

Isat = −qeJi = −0.61eneAp

√
Te
mi

(2.2)

With a known electron temperature, the plasma density can be determined

from the ion saturation current. The electron temperature can be determined from

the slope of the I-V characteristic and is given by:[142]

Te = e(I − Isat)/
dI

dV
(2.3)

Langmuir Probe System

Two Langmuir probe systems have been used in this research. The first, a commer-

cial Impedans Langmuir Probe system which consists of an Impedans electronics

box and an uncompensated single Langmuir probe.[143] The Impedans Langmuir

software controls the voltage scanning and measures the current from the probe.

This systems provides time resolved and averaged measurements of the IV curve

from the probe in the plasma.

The second system used is an in-house built Langmuir probe with a dogleg-

shape at the end for spatial measurements. A detailed description of this probe

can be found in [132].The voltage is swept with a high-current linear amplifier and

the current measured with a current probe. The signal is recorded on a Tektronix

DPO-3014. The probe tips in both Langmuir probes are exchangeable, the length

and diameter of the probe tips are measured using a digital caliper. The densities

are then calibrated using the effective surface area of the probe tip.

Measurements of the electron density and temperature conducted in the after-

glow of the plasma discharge have been made using the Impedans Langmuir system.

Due to the large current draw associated with Langmuir probes in high density
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plasmas, the in-house built probe was used for all measurements made during the

plasma discharge.

2.3.2 Optical Emission Spectroscopy

Optical emission spectroscopy (OES) is a widely used plasma diagnostic due to it

being non-intrusive and generally inexpensive. Collisions of the electrons result in

populations of excited states of the ions and neutrals. The radiative decay of these

excited states can be used as an identifier of species present in the plasma such as

newly formed species or impurities, as well as being able to determine densities and

temperatures.

The optical emission spectroscopy diagnostic consists of a Princeton Instru-

ments IsoPlane SCT320 with a Princeton Instruments PI-MAX 4 1024i intensified

charge coupled device (ICCD) camera. A camera lens is used to focus the plasma

emission onto the PI-MAX detector. A schematic of the set-up for optical emission

spectroscopy is shown in Figure 2.9 showing the camera attached to the spectrom-

eter. The IsoPlane SCT320 is a Schmidt-Czerny-Turner type spectrometer with a

320mm focal length. An adjustable slit with a range of 10µm to 12mm is attached

on front of the spectrometer. A rotatable turret within the spectrometer holds three

different gratings that can be selected between. Each of the three gratings has 1200

grooves/mm but with a different blaze, 300nm and 500nm, the third has a UV

holographic coating.

The PI-MAX 1024i camera contains a 1024x1024 pixel array on a 13.08mm

square substrate that is cooled to -20oC during operation. A selection of camera

lenses and mirrors are available for the region of interest to be imaged. The spec-

trometer and camera are controlled through the Princeton Instruments LightField

software.

Wavelength calibration of the spectrometer is carried out using a Prince-

ton Instruments IntelliCali Dual Neon/Argon and Mercury lamps. A broad source

visible-infrared Princeton Instrument IntelliCali Intensity lamp is used to create a
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Figure 2.9: Schematic of the optical emission spectroscopy diagnostic. Adapted

from [144]

relative intensity calibration across the wavelengths of interest. For experiments

where absolute intensity calibration is needed, a calibration source such as a tung-

sten ribbon lamp or blackbody oven are used.

2.4 Summary

This chapter has presented the Magnestised Plasma Interaction Experiment (MAG-

PIE) device, a high power (>20kW) helicon source. The device design has been de-

scribed in detail, including the two chamber, source and target, the radio-frequency

power system, the magnetic coil configuration and the gas and pumping system.

The main experimental uses and previous research conducted using MAGPIE has

been presented, as well as a selection of diagnostics that are of relevance to the

research presented in this research.
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Chapter 3

Two-Photon Absorption

Laser-Induced Fluorescence

Diagnostic

In this chapter, the single photon laser induced fluorescence (LIF) and two-photon

absorption laser induced fluorescence (TALIF) techniques will be discussed. First

an overview of the basic theory for the techniques will be covered, followed by a

discussion of the choice of transition selection for investigating atomic hydrogen.

Secondly, a detailed description of the new TALIF diagnostic system that has

been established as part of this research will be provided. This will include a discus-

sion of the laser and detection systems for the fluorescence. Challenges that arose

with the diagnostic and were overcome included: maximising fluorescence signals,

large plasma emissions at the fluorescence wavelengths, achieving high resolution

timing, and laser drifts and fluctuations. There will also be an overview of the hard-

ware and equipment used to provide precision timing and control for the diagnostic.

A LabviewTM program was written to control various aspects of the diagnostic which

will also be briefly discussed.
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3.1. BASIC THEORY

The chapter will conclude with a discussion of the physics and calculations

involved in determining the parameters of atomic hydrogen in the plasma, including

the use of krypton as a calibration for atomic hydrogen. A discussion of the spectral

features of the absorption is covered focusing on conditions relevant to the MAGPIE

plasma device.

3.1 Basic Theory

Laser induced fluorescence (LIF) is part of a large family of laser-based diagnostics.

In the case of laser-induced fluorescence it is the photon emission from: atomic,

molecular and even ionic species that has been excited to a higher energy level

through the absorption of laser radiation. In contrast, this can be compared to

laser absorption where it is the reduction of laser intensity due to absorption in the

plasma that is measured.

LIF is a well-established method for determining properties of neutrals and

ions in plasmas. A photon is absorbed by a species exciting a bound electron from a

lower energy state to a higher one. Generally it is the ground state that is excited as

it is the most populated state in low temperature plasmas. The excited electron will

spontaneously decay to a lower energy state emitting a photon in the process that is

equal to the energy difference between the excited and final states. This excitation

process can also be achieved using two photons, known as two-photon absorption

laser-induced fluorescence (TALIF). Figure 3.1 shows a basic excitation and emission

scheme for LIF (left) and TALIF (right). The final state does not necessarily need

to be the same as the initial state for LIF, as there are multiple decay paths and

generally the emission with the highest branching ratio is the easiest to measure.

As LIF is an absorption technique, it is the excitation photons as well as

the emitted photons that provide information on the populations and species of

interest. It is the intensity of the incident photons that determine the fluorescence

that corresponds to the density of the species. The increasingly narrow line widths

of modern lasers (∼10−3nm) allow this technique to resolve the Doppler broadening
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Figure 3.1: Basic excitation schemes for LIF (left) and TALIF (right). A single

photon excites to a higher energy level in single photon LIF, the final state does not

need to be the same as the initial state. The TALIF scheme uses two photons that

sum to the energy difference between the states to excite the electron, the emission

will generally be to a different energy level.

of the absorption and determine the temperatures for the species of interest. The

Doppler-shifted line absorption provide information of the velocity and flows along

the injection angle of the laser.

Due to excitation only occurring along the laser beam, LIF is a highly lo-

calised technique that can provide excellent spatial resolution (<mm) in the plasma.

Equally good temporal resolution (ns) can be achieved by using short pulse lasers.

However, this technique requires large absorbing populations to provide high levels

of fluorescence to achieve measurable signals.

The TALIF technique uses two photons to excite the species to a higher en-

ergy state and provides many advantages over using single photons, as in LIF. While

the ground state usually has the highest population density, nearly all transitions

out of the ground state will be in the UV. For hydrogen, all of the ground state

absorptions with a single photon are in the vacuum ultraviolet (VUV). The lowest

energy transition, the (Lyα), from 1s to 2p requires 121.6nm photons. These VUV

lasers require extensive vacuum systems and expensive mirrors for the transmission

of the photons. Using two photons to achieve excitation circumvents this issue as

photons of lower energy can be used. This is because the absorption transition can

be achieved with photons that add to the energy. While photons of any energy
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3.1. BASIC THEORY

can be used, in practice it is generally two photons of exactly half the transition

energy that are used to achieve absorption. This provides the added benefit of only

requiring a single laser. For the Lyα transition, photons of 243.2nm can be used for

the absorption, which are above the vacuum threshold for light and are cheaper to

produce.

As TALIF uses two photons, it has its own set of selection rules, ∆J = 0, 2.

This condition makes TALIF inherently non-resonant as single photon decay back

to the initial state is a forbidden transition and will have long lifetimes. Therefore

in many TALIF schemes the excitation state will decay to a different third energy

state as shown in Figure 3.1. As the density of the third state is generally much

less than the ground state, the plasma will not be optically thick at the fluorescence

wavelength and there will be less re-absorption.

Due to the absorption requiring two photons, TALIF has very small cross-

sections. This means that little absorption will occur with an unfocused beam. To

get meaningful absorption, the laser beam needs to be focused to create an area

of higher photon intensity. This allows TALIF to be highly spatially selective in

the area probed. This provides another advantage over LIF which in a typical

experimental set-up will be absorbed along the entire path length in the plasma and

advanced optical set-ups are required to achieve greater spatial resolution.

3.1.1 Atomic Hydrogen TALIF

There are multiple excitation schemes that have previously been investigated for

hydrogen with laser induced fluorescence. Figure 3.2 shows the low level excitation

schemes for atomic hydrogen. The 1s to 2p (Lyα) or 3p (Lyβ) using a single photon

have excitation photons of 121.6nm and 102.5nm respectively and require extensive

vacuum systems and expensive mirrors for transmission of the photons. The TALIF

excitation from 1s to 2s requires 243nm photons but the excited state is metastable

and has a long lifetime, 105s. The decay is then detected from the 2p radiative state

with which the 2s is collisionally coupled. This produces longer detection times and

much higher backgrounds.
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3.2. DIAGNOSTIC SET-UP

Figure 3.2: Ground state excitation schemes for hydrogen and subsequent fluo-

rescence.

The Lyβ transition between n=1 and n=3 state in hydrogen is a single photon

transition from the 1s to the 3d state. This excitation can also be induced using two

photons to conserve the angular momentum of the interaction and excite to the 3s or

3d state. The excitation from 1s to 3s,d requires photons at 205.15nm and both emit

at 656.3nm in the visible, for which there are detectors and optics readily available.

The particular transition of interest to this diagnostic is the 1s2S 1
2
→ 3d2S 1

2
of

atomic hydrogen.

3.2 Diagnostic Set-Up

The TALIF system requires a high intensity short-pulsed UV laser system for suffi-

cient absorption to produce measurable fluorescence. The set-up requires UV optics

for directing and focusing the laser into the plasma. The diagnostic also requires a

detection system for collecting and maximising the fluorescence. This section covers

the physical set-up, control and operation of the TALIF diagnostic.
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Figure 3.3: Simplified schematic of the two-photon absorption laser induced fluorescence diagnostic.
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3.2. DIAGNOSTIC SET-UP

3.2.1 Laser Set-up

A three stage laser is used to produce the necessary 205.15nm photons for the two-

photon absorption of atomic hydrogen. UV photons are not easy to produce with

a single laser, however, one way to produce UV lasers is to create it in stages, such

as with dye lasers and frequency mixing. Shown in Figure 3.3 is a schematic of the

TALIF laser set-up used in this research. The three stages are the Nd:YAG pump

laser, a dye laser, followed by a set of frequency mixing crystals. UV mirrors and

lenses are used to direct and focus the beam into the plasma.

The first stage is a Spectra-Physics Quanta-Ray INDI neodynium-doped yt-

trium aluminium garnet (Nd:YAG) pulsed laser. The laser has a repetition rate

of 10Hz and outputs 450mJ/pulse at 1064nm. A potassium dideuterium phosphate

(KD*P) crystal frequency doubles the output to 532nm with a maximum energy out-

put of 200mJ/pulse. This produces short pulse length, high-intensity laser pulses

and it is for this reason that Nd:YAG lasers are quite often used as pump sources

for dye lasers. The Nd:YAG laser is controlled via the front panel of the instrument.

The second stage uses the Nd:YAG to pump a Sirah Cobra Stretch scanning

dye laser capable of harmonic frequency generation. Dye lasers operate by using a

laser to pump the population in a dye mixture and fluoresce an output of a certain

wavelength. The dye used in this research is a rhodamine 101/rhodamine B mixture

(recipe for dye mixture found in Appendix A) that has a centre fluorescence at

615nm. The dye laser has two separate stages; first the oscillator to produce a

seed of the fluorescence dye output with good beam quality and spectral purity and

secondly the amplifier to increase pulse energy. This two-stage dye system helps to

reduce amplified spontaneous emission (ASE) commonly associated with high energy

pulsed lasers. Problems associated with ASE include different temporal profiles of

the laser, larger optical bandwidths and a lower degree of polarisation.

As is often the case with dye lasers the emission curve is very broad, on

the order of tens of nm. The rhodamine 101/rhodamine B mixture outputs over a

wavelength range 600-630nm. A diffraction grating is used to provide wavelength
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control of the dye output, greatly reducing the bandwidth of the output beam. The

wide bandwidth of the dye and tunable nature of the grating allows scanning of

the wavelengths. By scanning the wavelength, the laser is able to absorb across the

entire broadened absorption peak of species of interest.

The 615nm output from the dye laser is frequency tripled in the third stage.

A second harmonic generation (SHG) crystal, SHG-250 BBO, frequency doubles the

dye output to 307nm. A second frequency mixing crystal THG-197 BBO mixes the

fundamental 615nm with the frequency doubled 307nm to produce 205nm photons.

A set of four Pellin-Broca prisms are used to filter out the unwanted wavelengths

and select only the frequency tripled output.

The dye laser is controlled via Sirah Control, a LabVIEWTM based program.

This controls the position of the grating to select the desired emitted wavelength.

Sirah Control allows wavelength scans to be set-up, specifying the wavelength scan

range and the size of the steps. In this work, the laser step size is 0.1pm (picometer)

or 10−4nm. The scan is set up in such a way so that the laser will wait for a trigger

signal from an external source before moving to the next wavelength in the scan.

Motor position tables are produced using the inbuilt powermeters to maximise

the frequency conversion of the BBO crystals. This is because the angle of the

crystals affect the conversion percentage. The powermeters and autotrackers can do

this automatically, however in this research it was determined that a look-up table

for the motor position provided a greater intensity of the 205nm laser.

It is necessary to record the laser energy of the pulses as the amplitude of the

fluorescence is dependent on the energy of the laser pulse (covered in more detail

later in the chapter). A UV beam split is used to direct a small percentage of the UV

laser to a Thorlabs DET10A/M fast photodiode which detects 200-1100nm light.

The photodiode outputs a voltage dependent on the energy of the light upon it. The

temporal shape of the 205.15nm laser pulse can be seen in Figure 3.4. The pulse

has a FWHM ∼7ns.

The laser energy is calibrated using the Thorlabs photodiode and a Newport

1918-R Power Meter with a Newport 919P-003-10 Thermopile Sensor. The ther-
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Figure 3.4: Temporal profile of the 205.15nm laser pulse.

mopile sensor can accurately measure laser shot energies from 20µJ - 2J or optical

power from 40µW - 3W. The thermopile sensor is placed inside the target chamber

of MAGPIE, directly where the TALIF measurements in this work are taken. This

measures the total power of the unfocused laser beam. As the repetition rate of the

laser is 10Hz, the average laser energy is 1/10th of the power. This energy is then

plotted against the integrated signal from the photodiode. This method accounts for

energy losses at the mirrors and the optical windows of MAGPIE. The calibration

for the laser energy against the photodiode signal is shown in Figure 3.5.

The photodiode calibration for the full range of the laser energy is shown to

have a non-linear type relationship as seen in Figure 3.5a. It is typical of photodi-

odes to display non-linear detection under high intensity light such as lasers. The

photodiode signals outputs a negative voltage under low-energy or no light condi-

tions, this is most likely due to dark current and the op-amp offest voltage and is

accounted for with the calibration. At the lower end of the laser energy, the pho-

todiode signal is linearly proportional to the laser energy as shown in Figure 3.5b.

Due to saturation effects that occur at higher laser energy in TALIF diagnostics, the
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(a) Photodiode dependence on laser energy

(b) Linear fit of photodiode calibration

Figure 3.5: (a) Full fit of the photodiode calibration against the laser and in

(b) is the linear section of the photodiode detection where the laser energy was

maintained.
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laser energies used in this research are restricted to the linear region of this fit. Laser

saturation effects are discussed later in the spectral effects section of this chapter.

The laser is directed towards the MAGPIE chamber by a series of UV mirrors.

One of the mirrors is mounted on a linear platform to allow movement behind the two

optical ports on the side of MAGPIE. Additionally it is mounted on a micrometer

actuator controlled platform to allow fine control over the position. This can be used

for alignment with the detection system and for small movement in axial position

across the window ports. A 25.4mm f=400mm UV fused silica plano-convex lens is

used to focus the laser into the plasma, this lens is also mounted on a linear platform

that allows the focal point to be moved radially in the chamber.

3.2.2 Detection Set-Up

Detection of the fluoresced light is a major component of the diagnostic. Consid-

eration must be given to the equipment used for detection, due to the very small

fluorescence signal and the large background emissions from the plasma. Due to this

it is important that the detection equipment used has a high sensitivity. Consider-

ation also needs to be given to the optical detection range of the detector. It needs

to be able to detect (high quantum efficiency) the fluorescence emission of both the

species of interest and the calibration species.

A Hamamatsu R3896 multialkali photomultiplier tube was chosen as the de-

tection method for the fluorescence. This photomultiplier tube has a detection range

of 185-900nm, which is suitable for many fluorescence experiments and provides an

amplification of 9.5x106. A Hamamatsu C1392-56 fast gated socket unit is used as

part of the assembly with the photomultiplier tube. Two power supplies provide the

DC bias for the PMT assembly. A Hewlett-Packard 6516A DC power supply pro-

vides negative 0-1000V and a TET Electronics ARGOS DC power supply provides

positive 0-200V. The gain of the PMT is controlled by adjusting the bias voltage

from these two power supplies. The PMT requires that the voltage from the powers

supplies remain in the ratio 5:1.
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The gated socket unit is usually gated ’off’, that is it has a reverse bias on

the first dynode which prevents photoelectrons from reaching the dynode during the

’off’ time. It is gated ’on’ with +5V ttl signal to the gate input terminal on the

socket unit. This gating provides a 104 difference between the gated ’on’ and ’off’

times and will reduce saturation of the PMT from the bright plasma emission.

A lens set-up shown in Figure 3.6 is used to focus on the fluorescence from the

probed spot and remove as much background light as possible. The fluorescence light

is emitted isotropically from the focus point of the laser, as such larger lenses allow

greater collection of the fluorescence. Therefore, larger 50.8mm diameter f=15cm

lenses are used to provide the largest solid angle of emission. The 656nm Hα from the

hydrogen plasma is an intense emission from the plasma that cannot be filtered out

due to the fluorescence at the same wavelength. To further remove the background

emission from the plasma, an adjustable size aperture is placed after the 50.8mm

lenses, with the fluorescence focused through the centre of the aperture. After the

aperture, two 25.4mm lenses are used to focus the fluorescence directly onto the

photocathode detector of the PMT.

Figure 3.6: Schematic of detection optics set-up.

As part of the detection set-up a removable filter is used to select the fluores-

cence wavelength. The filter additionally blocks a large percentage of the background

emission from the plasma as well as stray laser light being collected on the PMT.

The filter is exchangeable using a Thorlabs filter holder to select for the florescence of
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interest. A 656nm bandpass filter (∆λFWHM = 10nm) is used for atomic hydrogen,

and a high pass >800nm is used for krypton.

The entire PMT and optics assembly is mounted on a linear platform, this

moves the focus of the optics assembly radially from the centre of the chamber.

Additionally there are two micrometer actuator controlled platforms, one provides

finer position control in the radial direction. This allows full 0-40mm radial range

in MAGPIE. At 40mm the chamber walls block optical access. The other platform

provides up to 50mm range in the axial direction. This also provides full range of

the available optical access through the optical ports.

3.2.3 Data Acquisition and System Control

The Nd:YAG laser operates at 10Hz, therefore in the interest of protecting the

internal components of the laser, all timing is established from the 10Hz sync output

of the laser. A schematic of the hardware set up is shown in Figure 3.7. The

output is connected to the trigger input of an Agilent 33250A Function/Arbitrary

Waveform Generator. The function generator controls the pulsing of the RF to

MAGPIE by providing an on/off +5V ttl signal to the Ampegon RF transmitter.

The pulse duration and frequency of the plasma discharge are controlled by the

function generator. A delay is added to the signal to pulse the RF at the required

time in regards to the next laser shot. This is shown in the timing schematic in

Figure 3.8. This set-up isolates the high power RF supply from the rest of the control

system and can simply be controlled separately through the function generator.

The function generator outputs a sync signal with the same frequency and

time as the laser sync pulse. This outputs a trigger signal to a National Instruments

BNC-2110 Data Acquisition Board which is connected to a National Instruments

PXI PC. This provides a trigger pulse for a LabviewTM program to sync the timing

with other equipment. The function generator also provides a trigger pulse for

an Agilent Technologies InfiniiVision DSO-X 3014A oscilloscope via the same sync

output.
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Figure 3.7: Schematic of the physical hardware controlling timing and data

collection for the TALIF diagnostic.

Figure 3.8: Schematic of the syncing of the diagnostic components.
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A LabviewTM program has been written to control and provide timing for the

TALIF diagnostic. It controls the gating of the photomultiplier tube by providing

a +5V ttl pulse from the DAX board to the PMT gate input which switches it ’on’

and maintains it gated open for the duration of the laser pulse and the fluorescence.

The PMT gated ’on’ width is controlled by the length of gate pulse. The required

gate width is input into the front panel of the LabviewTM program.

The output of the PMT is connected to the Agilent Technologies InfiniiVision

DSO-X 3014A oscilloscope. The parameters of the oscillscope are entirely controlled

through the LabviewTM program. Parameters that are controlled via the program

are: sampling rate, time window and time delay. It also allows the number of

averages and the type of averaging to be selected.

The basic flow of the developed LabviewTM program is shown in Figure 3.9.

After setting up the experimental run parameters and initialising the connected

Agilent oscilloscope, the program will wait for a trigger pulse from the function

generator, which is synchronous with the laser pulse. If the program does not receive

a trigger in the specified time frame then it will exit and return an error informing

the user. Upon receiving a trigger, a delayed pulse is sent to the PMT to gate ’on’ for

the next laser pulse. The program will then average measurements from the PMT

on the oscilloscope until the desired number of averages is obtained. If multiple

measurements are required at the same wavelength, then the program will take the

same number of measurements again and record this measurement separately. Once

the number of measurements are completed the program outputs a TTL signal to

the laser, signalling the laser to move to the next wavelength and repeat the process

until all wavelengths have been scanned. A full 15pm wavelength scan with 64

averages per wavelength measurement and 0.1pm resolution takes approximately

1.5 hours.
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Figure 3.9: LabviewTM flowchart to control TALIF diagnostic system developed during

this research.
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3.2.4 Signal Analysis

The most important outputs from the TALIF diagnostic are the laser energy and the

fluorescence signal itself. Shown in Figure 3.10 is a plot of the measured laser pulse

(black) and the corresponding recorded fluorescence (red) from the atomic hydro-

gen population in a hydrogen plasma discharge. The data has been independently

normalised to display on the same plot.
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Figure 3.10: Normalised plot of a measured laser signal (black) and the corre-

sponding measured fluorescence signal (red).

The probed species can have a wide energy distribution within the plasma

due to broadening effects, such as Doppler broadening and the laser linewidth. This

wide distribution requires that the laser wavelength is scanned over a small wave-

length range (typically <0.1nm) to measure the entire population of the probed

species. Figure 3.11 shows the integrated fluorescence intensity for each wavelength

in the wavelength scan. The intensity of each fluorescence is corrected for the laser
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pulse energy. It is extremely important to record the laser energy as drifts in the

laser energy were observed over the long data accumulation times. The broadening

effects and laser energy corrections are covered in the next section of this chapter.

One wavelength scan with 32 averages (32 laser shots) per laser wavelength takes ap-

proximately 1 hour to complete. Over this time the laser pulse energy and linewidth

remains fairly steady. The energy and linewidth also remains within measured er-

rors over months of operation and only needs to be recalibrated with a change of

the laser dyes.
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Figure 3.11: Wavelength scan against the integrated fluorescence signal of atomic

hydrogen (656nm) corrected for laser energy.

3.3 Calculations and Calibrations

The TALIF diagnostic can be used to determine densities, temperatures and veloc-

ities of the species of interest simply by scanning across the absorption. However,
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careful attention must be given to the calibration and the broadening mechanisms of

the absorption. This section will give a thorough explanation of determining these

parameters and the considerations that must be taken into account.

3.3.1 Density Calculations

As species in a plasma have a spread of velocities, the laser wavelength needs to be

scanned across a range to probe the entire population. The density of the species ni

will be proportional to the area under the fluorescence scan. This integrated fluores-

cence signal depends on the density and can be considered to consist of three other

factors; the absorption, the emission and the detection. In general the fluorescence

can be written as:[145]

Sf = nifexcqffdet (3.1)

where fexc consists of the components related to the excitation of the species, such

as the cross section of the two-photon absorption and the laser properties.

Important laser properties for the excitation are the laser intensity, excitation

frequency and the temporal and spatial beam profiles. The temporal and spatial

beam profiles can be neglected from the relating signal to density if calibrated

using a species with a similar excitation scheme. qf is the quantum efficiency of

the excited transition. qf includes the branching ratio Akl from state k to l for the

fluorescence of interest and the lifetime of the excited state. Finally the fdet relates

to the properties and efficiency of the detection system for the fluorescence of the

species of interest. Important properties that must be considered are the

transmission coefficients of the detection optics, this includes all of the lenses and

filters as each will have an independent transmission coefficient, the quantum

efficiency of the detector and the solid angle of detection. Combining all of these

terms gives a more complete equation relating the density and the fluorescence

signal, the subscripts are dropped for ease of reading:
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SPMT ∝ nσ(2)

(
I

ν

)2

AτTξ
∆Ω

4π
G (3.2)

Here, n is the density of the species, σ(2) is the cross section for the two photon

absorption, I is the laser intensity, as the excitation involves two photons the signal

increases by the square of the laser intensity and ν is the frequency of the excitation

photons. Terms relating to the laser profiles have been dropped from the equation

as they can be calibrated for. A is the Einstein coefficient for the spontaneous

emission of the fluorescence transition and τ is the lifetime of the excited state. T

is the total optical transmission of the detection system, ξ is the quantum efficiency

of the detector for the fluorescence wavelength, while ∆Ω
4π

and G are the solid angle

of collection and the gain multiplication, respectively.

Hydrogen Calibration

To determine the density, temperature and other plasma parameters, a calibration

procedure is needed. Calibration of the signal for density is carried out using the

noble gas calibration method described in detail in [107, 146]. This calibration

method relies on using a noble gas that has a two photon absorption transition close

to the absorption in the species of interest. A close transition is required so that

the laser properties remain constant for both excitations and can be calibrated out.

Noble gases naturally exist in the atomic state which allows the density to be easily

measured and calibrated against the fluorescence signal.

Neutral krypton is an excellent choice for calibrating the two photon laser

induced fluorescence of the Lyβ of atomic hydrogen. Krypton has a ground state

transition 4p6
1S

0 → 5p′[3/2]2 at 102.1nm (204.2nm for 2 photons) and decays to

the 5s′[1/2]1, fluorescing with 826.3nm photons.[107] This excitation is very close in

energy to the 1s2S 1
2
→ 3d2S 5

2
of hydrogen and makes a suitable calibration species.

Both of these TALIF excitation and fluorescence schemes are shown in Figure 3.12.

Using Equation 3.2 for the fluorescence signal and taking the ratio of the

krypton to hydrogen gives:
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Figure 3.12: TALIF excitation scheme for hydrogen and krypton.
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If the solid angle remains constant between calibration and experiment then

it will cancel out. Rearranging for atomic hydrogen density (nH) gives:

nH = nKr
SH
SKr

(
IKrνH
IHνKr

)2
σ

(2)
Kr

σ
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H
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(3.4)

The majority of the terms in the expression remain constant and are previ-

ously measured in the literature; the excitation frequency (ν), the Einstein coeffi-

cients (A), the excited state lifetime (τ) and the quantum efficiency of the detector

(ξ) for both hydrogen and krypton can be defined as a calibration factor (CF ) in

Equation 3.5. Values for each of these terms can be found in Table 3.1. If the same

gain is used for calibration and experiment then the gain factor can be neglected.

Otherwise the detector signal-to-gain calibration should also be determined.

CF =

(
IKrνH
νKr

)2
σ

(2)
KrAKrτKrTKrξKrGKr

σ
(2)
H AHτHTHξH

nKr
SKr

(3.5)
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Table 3.1: Table of values for H and Kr used for TALIF calibration

H Kr

λ (nm) 656.27 826.30

A(s−1) 4.4x10−7[147] 2.7x10−7[148]

τ (ns) 16.0[146] 35.4[146]

T 0.9394 0.9018

ξ 0.15 0.04

The intensity of the laser (IKr) used for exciting krypton is measured using

the fast photodiode described in the experimental set-up. The ratio nKr

SKr
in Equation

3.5 is determined by isolating the pumps in MAGPIE and filling the chamber with

krypton gas to a measured constant pressure. This allows the density of krypton

to be calculated. The signal is determined from a TALIF scan of the krypton gas.

A plot of the TALIF signal for increasing krypton density is shown in Figure 3.13

where nKr

SKr
determined from the slope. The offset in the plot is due to integrating

the voltage output from the PMT which has a slight background negative voltage

output.

Substituting Equation 3.5 into Equation 3.6 gives a calibrated equation for

the absolute density of atomic hydrogen in terms of the integrated fluorescence

signal, the laser intensity, the calibrated gain and the determined calibration factor:

nH =
SH

I2
HGH

CF (3.6)

3.3.2 Temperature Calculations and Spectral Features

There are many mechanisms that broaden the absorption line and need to be under-

stood and accounted for to correctly calculate the densities and temperatures. This

is especially important for calculating the temperature of a species as it is related to

the Doppler broadening of the absorption profile. Incorrectly assuming or neglecting
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Figure 3.13: Plot of krypton density against the integrated PMT signal.

broadening effects can lead to significant overestimation of the Doppler broadening

and hence the temperature.

Doppler Broadening

One of the major sources of broadening for absorption is Doppler broadening caused

by the thermal motion of absorbing species. The greater the spread of thermal

motion the larger the observed broadening will be. This is caused by the motion of

an atom relative to the incident photon from the laser. The frequency of the photon

relative to the atom is given by:

∆ν = ν0
v

c
(3.7)
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where ∆ν is the shift in frequency observed by the absorbing atom, ν0 is the

unshifted frequency of the exciting photon, v and c are the velocity of the atom

and speed of light respectively.

A Maxwellian distribution describes the velocity profile of a system of par-

ticles in thermodynamic equilibrium. It is assumed that the particles will have a

Maxwellian distribution. The velocity distribution of the absorbing population can

therefore be fit with a Gaussian function:

f(ν) =

√
m

2πkT
exp

[
−

(
m (ν − ν0)2

2kBT

)]
(3.8)

where m and T are the mass and temperature of the absorbing species,

respectively, ν0 is the average velocity and kB is the Boltzmann constant. The

broadening of this Gaussian is then given by:

σD = ν0

√
kBT

mc2
(3.9)

or in terms of the full width half maximum of the measured absorption:

∆νFWHM =
ν0

c

√
8ln2

kBT

m
(3.10)

If all other broadening mechanisms can be neglected or accounted for, then

the temperature population can be determined by:

T =
σ2
Dν

2
0m

c2k
(3.11)

72



3.3. CALCULATIONS AND CALIBRATIONS

Isotopic Broadening

Each isotope of a species will have the centre absorption wavelength shifted due

to the nuclear structure effecting the energy levels in the atom. The extent of the

wavelength shifting depends on the species and is inversely related to the mass.

Lighter species such as hydrogen, will have greater wavelength shifts for its isotopes

than heavier elements such as krypton.

Table 3.2 contains the shift in wavelength (∆λ0) for the 4p6
1S

0 → 5p′[3/2]2

transition for the isotopes of krypton along with the atomic mass and natural abun-

dance of each.

Table 3.2: Table of wavelength shift from Kr84 for the 4p6
1S

0 → 5p′[3/2]2 transi-

tion, atomic mass and natural abundance of the naturally occurring isotopes of

krypton.

Kr isotope ∆λ0 atomic mass (u) abundance

Kr78 −6.05× 10−14[149] 77.9204 0.35%

Kr80 −4.10× 10−14[149] 79.9164 2.25%

Kr82 −2.06× 10−14[149] 81.9135 11.6%

Kr83 −1.15× 10−14[150] 82.9141 11.5%

Kr84 0 83.9115 57.0%

Kr86 +1.81× 10−14[149] 85.9106 17.3%

The broadening of the krypton fluorescence was modelled using the data in

Table 3.2. Each isotope is considered to have a Maxwellian distribution centred

around its centre absorption wavelength and is broadened due to Doppler broaden-

ing. As 78Kr has a very low abundance, 0.35%, it is ignored in the model. Figure

3.14 shows the individual contributions from each of the most abundant naturally

occurring isotopes of krypton in dashed lines for T=50K. The total broadening is

shown in the solid blue line. Even at the low temperature of 50K, the individual

isotopes in krypton have very little effect on the broadening. At room temperature
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(T=300K) the Doppler broadening further dominates any broadening that is due to

the isotopes and the isotopic broadening is negligible.
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Figure 3.14: Model of the broadening due to the isotopes of krypton. The dashed

lines are the individual contributions from the most abundant isotopes and the

solid blue line is the total observed broadening with T=50K. The solid black line

is the combined peak at T=300K.

Krypton is a heavy element and does not display a large shift in energy levels

between isotopes, conversely hydrogen is much lighter and the change in energy

levels between its isotopes makes them individually resolvable with LIF diagnostics.

Table 3.3 contains the transition wavelength for the Lyβ for each of the naturally

occurring isotopes of hydrogen. The transitions for hydrogen and deuterium are

found in the literature. The wavelength for tritium is estimated by recognising that

the shift arises due to, and is proportional to, the reduced mass of the atomic system

(µ).[151]
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µ =
m1m2

m1 +m2

(3.12)

As the relative abundance of hydrogen is mostly comprised of 1H, there is lit-

tle to be gained from modelling the abundances. Therefore for modelling the isotopic

energy shifts it is assumed that each isotope has the same relative abundance.

Table 3.3: Table of data for isotopes of hydrogen

H isotope Lyβ wavelength (nm) atomic mass (u) abundance

H 102.571 1.0078 99.98%

D 102.544 2.0141 0.02%

T 102.535 3.0160 trace

The isotopic splitting of hydrogen is shown in Figure 3.15 for a neutral tem-

perature (TH) of 1000K. In MAGPIE the approximate maximum neutral tempera-

tures observed at higher powers is 1000K. It is seen that at this temperature all three

isotopes are individually resolvable. It is not until much higher temperatures, such

as those found in fusion devices, that the absorptions of hydrogen isotopes begin to

overlap. Fitting for three populations still allows the isotopes to be measured. It

can be seen in the figure the differences between the Doppler broadening for differ-

ent temperatures, hydrogen has the largest FWHM while tritium has the smallest

because of its larger mass.

Laser Line Width Broadening

The largest contributor to broadening of the absorption other than the above dis-

cussed Doppler broadening (λD) is caused by laser apparatus function (λl). The laser

apparatus function includes all mechanisms that can broaden the laser width, these

include fluctuations of power and frequency between pulses and the laser linewidth.

Short pulsed lasers, such as those used in LIF type studies, typically have larger

linewidths than continuous wave (CW) lasers which directly contribute to the laser

apparatus function. Shown in Figure 3.16 is a schematic illustrating how the laser
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Figure 3.15: Resolvable isotopes of hydrogen using TALIF at T=1000K.

linewidth affects the absorption. As the wavelength is scanned further from the ab-

sorption wavelength, a broader laser will still be able to excite the fluorescence due

to the combination of λ −∆ and λ + ∆ in laser pulse. To correctly determine the

temperature through the Doppler broadening any broadening from the laser must

be accounted for.

Figure 3.16: Photons of wavelengths from the edges of the laser linewidth (left)

are able to excite a two photon excitation (right) by the contribution energy to

cause the transition.
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In the TALIF experiment the photon is counted twice because it is a two

photon excitation. The total broadening will therefore be a double convolution

of the laser apparatus function(λl) and the Doppler broadening(λD) as shown in

Equation 3.13 where ∆λabs is the full width half maximum of the absorption.

∆λabs =
√

∆λ2
D + 2∆λ2

l (3.13)

For this experiment, the laser apparatus function has been determined using

a mixed H2/D2 plasma by the method outlined by Lamara.[152] As discussed in the

previous subsection, the Lyβ excitation scheme can resolve atomic hydrogen and

deuterium populations at low temperatures. The excitation for atomic hydrogen

(2x205.144nm) and deuterium (2x205.088nm) are very close which allows two TALIF

scans to be completed in a narrow wavelength scan. The properties of the laser

should remain the same across such a small range. Using Equation 3.13, separate

equations can be made for both hydrogen and deuterium.

∆λabs,Hy =
√

∆λ2
D,Hy + 2∆λ2

l (3.14)

∆λabs,Du =
√

∆λ2
D,Du + 2∆λ2

l (3.15)

where subscripts Hy and Du represent hydrogen and deuterium respectively.

Hydrogen and deuterium atoms are expected to be in thermal equilibrium and

have the same temperature (TH = TD). From Equation 3.10, the broadening is

proportional to the square root of temperature and inverse mass. A deuterium

atom has twice the mass of a hydrogen atom. Therefore:

∆λ2
D,Du =

∆λ2
D,Hy

2
(3.16)
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Combining Equations 3.14-3.16 gives:

∆λl =

√
2∆λ2

abs,Du −∆λ2
abs,Hy

2
(3.17)

Shown in Figure 3.17 is the fluorescence scan across both the atomic hydrogen

and deuterium absorptions. A FWHM of 5.64pm and 4.05pm are measured for

hydrogen and deuterium peaks respectively. Using Equation 3.17 this gives a laser

apparatus function of 1.11pm. This method determines the average broadening

caused by the laser linewidth and fluctuations in the outputted laser wavelength.

The area under each peak is a 1:1 ratio, agreeing with observations previously.[152,

153, 154]

Figure 3.17: Fluorescence scan of mixed 50:50 H2/D2 plasma used to determine

the laser apparatus function.
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Saturation Broadening

If the absorbing population is locally depleted during the excitation then saturation

has occurred. When the laser pulse saturates the population, the fluorescence signal

will no longer be proportional to the square of the laser intensity as shown in Equa-

tion 3.6. The saturated signal will be proportionally lower compared to the laser

energy, leading to an underestimation of the density and temperature. The point of

saturation depends on a range of experimental conditions including; the density of

the absorbing state and the size of the laser spot at the focus, which is affected by

the focal length of the lens.

The saturation point is investigated for both krypton and hydrogen by plot-

ting the detected signal against the laser energy, while keeping the experimental

conditions the same. The laser wavelength was maintained at the centre absorption

wavelength. The chamber was filled with krypton gas to 10mTorr and the TALIF

signal plotted against the laser energy as shown in Figure 3.18. Under the exper-

imental conditions and set-up used in this research, 10mTorr krypton displayed a

saturation at the centre wavelength at approximately 0.8mJ. Even at lower energies

the wings in the absorption will also display saturation due to the lower densities

at the edges of the velocity distributions. Therefore the laser energy must be kept

lower than the measured saturation point. In this work the laser energy is kept less

than 0.1mJ to avoid saturation.

The saturation for atomic hydrogen was determined at 100µs into the after-

glow of a 5ms pulsed 1kW plasma. The plot of the TALIF signal for laser energy is

shown in red in Figure 3.18. It is seen that atomic hydrogen displays a change in

the relation indicating the saturation point at 1.06mJ.

Zeeman Splitting

In the presence of magnetic fields, the energy levels in atoms lose their degeneracy

as the energies of states change. This splitting of energy levels is known as Zeeman
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Figure 3.18: TALIF signal against laser energy for atomic hydrogen (red) and

krypton (black). The change in the relationship marks the saturation energy for

each species in the experimental set-up.

splitting. The energy change in energy levels by Zeeman splitting is given by:[155]

∆EZ = µBBgmj (3.18)

where µB is the bohr magneton, B is the magnetic field strength, g is the lande

g-factor, which is given by:

g = 1 +
j(j + 1) + s(s+ 1)− l(l − 1)

2j(j + 1)
(3.19)
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mj is the change in the total angular momentum for the transition, in the

case of TALIF where there are 2 photons, mj = 0,±2. For the 1s2S 1
2
→ 3d2S 5

2

transition in hydrogen, the 1s ground state will split into 2 states in an external

magnetic field. The upper 3d state splits into 6 separate states and the 3s splits into

2 for each of the available j states. The Zeeman split energy levels for the 1s to 3s,d

two photon transition are shown in Figure 3.19 for the allowed mj.

Figure 3.19: Zeeman splitting of the 1s, 3s and 3d energy levels for atomic

hydrogen. The allowed transition are shown.

When the Zeeman splitting is below resolvable levels it will be displayed as

a broadening of the peak and should be considered. As shown and discussed in

Chapter 2 the externally supplied magnetic field has a maximum of 0.19T with the

1000A-1000A coil configuration. The shift in absorption wavelength for each of the

split energy states for the 1s2S 1
2
→ 3d2S 5

2
under this maximum field configuration

is shown in Figure 3.20 (top). While there is noticeable splitting under this mag-

netic field, the Doppler broadening is still the major component of the broadening.

The final shape of the peak is slightly broadened but the individual states are un-

resolvable. Shown on the bottom of Figure 3.20 is the Zeeman splitting from the

magnetic field under standard operating conditions at the TALIF measurement po-

sition (z=15cm). Under standard operating conditions the peak is not noticeably

changed by the Zeeman splitting.
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Figure 3.20: Zeeman splitting of the 1s2S 1
2
→ 3d2S 5

2
transition under the max-

imum magnetic field in MAGPIE (top) and standard operating conditions (bot-

tom). The unbroadened peak is shown in red and the Zeeman broadened peak is

shown in black.

It is worth noting however that under strong magnetic fields the Pashcen-

Bach effect will occur, where the spin and angular momentums are decoupled. The

Pashcen-Bach effect leads to additional splitting of the states and would be expected

under the much larger magnetic fields expected in tokamak devices.
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Stark Broadening

In the presence of a strong electric field, the energy levels in the atoms can be

split depending on the electric field strength, this is known as stark splitting. As

there is no uniform electric fields in MAGPIE, stark splitting is due to the collisions

and micro-fields within the plasma. Electric fields in low density and temperature

plasmas are generally very small and short lived and don’t have a significant effect

on the stark splitting of the energy states. It has been shown that collisions with the

ions are the dominant stark broadening mechanism for the 656nm Hα state [156]

The stark broadening of the Lyα transition for a range of plasma densities

and temperatures have been computed in [157]. For stark broadening to become

meaningful (FWHM>1pm), electron densities on the order of 102 times higher than

those observed in MAGPIE. Therefore stark broadening is considered negligible in

MAGPIE.

Pressure Broadening

Broadening of the line width can occur due to perturbations of energy levels in the

particles due to collisions with neighbouring particles.[158] Line broadening due to

collisions is generally called pressure broadening (Stark broadening is occasionally

also grouped under pressure broadening) and can generally be categorised into res-

onance broadening and Van der Waals broadening. Resonance broadening occurs

between particles with allowed dipole transitions.[158] However as the two-photon

transition is a forbidden transition between the excited state and the ground state,

resonance broadening is negligible in this work.

Van der Waals broadening can occur between different atoms and/or molecules,

but over a much smaller distance than the other broadening mechanisms discussed

in this work.[158] The Van der Waals broadening is given by:[159]

∆λVW =
2γ

N

(
Tg
T0

)α
n0 (3.20)
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2γ

n0

= 8.16(∆C6/h̄)2/5ν3/5 (3.21)

where, ∆λVW is the full width half maximum due to Van der Waals broadening,

2γ/n0 is the reduced width coefficient where n0 is the total number density, Tg and

T0 are the gas and reference temperatures respectively, ∆C6 is the Van der Waals

constant, α is an empirically determined constant and ν is the relative mean

velocity of the interacting particle. Due to the low densities in this work. pressure

broadening is expected to have negligible effect on the the broadening of the

absorption line-width.

3.3.3 Velocity Calculation

Photons from the laser will be Doppler shifted in the frame of the particles. If the

bulk flow of particles is aligned in the same direction as the laser propagation then

the photon energy will be shifted according to the velocity of the particles. Bulk

particles moving towards the laser will be blue shifted and the absorption will occur

for a lower energy and therefore the wavelength will be larger. Figure 3.21 shows an

idealised example of the absorption occurring at a higher wavelength when the bulk

velocity is towards the laser. The opposite will occur for particles with a velocity

distribution away from the laser, it will be red shifted and require a higher laser

energy, resulted in the absorption occurring for a lower laser wavelength.

The Doppler relation in Equation 3.22 relates the shift in the centre ab-

sorption wavelength or frequency with the average velocity of the species along the

direction of the laser propagation:

∆λ

λ
=

∆ν

ν
=
v

c
(3.22)

where ∆λ is the shift in wavelength from the centre wavelength, λ, and ∆ν is the

frequency shift from the centre frequency, ν. v and c are the average speed of the

absorbing species and the speed of light. Accurate measurements of the peak shift
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Figure 3.21: Wavelength shift of the centre peak of the absorption due to Doppler

shift.

allows the average velocity of the species to be determined. This provides

information about the bulk flow of the particles in the plasma. It is important to

note that this measurement is in the direction of the laser propagation only.

Velocities of the neutral species have not been determined in this work. The

majority of particle flows in MAGPIE are expected to be axial along the device,

while measurements presented in this dissertation have been performed side on to

the MAGPIE target chamber in the radial direction. Therefore very little shift in

the velocity is expected. Accurate measurement and calibration of the wavelength

is required to measure wavelength shift and the current TALIF diagnostic does not

have this capability. Possible upgrades for measuring the wavelength shift could be

to use a spectral analyser or an iodine gas cell.

3.3.4 Lifetimes and Decay Constants

Due to the selection rules, atomic hydrogen can be excited from the 1s ground state

to either the 3s or 3d upper state via the two photon absorption. The excitation

85



3.3. CALCULATIONS AND CALIBRATIONS

to the 3d state has a larger cross section than to the 3s state. The lifetime will

depend on the de-excitation channels available to each level. If they are collisionally

isolated, they cannot change state through collisions and decay through radiation

only. The lifetime of the state will then simply be the natural lifetime of the state.

The 3d state has a natural life of 16ns, while the 3s has a longer lifetime of 150ns.

If there is coupling between the states caused by collisions, the states will be

populated depending on their statistical weights. In this case the lifetime will be a

weighted average of the lifetimes of each decay path available to the excited atoms.

By fitting exponential decay functions of the form:

exp

(
− t

τ

)
(3.23)

to the individual fluorescence signals the lifetimes of the fluorescence can be

determined. Shown in Figure 3.22 is a fit of the lifetime using the exponential

decay function.

To determine the lifetime of a state under a certain condition and position,

the exponential decay function was fitted to the fluorescence signal from the peak of

the wavelength scan with the five closest wavelength measurements both above and

below the peak. The more intense fluorescence signals close to the centre peak were

used because they provide a better signal-to-noise ratio compared with signals near

the edge of the absorbed wavelength range. Therefore the presented lifetimes are an

average of eleven measurements. Shown in Figure 3.23 are measured fluorescence

lifetimes of the excited states in the afterglow for 5kW (top) and 20kW (bottom)

plasma. Shown are the 5kW measurements at a radial position of 10mm from the

centre and the 20kW at 30mm. There is little variation in the lifetime of the excited

states across all measurements in the research for all powers 1-20kW and all radial

positions 0-30mm.

86



3.4. SUMMARY

-5 -4 -3 -2 -1 0 1 2 3 4 5

Time (s) ×10-7

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16
In

te
ns

ity
 (

ar
b.

 u
.)

Data
Fit

Figure 3.22: Fit of the excited state lifetime to a fluorescence signal.

As shown in Figure 3.23 the lifetimes remain fairly constant, approximately

17ns for 5kW and 25ns for 20kW. Both values are within the errors or each other.

The lifetimes for the 5kW example suggest that only the 3d state is being measured

by the TALIF and it is appropriate to use the 1s2S 1
2
→ 3d2S 5

2
for calculations. Work

by Boogaarts et al. measured lifetimes of 10ns in their arcjet plasma, suggesting

that collisional coupling was occurring between the 3s,p and d states which agrees

with a statistical distribution over the three states.[145]

3.4 Summary

This chapter has presented the newly established two-photon absorption laser-induced

fluorescence diagnostic that has been set up as part of this research. The operation
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Figure 3.23: Lifetimes of the upper TALIF state from atomic hydrogen. After-

glow measurements for 5kW (top) and 20kW (bottom) plasmas. Measurements

are made at radial position 10mm (top) and 30mm (bottom).

and control of the diagnostic has been covered in detail with discussions of the laser

set-up, the optics and detection set-up, and the data acquisition and control system,

including a discussion of the created LabviewTM program.

A detailed discussion of the physics and calculations of the two-photon ab-

sorption laser-induced fluorescence technique is presented. The various broadening

mechanisms and their contributions to the total absorption shape have been dis-

cussed in detail.
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Chapter 4

Atomic Hydrogen and Neutral

Depletion

Neutral species play important roles in low temperature plasmas, their temperature

affecting both the reaction rates and processes occurring. Neutral species also af-

fect plasma transport and confinement due to collisions and reactions.[160] Neutral

depletion has been shown to increase plasma transport due to the lower neutral

density lowering the drag on the ions.[161] Knowledge of the neutral species present

in the plasma as well as their parameters will be useful for understanding the pro-

cesses that occur in the high power plasma devices, such as the MAGPIE helicon

device, including neutral depletion, and can be empirically compared to models and

simulations.

This chapter presents dependencies of neutral atomic hydrogen density and

temperature with applied RF power. Measurements of the atomic hydrogen are

made 1ms into the afterglow of a 5ms plasma discharge, unless otherwise specified.

It is shown that when the plasma pressure exceeds the gas fill pressure, atomic

neutral depletion occurs. The plasma pressure, pe = nekbTe, is the partial pressure

due to the plasma species, the electrons and ions. Often the ions are neglected when

calculating the plasma pressure as the much lower temperature of ions means that

they provide a negligible contribution to the plasma pressure. The pressure from the

ions is similarly neglected in this work and is determined from the electron pressure.
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This is the first time that such an observation has been made for a hydrogen plasma

in a high power helicon device. The effect of gas heating and ionisation on depletion

is also discussed.

4.1 Plasma Parameters

Hydrogen plasmas in MAGPIE have been well-researched in previous work.[132, 81,

162] In this section, the discharge properties of the plasma is presented. Samuell in-

vestigated the atomic and molecular hydrogen temperatures in a hydrogen plasma at

high power (up to 20kW) using optical emission spectrocopy.[81] However the atomic

temperature was only measured up to 1kW applied RF power. Atomic hydrogen

temperatures up to 20kW will be presented in this thesis. The plasma densities (ni)

and electron temperatures (Te) are reproduced from work by Santoso.[132] Santoso

determined these parameters using an uncompensated single Langmuir probe (SLP),

as described in [132]. In this thesis, this work is expanded upon by discussing the

plasma pressure and dissociation fraction, measured by TALIF, of the plasma.

This chapter examines the plasma dynamics, specifically atomic hydrogen, in

the plasma afterglow of a high power (1-20kW) discharge in the MAGPIE helicon

device. All measurements presented in this chapter will focus on one spatial position

in the plasma. Measurements are made at the radial centre (r=0) and at an axial

position upstream (z=150mm) from the antenna in the target chamber. The radial

and temporal evolution of the plasma parameters are discussed in Chapter 5. Due

to the large background emissions associated with high power plasmas (due to the

strong plasma emission at 656nm), measurements are restricted to the afterglow of a

plasma discharge pulse. This enables good signal-to-noise of the fluorescence signal.

Plasma Density

Firstly, the plasma density will be considered as a function of applied RF power. In

this work it is assumed that due to quasineutrality the electron and ion densities

are approximate (ne ≈ ni), the plasma density is therefore refered to as either the
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density of the electrons or the charged ions. As illustrated in Figure 4.1 the plasma

density is seen to increase with power starting at 5x1017m−3 at 1kW applied RF

power. As the power is increased there is a slow increase in density up to 3kW,

where a density of 1.2x1018m−3 is obtained. At approximately 3-5kW, MAGPIE is

observed to switch into the more efficient helicon mode in the pure hydrogen plasma.

The tranisition from the inductively coupled plasma mode to the helicon mode has

previously been investigated in MAGPIE.[162] Helicon modes are associated with

large increases in plasma density and this is also observed in MAGPIE. The plasma

density is observed to seemingly peak at approximately 13kW at 1.7x1018m−3 and

further increases are not observed with increasing the applied RF power up to 20kW.

This upper density limit was first described by Miljak and Chen in an argon plasma

using two half-wavelength helicon antennas at each end of a 1.65m long, 4.5cm

quartz tube.[2] They observed an upper plasma density of approximately 1020m−3.

This apparent upper density limit has been confirmed in other plasmas, such as

krypton.[91]

The plasma density has also been measured in MAGPIE by Caneses using a

double Langmuir probe who measured similar ion densities of 1019m−3 in a 20kW

hydrogen plasma but with the mirror field coils at 200A.[162] Those measurements

are in close agreement to those presented here.

Electron Temperature

The exact mechanism of energy dissipation from the helicon wave to the plasma is

still unknown. However, helicon sources provide very efficient plasma production

due to the non-resonant nature of the power dissipation via collisional damping,

delivering higher density production with little change in electron temperature.[76]

Shown in Figure 4.2 is the electron temperature as a function of applied RF power

at the same (r,z) = (0, 150mm) position.

It is observed that the electron temperature in a low power (1kW) plasma is

3.5eV. This increases abruptly up to 6eV at 5kW and then remains fairly constant
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Figure 4.1: Ion density as a function of power under standard operating condi-

tions at z=150mm and r=0mm. Reproduced from Santoso.[132]

until 20kW. Higher electron temperatures correspond with higher rates of ionisation,

which in turn creates a higher plasma density.

Ionisation Fraction

The ionisation fraction has been estimated by using the measured electron density

and the H2 gas fill density by:

Ionisation Fraction =
ne

ne + nH2

(4.1)

Whilst this may not be a precise measurement of the ionisation fraction if

neutral depletion is occurring in the centre of the plasma, it does give an estima-

tion of the global average of the ionisation fraction, both ionisation of atomic and
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Figure 4.2: Electron temperature as a function of power under standard operat-

ing conditions at z=150mm and r=0mm. Reproduced from Santoso.[132]

molecular hydrogen. If neutral depletion is occurring in the centre of the plasma,

as has been observed for other gases in helicon plasma devices, then the molecular

hydrogen density may also be depleted. This will lead to the molecular hydrogen

density being significantly lower than the fill pressure during the plasma discharge.

In turn, the ionisation fraction would then also be significantly higher.

The ionisation fraction as a function of power is shown in Figure 4.3. At 3kW

and lower the ionisation fraction is below 1% compared to the initial H2 density.

With MAGPIE switching into helicon mode at approximately 3-5kW, the ionisation

fraction increases quickly as it is ne dependent (not Te dependent). Once the density

plateaus at ≈15kW, the ionisation fraction is observed to be roughly 10%. Magee

observed an almost completely ionised core in krypton where he was able to measure

both the neutral and plasma densities.[163] It is expected that the actual ionisation
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fraction will be larger at higher applied RF power as neutral depletion will cause a

lowering of the neutral particles in the plasma core.
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Figure 4.3: Ionisation fraction as a function of power at (r,z) = (0, 150mm)

in MAGPIE. Ionisation fraction is calculated assuming that the neutral density

during the discharge is the same as the fill pressure density.

Plasma Pressure

One proposed method for neutral depletion occurring in the plasma is due to a higher

plasma pressure in the centre pushing neutral species out of the centre towards the

chamber wall. The plasma pressure can be calculated using the measured values for

electron density (where ne ≈ ni) and temperature through the equation:

Px = nxkBTx (4.2)
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where Px is the pressure due to species x, n is the density in m−3, kB is the

Boltzmann constant and T is the electron temperature in Kelvin.

As the ion temperature is much lower than the electron temperature,[164] due

to the much larger mass of the ions (compared to electrons), the pressure from the

ions is expected to be negligible compared to electrons and is therefore ignored. The

calculated pressure from the plasma is shown in Figure 4.4. The plasma pressure

follows a similar trend to the electron density. For the H2 10mTorr input pressure

used in this experiment, the pressure at the (r,z) = (0mm, 150mm) position will be

9.1mTorr.(See Chapter 2.4) The plasma pressure is comparable but slightly lower for

power <3kW. Above this power (H-W mode transition) the plasma pressure begins

to become larger than the base neutral pressure before the plasma is switched on.

Above 15kW the plasma pressure is higher than 120mTorr, which is over ten times

higher than the neutral pressure.

With the electron pressure reaching comparable pressures to the neutral gas

pressure, there is the possibility for neutral depletion to occur. This is known as

ion pumping where friction forces push the neutrals into a region of lower plasma

density. This is due to the mutual drag on ions and neutrals due to collisions.[3]

Ion pumping has been observed as the mechanism for neutral depletion in xenon

where a hollow neutral density profile was observed in the centre of the chamber and

increasing towards the chamber edge.[121] Ion pumping may be further enhanced

in MAGPIE due to the mirror fields which ’pinch’ the plasma in the target region

to create a high plasma density along the axis. This will be discussed further in

Chapter 5.

While electrons are usually isothermal, neutrals often display significant gas

heating which has to be taken into account. Gas heating of the neutrals will be

discussed in more detail further in this chapter and again revisited in the next

chapter.
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Figure 4.4: Electron pressure as a function of power at (r,z) = (0, 150mm) in

MAGPIE.

Wall Pressure Measurements

To further investigate the neutral pressure, the MKS Baratron was moved to the

diagnostic port used for the TALIF investigations, z=150mm from the source. The

pressure at the wall of the chamber was measured as a function of increasing power in

a continuous plasma. The wall of the target chamber is at r=80mm from the centre

of the chamber. At the higher power measurements, where the high heat loads limit

the duty-cycle to 1%, a single long pulse (∼1s) was used until the pressure stabilised.

At the higher powers increased wall temperature was observed. The increase in wall

temperature will increase the depletion due to gas heating. The wall pressure as a

function of power is shown in Figure 4.5.
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Figure 4.5: Edge pressure at z=150mm in MAGPIE as a function of applied RF

power.

As the applied RF power is increased, a decrease of the pressure is observed

at the wall in MAGPIE. A steady linear decrease in pressure is observed to occur

up to 3kW applied RF power, with the pressure dropping to 7mTorr. Above 3kW,

consistent with the mode switching from inductive to helicon (H to W), a change

in the relationship between power and wall pressure is observed, where it changes

to an exponential shape. At 20kW, the wall pressure is observed to decrease to

1.7mTorr, greater than a factor of 5 decrease in pressure. Therefore the assumption

of a constant molecular hydrogen pressure density in the discussion of ionisation

fraction will not be accurate. This change in pressure density should be taken into

account for high power plasma devices that may be displacing neutrals.

Liard et al. [124] observed similar behaviour with a xenon plasma in a helicon

device. At 3kW with a 8.9mT axial magnetic field they observed a 50% decrease in

the pressure at the wall of the chamber. They explain this as an enhancement of the
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pumping speed. They also observed that for low (or zero) magnetic field strengths

the neutral density would increase at the edge, which corresponds to the neutral gas

accumulating at the wall.

To investigate the effect of magnetic field strength on the edge pressure, the

mirror field was scanned from 0A (24G) to the standard 300A (190G) used in this

work in steps of 50A, shown in Figure 4.6. The applied RF power was kept at

20kW and the source field was maintained at a constant 50A as the mirror coils are

the dominate source of magnetic field at z=150mm in MAGPIE. The source fields

contribute a constant 24G at (r,z) = (0, 150mm).
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Figure 4.6: Edge pressure at z=150mm in MAGPIE from a 20kW discharge as

a function of the total magnetic field strength.

It is observed that without the magnetic field from the mirror coils there is

still a slight drop in the measured pressure at the chamber walls from 9.1mTorr (H2

fill pressure at z=150mm) to 8.6mTorr. With increasing magnetic field strength the

pressure is observed to continue to fall, dropping to 1.7mTorr at 188G, which is the
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standard 50A:300A coil current configuration.

It has been suggested by Aanesland et al. that the decrease in the wall

pressure is due to the neutral gas being dragged along the chamber by the charged

particles. The charged particles in the plasma are being directed axially along the

chamber due to the force from the magnetic field:

F|| = −µ∇||B (4.3)

where µ is the magnetic moment. However, more work needs to be undertaken to

confirm if this is occurring.

4.2 Atomic Hydrogen Power Scans

In diatomic species such as hydrogen there is competition between dissociation and

ionisation processes for absorbing the RF power. This creates a plasma that consists

of neutral molecular and atomic hydrogen, as well as a range of charged species, e,

H−, H+, H+
2 , H+

3 . In MAGPIE, the low temperature hydrogen plasma will be a

weakly ionised plasma as there is a larger neutral population than charged species.

It is important to understand the neutral species in a plasma as they have collisions

and reactions with the charged species as well as interactions with the walls of the

plasma device and materials that are used in plasma processing. This section will

focus on measurements of the atomic hydrogen (H) carried out using the newly

established TALIF diagnostic.

Neutrals are an important component in the plasma, they are a source of fuel

to further increase the plasma density and are involved in collisions and reactions.

Neutral pressure is observed to affect flows[165] and the temperature of the neutral

affects reaction rates and wall loadings.[166] While extensive research has been con-

ducted on hydrogen plasmas in the MAGPIE device, there has been little research

performed on atomic hydrogen.
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4.2.1 Power Dependence

The RF power was scanned from 1-20kW and TALIF wavelength scans were recorded

at 1ms into the afterglow of a 5ms plasma pulse. The choice of this short pulse

length is due to high heat loads and fluxes on the chamber walls associated with

higher power operation, which requires MAGPIE to operate at a 1% duty cycle. A

shorter pulse length can also be beneficial as the TALIF diagnostic can be quite

time intensive and this reduces the time required to complete a measurement. The

molecular H2 pressure for this power scan is 10mTorr and the magnetic fields on

MAGPIE were the 50A:300A standard operating set-up discussed in Chapter 2. The

TALIF measurements were made at the usual position of (r,z) = (0mm, 150mm).

It is expected that with increasing applied RF power the atomic hydrogen

density will increase as there is a greater amount of dissociation. A much larger set

of equations are shown in Table 1.3 that include more production mechanisms for

the creation and loss of atomic hydrogen.

H2 + e→ H +H + e (4.4)

However as can be seen in Figure 4.7, which shows atomic hydrogen density as

a function of power, the atomic hydrogen does not continue to increase with higher

applied RF power. As the applied RF power is increased to 3kW, this is an increase

in the measured atomic hydrogen density. Above 4kW though, there is a significant

decrease in atomic hydrogen density from 4.4x1018m−3 to 7x1017m−3 at 15kW. The

density appears fairly constant from 15kW to 20kW. While this research focuses on

atomic hydrogen in the plasma, it is likely that there will also be a corresponding

decrease in the molecular hydrogen.

This decrease in density of the neutral atomic species in the plasma, known

as neutral depletion, will lead to an upper limit on plasma densities, as seen above

15kW in Figure 4.1, as the neutral species are the source of new plasma through

ionisation.
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Figure 4.7: Atomic hydrogen density as a function of power.

4.2.2 Pulse Length

Another parameter that can be adjusted that may affect the degree of neutral deple-

tion that is occurring in the plasma is the pulse length (plasma on time). A shorter

pulse will produce less plasma as the total energy input will be less, resulting in

less ionisation. The affect of the length of the plasma discharge on the H density

was measured in a 20kW plasma at the (r,z) = (0mm, 150mm) position with the

standard 50A:300A magnetic field configuration. The measured densities are shown

in Figure 4.8.

For the shortest investigated pulse length of 500µs, a H density of 3.3x1018m−3

is observed. As the pulse length is increased a fast decline in the density is observed

with the density in the core becoming less than half with a 1.5ms pulse. The de-

crease in density with increasing pulse length is less dramatic with pulse lengths
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Figure 4.8: Atomic hydrogen density at 1ms after the plasma pulse for varying

pulse lengths.

longer than 1.5ms, however, a gradual decrease is still observed. The small change

in density observed between a 5ms pulse and the longer pulses suggests that using

5ms is an appropriate pulse length to determine the behaviour of the neutrals at

this position, that is the plasma has reached a steady state. By adjusting the pulse

length, information about the plasma ignition and production of atomic hydrogen

is gained. As there is the largest atomic hydrogen density with the shortest pulse

length, the atomic hydrogen is created very early (<500µs) in the plasma ignition

and is depleted from the core at longer times into the plasma discharge.

The electron density and temperature time evolution through a plasma dis-

charge in MAGPIE at high powers has been previously investigated by Santoso.[132]

This work showed the electron density is seen be fairly constant for the investigated

pulse lengths. The electron temperature with 20kW power is seen to steadily in-
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crease with longer pulse lengths, increasing from ∼2eV in the very early afterglow

(500µs, 0.5ms), up ∼4eV by 12ms.

The decrease in nH with increasing pulse length is likely due to the increasing

ne and Te leading to increased neutral depletion of atomic hydrogen (and molecular

hydrogen) in the plasma core. Neutral depletion will be discussed in more detail

later in this chapter.

4.2.3 Atomic Hydrogen Temperature

The Doppler broadening of the TALIF wavelength scans is used to determine the

atomic hydrogen temperature (TH) by the method described in Chapter 3. The

wavelength scans at 1ms and 6ms into the afterglow of the 20kW discharge are

shown in Figure 4.9 to highlight the difference in the FWHM for the change in

temperature of atomic hydrogen. The measured intensity of the TALIF signal for

each wavelength is shown by the circles. The data for 1ms after the plasma discharge

is shown with blue points and for 6ms with green points. Gaussian fits for each time

in the afterglow are shown in black and red for 1ms and 6ms respectively. The

measured TALIF signal and the fits have been normalised to the maximum of each

fit to highlight the difference in broadening of each fit. As can be seen there is a

difference in the full width at half maximum (FWHM) between the two fits. The

difference in the width of TALIF scans is 0.5pm (5x10−4nm), which corresponds to

a difference in temperature between 1ms and 6ms into the afterglow of ∼0.06eV

(700K).

Individual TALIF wavelength scans at 1ms and 4ms into the afterglow of the

5ms plasma pulse are shown in Figure 4.10 at applied RF powers of 1kW and 20kW.

The total width of the peak at the half maximum for each scan is shown in Figure

4.10. Larger widths correspond to hotter atomic hydrogen.

Unlike species that are naturally in the atomic state such as krypton, atomic

hydrogen is produced by dissociation processes through the collisions in the plasma.
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Figure 4.9: TALIF wavelength scan of the data (points) and the fit (solid lines)

at 20kW, r=0cm at 1ms and 5ms in the afterglow of a 5ms plasma discharge.

It has typically been expected that atomic hydrogen are born as Frank-Condon

neutrals with 2eV through the reaction:[86]

e+H2 → e+H∗2 → e+H +H (4.5)

It has been observed that in certain cases hydrogen plasma can display evi-

dence of two distinct populations of atomic hydrogen, each with their own temper-

ature. Mills et al.[167] demonstrated the existence of hot H atoms in a microwave

discharge with energies 2-4eV. They also measured hot populations of atomic hydro-

gen in a GEC type cell in mixed Ar/H2 and He/H2 plasmas.[168] A pure H plasma

showed a 1eV population of atomic hydrogen, while the mixed cases displayed very

hot hydrogen 40-50eV. In the He/H2 mix approximately 50 percent of the population

was of the hot state, while in the Ar/H2 mix all of the atomic hydrogen was in the
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Figure 4.10: TALIF wavelength scans at 1ms and 4ms into the afterglow of a

5ms hydrogen discharge at powers of 1kW and 20kW.

hot state. They proposed that the hot hydrogen was catalytically created through a

resonant energy transfer with He+ and Ar+ ions. Phillips [169] in H2O plasmas in a

GEC cell determined that the hot hydrogen population (40eV) is dependent on pres-

sure and weakly dependent on absorbed energy. Only atomic hydrogen displayed

the broadening of the emission line with no observed broadening of the oxygen lines.

Tatarova[170] and Felizardo[171] both showed hot populations of atomic hydrogen

in a microwave discharge with TH of 4-9eV.
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Wings on the Gaussian peak of a TALIF scan can suggest that a second hotter

population of H exists in the discharge. While the majority of TALIF scans show

no evidence of broadening in the wings, some scans do possibly display wings, such

as the 1ms afterglow 1kW discharge in Figure 4.10. This TALIF scan is looked at

more closely in Figure 4.11 to analyse the possibility of a second hot H population.
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Figure 4.11: TALIF wavelength scan at 1ms into the afterglow of a 5ms hydrogen

discharge at 1kW. A double Gaussian fit is shown to display the possibility of

an additional hotter population in red with the main cooler population in blue.

The sum of the two Gaussian distributions in shown in black. The original single

Gaussian fit is shown in the green dashed line.

To investigate the possibility of a second hotter atomic hydrogen population

the TALIF scan is fitted with a double Gaussian. Shown in Figure 4.11 are two fits to

represent the bulk H population (blue) and the second for the hotter H population
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(red). The combined fit for two Gaussians (black) fits quite well with the data.

The single Gaussian fit used in this thesis for determining the atomic hydrogen

density and temperature is shown in the dashed green line. The broadening of

the hot population gives TH = 0.4eV (4600K) and the colder population has an

atomic temperature of 0.03eV (350K). As these wings on the TALIF scans are

not present in the majority of scans it is difficult to conclude if there is a hotter

population present and further research is required. It should also be noted that

these scans are measured in the plasma afterglow and it is possible that the neutrals

have thermalised by this time.

As the secondary population would have a TH = 0.4eV, it is concluded that

they are not Frank-Condon atomic hydrogen. This agrees with the work of Galante

et al. [172] where they did not observe a second hotter population since their

neutral hydrogen spectrum is well described by a single Maxwellian. All neutrals

were observed to have temperatures of ∼0.08eV energies, the same temperature as

measured in the steady-state.

Figure 4.12 shows the measured TH as a function of increasing RF power at

1ms into the afterglow of a 5ms pulse. There is a general increase in the atomic H

temperature with increasing power. A trend (red) has been fitted to the data for

guidance. The larger discrepancies at higher powers are expected as at 1ms in the

discharge afterglow, the atomic density at higher applied powers is still quite low,

leading to a lower signal-to-noise ratio.

4.2.4 Molecular Gas Temperature

The molecular gas temperature in MAGPIE has been previously investigated by

Samuell.[173] The H2 gas temperature was determined using the relative intensities

of the Q-branch of the Fulcher-α ro-vibrational transitions. The set-up used is the

same as discussed in Chapter 2.4.2. The use of ro-vibrational states to determine

the gas temperature of molecular species is a well establised technique.[174]
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Figure 4.12: Atomic hydrogen temperature as a function of power at 1ms after

a 5ms discharge.

The H2 gas temperature as a function of power (1-20kW) is shown in Fig-

ure 4.13. The molecular hydrogen temperature increases with increasing applied

RF power. At 1kW the H2 molecular temperature is ∼0.04eV (460K) and rapidly

increases with power in the low kW power range. At higher applied RF power the

increase in TH2 is slower. At 20kW, TH2 ∼ 0.105eV (1200K).

4.3 Depletion Dynamics

As discussed in Chapter 1, neutral depletion has been observed in many different

plasmas and there are different conditions that lead to each depletion in each exam-

ple. In particular, the key processes for neutral depletion are: (1) gas heating; (2)

high plasma pressure; and (3) ionisation. Heating of neutral species in the core due
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Figure 4.13: Molecular hydrogen temperature as a function of power. Repro-

duced from Samuell et al.[173]

to collisions with the plasma creates a higher pressure region in the core. This higher

pressure region pushes neutrals out towards regions of lower pressure, generally near

the walls where the gas will be closer to room temperature.[175]

In a plasma where the plasma pressure is comparable to the fill pressure,

significant neutral depletion occurs not only by gas heating but also by pressure

balance. The high plasma pressure pushes the neutrals out of the core through

collisions. It has been shown that the resulting neutral depletion can enhance

plasma transport to the surroundings, increasing particle loss and decreasing plasma

density.[176]

In magnetised plasmas with high ionisation in the plasma core, the neutral

species can become depleted in this region. The newly formed ions are accelerated

out of the core quicker than the neutral species are able to replenish the depletion.[3]
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This section will investigate the possible methods contributing to neutral depletion

and discuss whether they are responsible for the observations observed in the atomic

hydrogen density profiles.

4.3.1 Depletion Due to Ionisation

Neutral depletion through ionisation usually requires an external magnetic field that

restricts the motion of the ions. When a neutral particle drifts into the highly ionised

region in the plasma, it is highly likely it will be ionised by electron collisions. The

magnetic field will confine the newly created ion and it will diffuse along the magnetic

field lines. For an axial magnetic field used in linear plasma devices, the ions will

diffuse to the end plate where they will recombine. It is the very short lifetimes of

the neutral species in the plasma core that leads to the decreased neutral density in

the core.[163]

The mean free path of ionisation is given by:[71]

λi =
νn

ne〈σν〉ion
(4.6)

where νn is the neutral thermal velocity, ne is the electron density and 〈σν〉ion is

the electron energy ionisation rate.

The neutral thermal velocity is given by:

νn =

√
kBTn
mn

(4.7)

where kB is the Boltzmann constant, Tn is the neutral temperature and mn is the

mass of the neutral species.
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The rate coefficient for electron energy ionisation is given by:[84]

9.74x10−15T−0.174
e e−14.3/Te−0.001 + 6.35x10−15T 0.433

e e−16.4/Te (4.8)

The mean free path of ionisation for atomic hydrogen in MAGPIE as a func-

tion of power was calculated using the measured values of electron density, electron

temperature and atomic hydrogen temperature, this is shown in Figure 4.14. Under

the plasma conditions at 1kW, the mean free path of ionisation is approximately

40m. This length is far larger than the diameter of the target chamber (16cm), there-

fore it is unlikely for a hydrogen atom to ionise while diffusing through the plasma

core. With increasing power it is observed that the mean free path of ionisation

decreases, above 10kW it becomes approximately 20cm (still larger than chamber

diameter).
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Figure 4.14: Mean free path of ionisation of the atomic hydrogen as a function

of power.
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The light mass of the hydrogen atom contributes to the long means free path

of ionisation even in high power discharges. Neutral depletion due to ionisation has

been observed in heavy ion helicon plasmas, such as argon[115] and krypton[163].

This occurs when the mean free path of ionisation is much shorter than the diameter

of the plasma chamber. Hence it is not a dominant mechanism here. Unlike in the

work by Yun et al. [118] where they observed hollow neutral pressure profiles in the

centre of the chamber, which they concluded is due to ion pumping effect, where ions

are accelerated out of the centre of the chamber by the pre-sheath faster than neutral

species drift in from the walls. In this work the axial magnetic field accelerates the

ions along the chamber rather than towards the chamber sides.

4.3.2 Depletion Due to Gas Heating

Depletion due to gas heating, also known as neutral pumping, occurs when there is

larger heating to the gas in the centre of the discharge compared with closer to the

walls. This extra heating increases the gas pressure and hence pressure gradients,

which leads to a lower density. In this way the neutral species will have a lower

density in the hotter region compared to the original fill density.

The neutral depletion fraction due to gas heating is given by:[127]

nn
n0

=
TRoom
Tn

= 1−DDep (4.9)

where the depletion fraction (nn

n0
) is related to the initial room temperature of the

filling gas (TRoom) and the temperature of the neutral species in the plasma Tn. nn

is the density of neutrals in the plasma and n0 is the initial density at room

temperature. Whilst it is difficult to define depletion due to gas heating of atomic

hydrogen due to the fill pressure being molecular hydrogen and hence the initial fill

pressure of H is zero, it is useful to consider depletion compared to room

temperature, as increasing temperature will lead to lower densities of atomic

hydrogen. Using the measured values of the atomic (circles) and molecular
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(squares) hydrogen temperature and the fit to the data, shown in Figures 4.12 and

4.13 above, the expected depletion due to the gas heating is calculated and shown

in Figure 4.15.
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Figure 4.15: Expected neutral depletion fraction due to gas heating as a function

of power for atomic (circles) and molecular hydrogen (squares). The atomic

hydrogen temperatures have been measured in the plasma afterglow, while the

molecular temperatures are measured during the plasma discharge.

At 1kW applied RF power the atomic hydrogen depletion due to gas heating,

from the measurements of TH , is expected to be ∼20%. Determination of the atomic

hydrogen is difficult as there is no density before the plasma discharge to compare

with, as it is formed during plasma production. Increasing the applied RF power

leads to greater levels of gas heating due to the associated higher atomic tempera-

tures from increased collisions. At lower powers there is a quicker rate of increase in

the gas heating compared to the higher powers (<20kW) where it becomes a slow
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increase with increasing power. At 10kW, the gas heating depletion from the fit is

shown to be 50%, while increasing the power to 20kW gives a gas heating depletion

of 60%.

The molecular hydrogen temperature is measured during the plasma pulse

and is hotter than the atomic hydrogen afterglow temperature. At 1kW applied RF

power the molecular hydrogen is expected to be depleted by 38% due to gas heating

alone. The effect of depletion due to gas heating on molecular hydrogen increases

significantly up to 5kW to approximately 60%. Above 5kW the depletion due to gas

heating increases more slowly for increasing power, becoming approximately 75% at

20kW. As the atomic hydrogen temperature has been measured during the plasma

afterglow, the depletion due to gas heating during the plasma discharge may be

closer to the depletion of the molecular hydrogen temperature curve.

4.3.3 Depletion Due to Plasma Pressure

Another factor that can cause neutral depletion is high plasma density. When high

plasma densities and/or temperatures are achieved in the plasma core, the plasma

pressure can become high enough to expel neutrals from the core.[127] This neutral

depletion occurs when the plasma pressure becomes comparable to the pressure of

the neutral species.[119] It is the collisional forces between the ions and neutrals

that push the neutral species into regions of low plasma density. [121] A summary

of the collisions in a hydrogen plasma is discussed back in Section 1.3, the is the

collisions between the neutral and the charged species that are causing the neutrals

to be pushed out.

For the purpose of investigating neutral depletion due to the plasma pressure,

a uniform pressure density will be considered across the plasma and the pressure

remains at the fill pressure without the plasma discharge. The total pressure will

consist of the sum of the pressure of the individual species present:

PTot = Pe + Pions + PH + PH2 (4.10)
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The pressure of each species can be written in terms of density and tem-

perature from Equation 4.2, where pe = nekTe. The contribution from the ions

is assumed to be negligible compared to the electron pressure as Ti � Te. The

neutral species H and H2 will also be considered as a single neutral species as they

will both be depleted due to the electron pressure. Although different species have

been obersvered to display different degrees of depletion.[177] The depletion due to

electron pressure (De) can then be defined as[178]:

n

ng
= 1−De = 1− α Pe

PTot
(4.11)

where, n is the depleted neutral density, ng is the original neutral density and

α = µi/µn is the balance of diffusion of the neutrals into the depleted region with

the ambipolar diffusion of the ions. µi and µn are the mobility of the ions and

neutrals respectively. If the mobility of the ions and the neutrals are similar under

the plasma conditions then, α = 1.[120]

Considering Pe

PTot
= 1 when the electron pressure is equal to the total pres-

sure, in this case to maintain uniform pressure density, the density of the neutral

species must go to zero. While this will not be strictly true, it does give an indi-

cation of when there may be significant neutral depletion due to plasma pressure.

Shown in Figure 4.16 is Pe

PTot
plotted against the applied power. At just above 3kW

the electron pressure becomes equal to the H2 fill pressure and it is expected that

significant neutral may be seen. This is in agreement with the atomic hydrogen

density measurements above which suggest that neutral depletion is occurring at

powers greater than 4kW. At these higher powers the pressure is no longer expected

to be radially uniform across the chamber, as the plasma pressure becomes much

higher, the neutral pressure may be expected to remain similar to the fill pressure

or decrease as seen in [124].

The mean free of path of collision between a hydrogen atom and a charged

proton can be considered to determine if it is likely that depletion is caused collisions

with the plasma. Under the high power conditions in MAGPIE at z=150mm, it is
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Figure 4.16: Pe
PTot

against applied RF power. The solid line at 1 indicates where

the electron pressure is equal to the H2 fill pressure.

expected that the main ion will be H+.[132] We therefore consider just collisions

with H+ ignoring e−, H+
2 and H+

3 to be the main collision with plasma. Considering

Eqn 1.2 for the collisional frequency for a hydrogen atom with a proton gives:

νH+,H = vth,H+nH+σH+,H (4.12)

The mean free path of the collisions is given by the thermal velocity of the

hydrogen atom divided by the collisional frequency:

λH+ =
vth,H
νH+,H

(4.13)
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substituting Eqn 4.12 into Eqn 4.13 gives:

λH+ =
vth,H
vth,H+

nH+σH+,H (4.14)

From Eqn 4.7, the thermal velocity, it is seen that the ratio of the thermal

velocity of atomic hydrogen to a proton is the square root of their temperatures. The

expected ion temperature Ti in MAGPIE is approximately 1eV.[27, 132] and using

an approximate atomic hydrogen temperature of 0.05eV, this ratio can be estimated.

The H+ density is assumed to be approximate to the ion density, ni = 1.8×1019m−3.

The cross-section, σH+,H = 1.8×10−19m−2 is taken from Table 1.2. Evaluating gives a

mean free path of a collisions between a hydrogen atom and plasma is approximately

0.07m (70mm), slightly shorter than the radius of the target chamber. H+
2 and H+

3

have larger cross sections of collisions with atomic hydrogen than H+, as such the

mean free path may be shorter if accounting for the heavier ions. Therefore a

hydrogen atom is likely to be scattered before crossing the chamber. The pressure

of the plasma can push the neutral out of the centre region.

Atomic Hydrogen Density as a function of Electron Pressure

By plotting the electron pressure against the atomic hydrogen density as shown

in Figure 4.17, it is seen that there is a linear relation between the two for a set

of the data points. These data points that have the linear relation correspond to

the points that have a Pe

PTot
> 1, that is when the electron pressure is significantly

high, then significant neutral depletion is expected. The upper limit of this relation

corresponds with the maximum atomic hydrogen density achieved. This suggests

that the decrease in nH that is observed is linearly related to the electron pressure.

As the plasma pressure linearly depends on the electron pressure this supports the

argument that the neutral depletion observed is due to the high electron pressure. To

completely understand and determine the mechanisms that are causing the depletion

of neutrals in MAGPIE, temporal and spatial measurements are needed.
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Figure 4.17: Atomic hydrogen density as a function of electron pressure.

4.4 Summary

In this chapter the plasma density and electron temperature in the MAGPIE helicon

device have been presented as a function of power (up to 20kW) for a hydrogen

plasma. From these measurements a discussion of the plasma conditions that may

give rise to neutral depletion, notably the high plasma pressure, have been made.

The neutral atomic hydrogen density and temperature have been measured

in the plasma afterglow using the newly set-up two-photon absorbed laser-induced

fluorescence diagnostic. The atomic hydrogen density was observed to decrease

with increasing applied RF power. At 20kW, longer plasma discharge lengths also

displayed a decrease in the atomic hydrogen density.

An examination of the fluorescent scans show that it is unlikely for two dis-

tinct atomic hydrogen temperature populations to exist. The Doppler broadening
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of the scans has been used to determine the temperature of the hydrogen atoms. It

is observed that the temperature of atomic hydrogen increases with higher applied

RF power.

A study of the mechanisms that lead to neutral depletion in the core of the

linear plasma device conclude that it is a mix of mechanisms that are causing a

depletion of the atomic hydrogen in the plasma. The heating of neutral atomic

hydrogen can cause up to 60% in a 20kW discharge compared to room temperature.

However the high plasma pressure, which is more than 10x higher than the fill

pressure is the largest contributor to neutral depletion.
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Chapter 5

Temporal and Radial Atomic

Hydrogen Dynamics

This chapter examines the temporal evolution and radial profile of the plasma and

the neutral atomic hydrogen in the afterglow of high power (<20kW) hydrogen

plasmas in the MAGPIE helicon plasma device. All of the measurements in this

chapter will focus on a single axial position upstream (z=150mm) of the antenna in

the target chamber of MAGPIE. Langmuir probe measurements have been carried

out in 10mm steps for radial positions 0-60mm. The TALIF measurements are

also in 10mm steps with a limited range of 0-30mm due to the frame of MAGPIE

blocking the detection.

The temporal and spatial profiles will provide additional information on the

neutral atomic hydrogen behaviour observed in the previous chapter. The temporal

evolution of atomic hydrogen density into the plasma afterglow gives support for

neutral depletion occurring during the plasma discharge. At the lowest power, 1kW,

before neutral depletion has become a dominant mechanism in the plasma, it displays

a two stage decay in afterglow. At higher powers (5-20kW), a different behaviour is

observed in the afterglow, an initial replenishment of atomic hydrogen before being

followed by a decay.

120



5.1. TIME RESOLVED AFTERGLOW DYNAMICS

Radial measurements display a slightly lower density of atomic hydrogen in

the centre compared to closer to the chamber walls. A flat radial temperature means

that gas heating is unable to explain this behaviour. To the best of the author’s

knowledge, neutral depletion of atomic hydrogen has not been observed in high

power linear plasma devices until now.

5.1 Time Resolved Afterglow Dynamics

This section presents time resolved measurements of the electron density, atomic

hydrogen density and temperature into the afterglow of a hydrogen discharge in the

MAGPIE helicon device. This is followed up with a discussion of the loss mechanisms

of atomic hydrogen in the afterglow of the plasma discharge.

5.1.1 Plasma Afterglow Dynamics

The Impedans Langmuir probe system discussed in Chapter 2 was used to measure

the plasma parameters (ne, Te) in the afterglow of the plasma discharge. The plasma

afterglow has not been well characterised in MAGPIE previously. Although the RF

power is switched off, there will still be plasma species present for a duration in the

afterglow of the plasma discharge. This duration depends on the lifetimes of the

states of the species and the reaction pathways available for them to neutralise.

The electron density (ne) evolution into the afterglow of a 5ms plasma pulse

with 10mTorr H2 fill pressure is shown in Figure 5.1. The steady state electron

densitiy as a function of power is discussed previously in Section 4.1. A set of

powers (1kW, 5kW, 10kW, 20kW) are investigated up to 1.2ms into the plasma

afterglow, further into the afterglow the electron density drops below the detection

limits of the Langmuir probe measurement system. The neutral gas pressure before

the discharge was maintained at 10mTorr and the magnetic field was kept at the

standard 50A:300A configuration. For all powers 1-20kW, ne is observed to start

highest initially in the afterglow and rapidly decays into the afterglow. At 1kW
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applied RF power and at 0.05ms into the afterglow ne = 6.0x1016m−3 and decreases

with increasing time into the afterglow. The electron density is observed to increase

with increasing applied RF power. At 5kW, initial ne (t=0.05ms) has increased to

4.4x1017m−3, and continues to increase to 7.0x1017m−3 and 9.9x1017m−3 for 10kW

and 20kW respectively. By 1.2ms into the afterglow, the density has decreased

by 3 orders of magnitude compared to 0.05ms. The electron density decay into the

afterglow has an almost exponential decay, becomming more exponential in the later

afterglow, with a similar decay rate for all applied RF powers. The dominant electron

loss mechanisms are electron ion recombination and diffusion to the walls.[179]
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Figure 5.1: Electron density into the afterglow of a 5ms hydrogen plasma dis-

charge with a fill pressure of 10mTorr for a set of power 1-20kW.

The electron temperature in the afterglow is calculated from fitting the linear

part of the slope in the log(I) vs V. The very low densities in the afterglow make

this measurement particularly error prone as the probe quickly switches from ion

saturation to electron saturation in only a few volts. However, very little change

is observed in Te in the afterglow after cooling within 10s of µs, remaining fairly

constant at ∼1eV from 0.1ms to 1.2ms.
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Using Equation 4.2, the pressure due to electrons in the afterglow is calcu-

lated. The electron pressure as a function of time after the plasma discharge is shown

in Figure 5.2 for the set of powers being investigated. Here the plasma pressure is

given in mTorr to allow it to be easily compared to the measured neutral gas fill

pressure. It is seen that in the 1kW case the electron pressure drops dramatically

in the first 0.05ms and is less than 0.1mTorr after 0.2ms.
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Figure 5.2: Plasma pressure into afterglow for a set of power 1-20kW.

At higher powers, >5kW the electron pressure is more substantial in the

early afterglow. For 5kW the electron pressure is observed to last longer into the

afterglow taking 0.4ms to drop below 0.1mTorr from a pressure of 1.2mTorr. At

10kW the electron pressure at the earliest measurement in the afterglow (0.1ms)

has a pressure of 2mTorr before also taking 0.4ms to lower to less than 0.1mTorr.

For 20kW input power the pressure starts high in the early afterglow due to the

much higher electron density. At 0.05ms into the afterglow of a 20kW pulse the

electron pressure is 4.3mTorr. This data point is not shown on the figure to allow

the electron decay into the afterglow to be shown clearly.
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For all applied RF powers the plasma pressure is observed to quickly drop

well below the gas fill pressure, on the order of 10s of µs. The plasma pressure was

demonstrated to be higher than the neutral fill pressure and largely contributing to

the neutral depletion in the plasma core, in Chapter 4. It is observed that in the

afterglow the plasma pressure drops below the fill pressure quickly. This is due to the

fast decrease in both plasma density and electron temperature as soon as the plasma

is switched off. Without the high plasma pressure causing the neutral depletion, the

neutral species may be expected to replenish the centre of the chamber.

5.1.2 Atomic Hydrogen Afterglow Density

It is important to study the temporal dynamics of the neutral species to provide a

full picture of the neutral population. As neutral depletion has been shown to be

occurring during the plasma discharge (Chapter 4) then the neutral density may

increase later in the afterglow as plasma pressure drops. This section presents time

resolved measurements of atomic hydrogen in the afterglow of the plasma pulse.

The timing of the laser and photomultiplier tube were adjusted with respect to the

plasma pulse to probe atomic hydrogen during the afterglow. The earliest time

measured is 250µs (0.25ms) after the plasma pulse for the lowest power of 1kW. For

the higher powers investigated, 5kW, 10kW and 20kW, the low density in the early

afterglow did not provide an adequate signal-to-noise ratio so soon after the plasma

pulse. Hence the earliest measurements were made later into the afterglow (≈1ms).

TALIF measurements were made up to 20ms after the plasma pulse for 10kW and

20kW input power.

Apart from the power and time after the plasma discharge, all other condi-

tions were kept constant. A 5ms plasma pulse length was used with the standard

50A:300A magnetic field coil configuration. The input H2 pressure measured at the

gas inlet was kept at 10mTorr. All measurements are made at the centre of the

target chamber in MAGPIE and z=150mm upstream of the antenna.
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Figure 5.3: Density of neutral atomic hydrogen into the afterglow of a 5ms plasma discharge for a set of antenna power (1, 5, 10, 20kW). Shown

in red are the fitted trends of the exponential increase and decay as a function of time into the afterglow.
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The evolution of the atomic hydrogen density in the afterglow of the plasma

discharge is shown in Figure 5.3. With 1kW applied RF power the density rapidly

decreases into the afterglow of the plasma discharge. The atomic hydrogen density

displays a two stage decay in the afterglow. There is an initial fast decay with a rate

τ1 = 1.58ms. This is followed by a slower decay rate τ2 = 6.88ms that continues for

the rest of the measured afterglow.

Rousseau et al. [180] observed a two rate decay of H atoms in the afterglow of

a microwave discharge. They used the Pulsed Induced Flourescence (PIF) technique

to measure the Hα emission. The PIF technique was first developed by Bouchoule

and Ranson.[181] They measured decay lifetimes of τ1 = 2.8ms and τ2 = 30ms for

the fast and slow decay rates respectively. Tserepi [182] explained this two rate

decay as the earlier fast rate decay occurring by the fast adsorption of atomic H on

empty surface sites created by the energetic species during the plasma discharge.

The longer decay time is due to their Pyrex chamber having a low recombination

coefficient. The second slower decay is due to the slower recombination process

occurring at the walls.

Samuell et al. also observed a two stage decay of atomic hydrogen in the after-

glow of the plasma pulse while investigating the loss probabilities in MAGPIE.[183]

They also used the PIF technique and observed decay rates of τ1 = 1.3ms for the

initial fast decay and τ2 = 7.6ms for the second decay. These measurements are

in close agreement with the decay rates measured for the 1kW applied RF power

presented in this work.

Gaboriau and Beouf produced a global (0D) model for low pressure high

power hydrogen discharges.[184] They included the heat equation for neutral hy-

drogen in their model to determine the temperature and account for gas heating

and increased gas pumping. They predict that above 10kW, the gas density profile

will no be longer constant, which in turn leads to increasing Te and slower increase

in plasma density with power. They also observed that the hydrogen atom wall

recombination coefficient (γ) strongly couples with gas depletion. For higher values

of the wall recombination coefficient the gas depletion is reduced.
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As the power is increased, the atomic hydrogen density is observed to be

much lower in the early afterglow compared to 1kW. This change in behaviour cor-

responds to the change in operating mode from inductive to helicon, which occurs

at approximately 4kW.[162] When the system operates in the helicon mode the

atomic hydrogen displays interesting behaviour, it is observed to increase in the

early afterglow. The density peaks at approximately 3ms at 5kW and peaking at

approximately 4kW for 10kW and 20kW. As shown in Figure 5.3, at this position

in MAGPIE (r,z = 0, 150mm), 10kW and 20kW do not achieve densities as high

as those seen in 1kW and 5kW. The initial increase is density is due to the re-

plenishment of atomic hydrogen back into the centre of the chamber, as the atomic

hydrogen has been depleted during the plasma discharge at the higher powers. This

is followed by the same slower recombination process as in the lower power cases.

The observed increase in density into the afterglow is consistent with neutral

depletion occurring in the plasma core discussed in Chapter 4. It is proposed that

the atoms from the edge region replenish the depleted core after the plasma has been

switched off. The replenishment of the atomic hydrogen in the afterglow cannot come

from dissociative processes as there is no mechanism with the plasma switched off.

Additionally the electron density is shown to have dropped off by three orders of

magnitude by 1ms into the afterglow and cannot be recombined with ions in the

bulk to form neutral atomic hydrogen.

Figure 5.4 shows the change in density at various times in the afterglow for

different powers. It is observed in the early afterglow (1ms) that 1kW power has the

highest atomic hydrogen density in the core of the plasma. There is a decreasing

relationship with increasing power with H density being lower at 5kW and further

decreasing at 10kW and 20kW. 1kW continues to decrease into the afterglow for all

times measured (3ms, 6ms, 10ms). At 3ms into the afterglow there is an observed

increase in density from 1ms at higher powers (5kW, 10kW, 20kW). After 3ms the

higher power plasmas display a continual drop in density for all times measured.

There are comparable density profiles for the higher powers, however increas-

ing power results in a lower atomic hydrogen density in the afterglow. The decrease
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Figure 5.4: Atomic hydrogen density with increasing power at different times in

the afterglow of a 5ms plasma discharge.

in density with increasing power is mostly likely due to increased depletion of the

atomic hydrogen in the core of the plasma when it is switched on.

5.1.3 Atomic Hydrogen Temperature

For each of the TALIF measurements the temperature of atomic hydrogen (TH) has

been determined from the Doppler broadening of the absorption. The temperatures

for powers 1kW, 5kW, 10kW and 20kW into the afterglow are shown in Figure 5.5.

At 1kW, TH is hottest (0.1eV) initially in the afterglow at 250µs (0.25ms) after the

RF power is switched off. The H atoms quickly cool to 0.04eV (∼400K) by 400µs

(0.4ms) into the afterglow and remain at a steady temperature of 0.02-0.04eV further

into the afterglow. That is after∼400µs (0.4ms) atomic hydrogen has cooled to room

temperature (0.026eV∼300K). During this time the hydrogen atoms thermalise with

128



5.1. TIME RESOLVED AFTERGLOW DYNAMICS

their environment. For 5kW, TH decreases from approximately 0.1eV at 1ms to the

same 0.02-0.04eV value by 500µs (0.5ms)for the rest of the measured afterglow. In

the 10kW and 20kW afterglow, the earliest measured temperatures, of 0.06eV and

0.085eV respectively, are not as high as that for the lower powers. This is most

likely due to the inability to measure the atomic hydrogen temperature earlier in

the afterglow due to the low densities. It is expected that the atomic hydrogen

temperature will be higher during the plasma discharge. The high power cases also

converge to the same steady temperature but with a longer thermalisation time

period of approximately 1.5ms.

Samuell and Corr measured atomic hydrogen temperatures of 850K during a

1kW H2 discharge.[173]. This is fairly consistent with the earliest TH measurement

at 150µs (0.15ms) in the afterglow 1kW which has a measured TH of∼0.1eV (1160K)

which is slightly higher.
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Figure 5.5: Temperature of neutral atomic hydrogen into the afterglow of a 5ms plasma discharge for a set of antenna power (1, 5, 10, 20kW).
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5.1.4 Loss Mechanisms of Atomic Hydrogen

There have been conflicting arguments for the loss process of atomic hydrogen after

the plasma discharge, as to whether there is indeed two separate decay machanisms

for atomic hydrogen loss or whether the cooling of atomic hydrogen affects the loss

rate to account for the two stage process.[152, 180] The change in atomic hydrogen

can be modelled by considering the creation and loss mechanisms available for hy-

drogen atoms in the afterglow of the plasma discharge. A similar approach to the

previous work in the literature for atomic hydrogen loss is considered to investigate

this discrepancy.[152, 180] The evolution of the local atomic hydrogen density can

be written as:

∂nH
∂t

+ ~∇(nH · ~v) = Sources− Losses (5.1)

where, ∂nH/∂t is the change in the H density as a function of time and ~∇(nH · ~v)

is the diffusion due to the density gradient in the plasma, with ~v is the thermal

velocity. The sources and losses are the processes of creation and destruction of

the atomic hydrogen. In the afterglow of the plasma, there are no sources of

atomic hydrogen creation as the electrons have decayed as shown in Figure 5.1 and

there is no energy input for dissociation of H2. The major loss mechanism in the

plasma bulk is due to recombination with molecular H2:

H +H +H2 → H2 +H2 (5.2)

The rate of this reaction is given by:

2krn
2
HnH2 (5.3)

as the reaction involves two hydrogen atoms it depends on the square of the

atomic hydrogen density n2
H and also depends on the local density of the molecular

hydrogen nH2 as this reaction requires a third body, (in this case H2). The reaction
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constant is given by kr = 19.3x10−31T−1 (m6mol−2s−1).[185] At pressures below

1Torr, the volume recombination process is usually neglected as a loss mechanism

as the contribution is very small.[180, 186]

Another major loss factor of atomic hydrogen is through surface recombina-

tion at the chamber walls. When atomic hydrogen impacts upon the chamber walls

it has a chance to adsorb to the surface as defined by a sticking coefficient. The

adsorbed hydrogen may then recombine with another adsorbed hydrogen to produce

molecular H2 and be returned to the bulk. Additionally this adsorbed hydrogen may

be released back into the gas phase before recombination. The surface loss proba-

bility (γH) is the probability of the atomic hydrogen both adsorbing to the wall and

recombining to remove atomic hydrogen from the system.

Loss at the walls is determined by the diffusion cofficient. The diffusion term

can be written as:[152]

~∇(nH · ~v) =
D

Λ2
nH (5.4)

where D is the diffusion coefficient and Λ is the characteristic length of diffusion.

The diffusion coefficient is shown to depend on gas temperature and pressure:[187]

D = 12.5
T 1.72
g

P
(cm2s−1) (5.5)

where Tg is the temperature of the neutral species in kelvin and P is the pressure

in pascals. The characteristic length of diffusion can be broken into two terms as

shown by Chantry:[188]

Λ2 = Λ2
0 +

Ω

Σ

2(2− γ)

γ

D

~vH
(5.6)
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where the first term depends on the reactor geometry and the second term

considers the probability of recommendation at the walls. Ω is the plasma volume,

Σ is the surface area inside the chamber, γ is the surface recombination probability

as described above and ~vH is the thermal velocity of the hydrogen atoms:

~vH =

√
kBTH
mH

(5.7)

Here, the plasma volume and chamber surface area is calculated only for the

target chamber with the dimension discussed in Chapter 2. The source chamber

is neglected as the source walls are made of PyrexTM which has a much lower

surface recombination probability for hydrogen compared to the stainless steel source

chamber walls. The surface recombination probability for stainless steel has been

measured in the literature, γ ∼ 0.03-0.15.[182, 189, 190] The surface recombination

probability has been left as a free parameter in these calculations. The best fits to

the measured atomic hydrogen decay rates use a γ value at the higher end of the

literature values in the range 0.13-0.15 in close agreement with that measured by

Samuell et al. [183]

The geometric shape, Λ0 is given by Chantry for a cylinder:[188]

1

Λ2
0

= (
π

L
)2 + (

2.405

R
)2 (5.8)

here the geometric shape is consider to be cylinder due to the internal structure of

the target chamber.

Combining Equations 5.3-5.8 into Equation 5.1 to get a final description of

the change in the local atomic hydrogen density:

∂nH
∂t

= −D
Λ2
nH − 2krnH2n

2
H (5.9)
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with Λ2 given by Equation 5.6.

Lamara et al. [152] argue that the cooling of atomic hydrogen in the early

afterglow leads to the two rate decay of atomic hydrogen in the plasma afterglow.

The fit to the measured atomic temperature shown in Figure 5.5 is used to determine

the changing recombination rate (kr) and diffusion coefficient (D). Equation 5.9

is solved numerically with different initial densities to fit to the observed atomic

hydrogen density profiles in the afterglow. The theoretical density and the measured

density are shown in Figure 5.6.
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Figure 5.6: Atomic hydrogen density measurements (black dots) in the afterglow

of a 5ms 1kW plasma compared with theoretical model (red line).

It is seen that the theoretical model can be used to predict the second decay

rate (τ2) in the afterglow of the 1kW plasma. This work did not find that the initial

fast cooling of atomic hydrogen could explain the two rate decay observed, however

the loss of atomic hydrogen due to recombination at the chamber walls appears to be

134



5.1. TIME RESOLVED AFTERGLOW DYNAMICS

well modelled by the second slower decay rate. The atomic hydrogen temperature

is fairly constant in the well-fit region. The decrease due to recombination with

molecular hydrogen in the plasma volume is observed to be negligible in the model

compared to the loss in atomic hydrogen due to the recombination at the chamber

walls.

The theoretical model is also able to model the decrease in the atomic hydro-

gen observed at higher powers. Figure 5.7 shows the atomic hydrogen density in the

afterglow of a 5ms 20kW discharge. The experimental measurements are shown in

black dots and the theoretical model with the red line. This supports the argument

that the loss in atomic hydrogen in the afterglow is dominated by surface losses,

mainly recombination at the surface. The increase in the early afterglow is due to

repletion of atomic hydrogen into the centre of the chamber (i.e. the depleted re-

gion during the plasma discharge). As discussed earlier in this thesis, the repletion

is due to diffusion of atomic hydrogen as there are not any creation process on these

time scales. As the atomic hydrogen is depleted in the centre of the chamber and

diffusing back in during the plasma afterglow, this suggests that there is a hollow

profile for atomic hydrogen.

5.1.5 Atomic Hydrogen Afterglow Pressure

Equation 4.2 can be used to calculate the pressure from the H atoms from their

measured density and temperature. The atomic hydrogen pressure is shown as a

function of time into the afterglow for different powers in Figure 5.8. It is observed

that the highest measured H pressure is in the earliest afterglow of the 1kW plasma

(due to higher H densities). These measurements are consistent with neutral de-

pletion occurring at the higher power (>4kW) discharges. At 1kW, the pressure of

atomic hydrogen is observed to drop significantly in the first 1ms of the afterglow.

The pressure continues to drop as the atomic hydrogen density and temperature

decrease.

When operating in the helicon mode at higher power, the trend for the neu-

tral atomic pressure follows that of the neutral density into the afterglow. The
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Figure 5.7: Atomic hydrogen density measurements (black dots) in the afterglow

of a 5ms 20kW plasma compared with theoretical model (red line).

neutral pressure starts at a negligible level and slowly increases over the first 4ms

into the afterglow. The atomic hydrogen pressure peaks at approximately 0.4mTorr

in the afterglow of the 5kW plasma and decreases after this peak. 10kW and 20kW

are observed to have H pressure peaks of approximately 0.03mTorr and 0.04mTorr

respectively, at 4ms into the afterglow. The pressure from atomic hydrogen is lower

than both the maximum electron pressure during the pulse and the initial H2 pres-

sure of 9.1mTorr at the position of the measurements. This supports that the atomic

hydrogen is responding to external forces from other species, whereby it is being

pushed out by the high electron pressure in the core during the plasma discharge.

In the afterglow, atomic hydrogen diffuses back in towards the centre as electrons

decay and there is a pressure gradient inwards.
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Figure 5.8: Neutral pressure from the atomic hydrogen into afterglow for a set

of power 1-20kW.

5.2 Time Resolved Radial Profiles

In this section, the time evolution of atomic hydrogen density and temperature into

the afterglow at multiple radial positions have been measured in the target chamber

(z=150mm). Measurements were restricted to the range 0-30mm due to the frame

of the target chamber blocking the optical access of the detection system.

5.2.1 Radial Plasma Density

Radial measurements can directly show the depletion of the neutral species. At

higher powers (> 4kW ) the electron pressure is shown in Chapter 4 to be higher

than the background H2 pressure. High electron density in the core, shown in Figure

5.9, leads to neutral depletion as the neutrals are pushed out from the centre. These

measurements are by Santoso who used a higher current of 400A in the mirror coils

and therefore in this work the plasma may be slightly less confined. The magnetic

field strength at the z=150mm position with mirror coil currents of 300A and 400A
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is 190G and 240G respectively.[132] As can be seen in the radial electron density

measurements, the electron density is highest in the centre (1.5x1019m−3) of the

chamber and decreases towards the chamber walls, dropping to 5x1017m−3 at 50mm.

The electron temperature is fairly constant at approximately 6eV radially from the

centre to 20mm before displaying a slight increase to approximately 7.8eV at 35mm.

After 35mm the electron temperature steeply decreases to 2.5eV at 50mm. The

constant radial temperature profile and radially decreasing electron density support

that there is a high plasma pressure in the centre that is causing the neutral species to

be depleted in the core. This section will investigate the radial profiles of the atomic

hydrogen density and examine whether the neutral species have been depleted on

the axis of the plasma.

It is seen that the plasma density drops an order of magnitude over 40mm

from the centre of the discharge, this is of the same order of magnitude for the mean

free path of collisions for a hydrogen atom with the plasma discussed in Section 4.3.

Providing further evidence that the plasma is able to push the neutral species out

of the centre region of the chamber where there is high plasma pressure.

As discussed in Chapter 2, the electron density is determined using the Lang-

muir probe. Temporally and spatially resolved measurements were made upstream

from the antenna in the target chamber at z=150mm. This is to compare with the

atomic hydrogen measurements made with the TALIF diagnostic. A set of RF pow-

ers were investigated (1, 5, 10, 20kW) with the standard 50A:300A magnetic field

configuration. The molecular hydrogen pressure was maintained at 10mTorr for all

measurements. The Langmuir probe tip was moved radially in steps of 10mm from

the centre of the chamber (r = 0mm) to 60mm.

Shown in Figures 5.10-5.13 is the electron density (ne) into the early afterglow

of the plasma pulse for different powers (1, 5, 10, 20kW). The earliest measured time

in the afterglow is 50µs (0.05ms) as the ramp down of the RF transmitters is of this

order. This ensures that all supplied RF power is off by the time the measurements

are made. Each subfigure shows the evolution for a single radial position 0-60mm.

A 3D plot of the combined ne which shows the evolution of the density into the

afterglow and along the radial position is included for each power.
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Figure 5.9: Radial profiles of the electron density (top) and temperature (bot-

tom) at z=150mm during a 20kW hydrogen plasma discharge. Reproduced from

[132].

Looking at the densities for 1kW applied RF power in Figure 5.10 it is seen

that ne is highest in the centre of the chamber at r = 0mm at 6x1016m−3. From the

centre to a radial position of 60mm the electron density is fairly constant. At 50µs

(0.05ms) after the plasma pulse all measured densities are within 3-6x1016m3. At

each radial position ne decays with an identical shape relation, in all cases dropping

by an order of magnitude by 200µs (0.2ms) after the RF pulse. ne continues to

further decay into the afterglow dropping below 1015m3 by 500µs (0.5ms) where it

can effectively be considered negligible.
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Figure 5.10: Electron density in the early afterglow of a 5ms 1kW plasma pulse

with the standard operating conditions. Subplots show different radial positions,

r = 0-60mm. A 3D plot shows the electron density as a function of time and

radial position in the afterglow.

As the applied RF power is increased to 5kW, a large jump in ne occurs consis-

tent with MAGPIE entering the helicon mode. Figure 5.11 shows ne ≈ 4.5x1017m−3

at 50µs (0.05ms) in the afterglow in the centre of the chamber. At 10mm radially

outward from the centre, the electron density is comparable to the centre, however

the electron density decreases radially beyond 10mm. At 60mm, ne is less than
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Figure 5.11: Electron density in the early afterglow of a 5ms 5kW plasma pulse

with the standard operating conditions. Subplots show different radial positions,

r = 0-60mm. A 3D plot shows the electron density as a function of time and

radial position in the afterglow.

1017m3. All radial positions display an identical ne decay after the plasma discharge

is switched off.
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Figure 5.12: Electron density in the early afterglow of a 5ms 10kW plasma pulse

with the standard operating conditions. Subplots show different radial positions,

r = 0-60mm. A 3D plot shows the electron density as a function of time and

radial position in the afterglow.

Following a 10kW plasma pulse, ne = 8x1017m−3 in the earliest afterglow at r

= 10mm, shown in Figure 5.12. This electron density at r = 10mm is slightly higher

than in the centre, but possibly too small to be significant and could be investigated

further to see if there is a slight dip in ne directly in the centre. The same radial

decrease is observed for 10kW as for 5kW where ne is lower the further from the
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Figure 5.13: Electron density in the early afterglow of a 5ms 20kW plasma pulse

with the standard operating conditions. Subplots show different radial positions,

r = 0-60mm. A 3D plot shows the electron density as a function of time and

radial position in the afterglow.

centre. At 60mm ne = 1x1017m−3 initially, almost an order of magnitude lower than

the centre. As the power is increased there is an observed greater density gradient

of the plasma from the centre radially outwards consistent with previous work.[132]
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The plasma density for 20kW applied RF power is shown in Figure 5.13 and

shows the same behaviour observed for 5kW and 10kW, however a greater plasma

density is achieved, 9x1017m−3. This peak in plasma density is observed to be at the

same level across the inner 30mm of the chamber. The first meaningful decrease in

the initial plasma density in the radial component in the afterglow is at 40mm from

the centre, which starts at 6.5x1017m−3. These measurements highlight that the

plasma density limit is being approached as the plasma is less confined towards the

centre and the plasma density is rising further from the centre. This is creating a

broader radial plasma profile, which will also contribute to further neutral depletion

in the central region of the chamber.

5.2.2 Radial Atomic Hydrogen Density

The TALIF diagnostic was used to measure the radial change of the atomic hydrogen

density to investigate if neutral depletion is creating a hollow profile in the density

as observed by Aanesland in xenon.[121] The UV lens was translated on a linear

platform to move the focus of the lens to different radial positions in the MAGPIE

chamber. The detection system was also moved on a linear platform to maintain its

focus on the excitation spot.

Figures 5.14-5.17 show the atomic hydrogen density evolution into the after-

glow of a 5ms plasma pulse for applied RF powers of 1kW, 5kW, 10kW and 20kW

respectively for four different radial positions, r= 0, 10mm, 20mm and 30mm. The

gas fill pressure is maintained at 10mTorr measured at the gas inlet. The magnetic

fields are kept at the standard 50A:300A configuration.
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Figure 5.14: Atomic hydrogen density into the afterglow of a 1kW 5ms plasma discharge. Subfigures are at different radial positions in the target

chamber r = (0, 10, 20, 30)mm.
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Figure 5.15: Atomic hydrogen density into the afterglow of a 5kW 5ms plasma discharge. Subfigures are at different radial positions in the target
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Figure 5.16: Atomic hydrogen density into the afterglow of a 10kW 5ms plasma discharge. Subfigures are at different radial positions in the target

chamber r = (0, 10, 20, 30)mm.
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For 1kW applied RF power, it is observed that the two stage decay is consis-

tent across all measured radial positions. The second decay rate is approximately

the same for all measured radial positions τ2 ≈ 6-7ms. This would suggest that

it is surface losses at the walls that dictate the losses for atomic hydrogen in the

later (>2ms) afterglow as described in the model previously. The first decay rate in

the afterglow is noticeably different between the centre (τ1 = 1.58ms) and all other

radial measurements (τ1 ≈ -3ms−1). While this may suggest that there could be a

different process determining the decay rate between the centre and radially out-

wards, it might also be directly linked to the much higher atomic hydrogen density

confined to the centre in the 1kW discharge, 1x1019m−3 compared with 4-6x1018m−3

maximum observed densities at further radial positions.

For the 5kW RF applied power shown in Figure 5.15, it is observed that

atomic hydrogen density follows the same shape in the afterglow for all radial mea-

surements. There is a fast increase in the H density over ∼1ms, followed by a slower

increase in density over the next 1-3ms. There is quite a large variation in the

measured fast atomic hydrogen density increasing from 0.30ms to 0.62ms. However

this fit includes only a small number of data points. This is likely creating large

variation in values between the radial positions. The decay rate appears to be faster

in the centre of the chamber with τ1 = 5.88ms while the radial positions further out

have a slower decay, τ1 ≈ 15ms.

With 10kW applied RF power, the atomic hydrogen density is observed to

initially increase at all the measured radial positions in the afterglow shown in Figure

5.16. The measured rate of increase in the early afterglow ranges from 0.93ms at

the centre to 0.25ms at r=30mm. This fast increase is followed by a slower increase

in atomic hydrogen density before decay into the afterglow. The decay rates are

measured to range between 6.7ms to 17.2ms.

The same trend is observed at 20kW with a fast increase in H density initially

followed by a slower increase. After the maximum density is reached at ∼3ms

into the afterglow there is a consistent decrease into the remaining afterglow. The

evolution of atomic hydrogen density into the afterglow at different radial positions

is shown in Figure 5.17. The fast density increase is observed to have a rate varying
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from 0.29ms to 0.57ms, which can also be attributed to only a small number of

measurements in the early afterglow region. The decay in the later afterglow (>3ms)

has a fairly consistent decay rate from 9 to 15ms, increasing in decay rate is observed

for radial positions further from the centre. This may be due to the hydrogen leaving

the centre and diffusing towards the walls, producing a slower decay further from

the centre. Repeat experiments are required to determine if this increase is real or

just within the error of the measurements.

As discussed in Section 5.1.4, the slower decay rate for 1kW applied RF and

the single decay rate at higher powers can be attributed to atomic hydrogen diffusing

to the target chamber walls where it undergoes recombination at the surface. The

loss mechanism at the walls is dominant at all radial positions.

The top image in Figure 5.18 presents atomic density as both a function of

time into the afterglow (along x-axis) and the radial position (along y-axis) for a

5ms plasma discharge with 1kW applied RF power. Black lines through the figure

are set times in the afterglow corresponding to the densities presented in the bottom

figure, which show the evolution of the density for a set of radial positions at different

times into the afterglow. It is seen that very early in the afterglow (150µs, 0.15ms)

there is a sharp radial profile with a higher atomic hydrogen density at the centre

and decreasing radially. At 600µs (0.6ms) into the afterglow, the radial profile is

becoming more uniform. The H density at the centre is still slightly higher than the

next radial position at 10mm, while there is a bigger drop in density between 20mm

and 30mm from the centre. Further into the afterglow, the density of hydrogen

atoms becomes more radially uniform and continues to decrease with time into the

afterglow, however there is still a lower density measured at r=30mm.
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Figure 5.18: (top) Evolution of atomic hydrogen density (nH) up to 10ms into

the afterglow of the 5ms 1kW plasma pulse. (bottom) Radial atomic hydrogen

densities at different times in the afterglow. Black lines on the 3D plot correspond

to the shown radial data.
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Figure 5.19: (top) Evolution of atomic hydrogen density (nH) up to 20ms into

the afterglow of the 5ms 20kW plasma pulse. (bottom) Radial atomic hydrogen

densities at different times in the afterglow. Black lines on the 3D plot correspond

to the shown radial data.
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A similar figure is presented for the evolution of atomic hydrogen density

into the afterglow for different radial positions after a 5ms 20kW plasma discharge

in Figure 5.19. 3D plots for the 5kW and 10kW measurements are not presented as

the same behaviour is observed in the 20kW and applies to those cases as well. The

atomic hydrogen radial profiles are fairly constant across 0-20mm with an observed

increase in the density at 30mm. The afterglow initially starts low in atomic hy-

drogen density and rapidly increases, peaking at around 3ms for all radial positions

before decreasing further into the afterglow. The radial position at 30mm maintains

a slightly higher density through the whole measured afterglow (<20ms).

The radial variation of atomic hydrogen density support the measurements

earlier in this chapter and in Chapter 4, that neutral depletion is occurring at

higher applied RF powers. The depletion of the atomic hydrogen from the core of

the plasma discharge appears to be attributed to the high plasma pressure pushing

the neutrals out of the core through collisions. Depletion due to gas heating could

also be a large contributing factor, however the radial atomic hydrogen temperature

must be considered to get an indication of the degree that gas heating has on the

depletion of atomic hydrogen.

5.2.3 Radial Atomic Hydrogen Temperature Profiles

The atomic hydrogen temperature (TH) is calculated from the Doppler broadening of

the TALIF absorption as discussed in Chapter 3. The atomic hydrogen temperature

(TH) at 1ms into the afterglow of the 5ms plasma pulse for a set of input powers are

shown in Figure 5.20.

It is observed that the gas temperature remains constant radially outwards

from the centre to 30mm, the limit of the radial measurements with the current

optical set-up. At 1kW, TH = 0.033-0.036eV for all measured radial positions. The

temperature is observed to increase to between 0.041-0.048eV for 5kW, while still

maintaining a fairly constant radial temperature. Further increasing the applied RF

power leads to hotter atomic hydrogen. At 20kW the highest neutral temperatures

are recorded at 1ms into the afterglow of up to 0.07eV.
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Figure 5.20: Temperature of a function of radial position for each power 1, 5,

10, 20kW. The centre of the target chamber is at r=0 and the chamber wall is at

r=80mm.

This relatively flat temperature profile means that gas heating is an unlikely

mechanism for explaining the observed neutral depletion, as a cooler neutral tem-

perature is required further from the core (to set up a temperature gradient). Mea-

surements at greater radial positions are required to fully determine that there is

not a temperature gradient closer to the wall. However as the temperature profile is

relatively flat, gas heating has negligible effect across the inner 30mm of the plasma.
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Figure 5.21: (top) Evolution of atomic hydrogen temperature (TH) up to 10ms

into the afterglow of the 5ms 1kW plasma pulse. (bottom) Radial atomic hydro-

gen temperatures at different times in the afterglow. Black lines on the 3D plot

correspond to the shown radial data.
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plot correspond to the shown radial data.
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A plot of atomic hydrogen temperature into the afterglow of the 5ms pulse

with 1kW applied RF power for radial positions 0-30mm is shown in Figure 5.21. It

is observed that for 1kW applied RF power the hottest hydrogen atoms are found in

the earlier afterglow and in the centre of the plasma discharge. This is comparable,

if slightly warmer, to the atomic hydrogen temperature measurements by Samuell

and Corr in the MAGPIE device using optical emission spectroscopy.[173] For the

first 600µs (0.6ms) in the plasma afterglow there is a radial temperature gradient

that is hottest in the centre of the chamber. After 600µs (0.6ms), the temperature

is observed to become radially uniform and slowly cool further into the plasma

afterglow.

The evolution of atomic hydrogen temperature in the afterglow of a 5ms

pulse 20kW applied RF power for different radial positions is shown in Figure 5.22.

Similarly to the 1kW measurements, atomic hydrogen temperature is hottest in

the earliest afterglow, directly after the pulse and cools into the afterglow. Unlike

for 1kW, which shows a temperature gradient, the neutral hydrogen atoms display

a fairly constant radial temperature profile through most of the afterglow while

appearing possibly cooler in the centre. Only the 20kW 3D plot is presented here

as the 5kW and 10kW cases show similar behaviour to the 20kW atomic hydrogen

temperatures.

5.3 Summary of Neutral Behaviour and Deple-

tion

Spatially resolved atomic hydrogen densities and temperature profiles in the after-

glow of a pulsed plasma have been measured using the newly established two-photon

absorbed laser induced fluorescence diagnostic. It is observed for the first time that

neutral depletion of atomic hydrogen is occurring in the core of the plasma in the

MAGPIE device at powers greater than 4kW. As the power is increased above 4kW

and the plasma switches into a helicon mode, the atomic hydrogen density in the

centre is observed to decrease with increasing power, while at the edge it slightly
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increases. The pressure from the magnetically confined plasma push the neutrals

out from the core leading to the neutral depletion of atomic hydrogen in the core.

This depletion of the neutral species may be further enhanced by gas heating.

Time resolved measurements in the afterglow of lower power plasma (<4kW)

show a two stage decay rate of atomic hydrogen density. A fast decay rate initially

followed by a slower rate of decay. The slower decay rate can be explained by losses

due to recombination of atomic hydrogen at the chamber walls.

The afterglow of higher power (>5kW) plasmas show the neutral density

increasing into the early afterglow for the first few milliseconds to replenish the

neutral depletion. After this peak occurs, the density is observed to decay into the

remaining afterglow. This decay at the higher powers can also be explained as being

due to atomic hydrogen recombination at the walls of the target chamber.

Radial measurements of atomic hydrogen density show that for the lower

power measurements of 1kW, the density is highest at the radial centre of the cham-

ber. It becomes more uniform further into the afterglow. At higher power measure-

ments, the density of hydrogen atoms is fairly uniform across 0-20mm and higher

than 30mm, suggesting that there is higher neutral hydrogen densities towards the

chamber walls.

Investigation of the radial atomic temperature showed a uniform tempera-

ture gradient from the centre to 30mm. As the temperature is constant across the

measured region, gas heating cannot be the sole cause of neutral depletion. This

supports that the high plasma pressure is indeed playing a significant role in the

depletion of neutral atomic hydrogen in the core of the plasma discharge.

Simulations of the hydrogen discharge using the 2D-axisymmetric model

by Santoso[132] show a depletion of both the molecular and atomic hydrogen at

z=150mm in the target chamber. The model predicts that atomic hydrogen density

will be higher than 1018m−3 in the centre of the discharge at steady state condi-

tions for 20kW applied RF power and increase towards the chamber walls. The

model does not show depletion to the extent that has been measured in this work

where during the plasma discharge and in the early afterglow atomic hydrogen was
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unable to be detected. While atomic hydrogen may not be completely depleted, it

was undetectable or below detectable levels (1017m−3). It is important to note in

work by Carmen [177] with mixed copper/neon plasma, he showed that the Cu had

higher levels of depletion due to ionisation than the neon atoms. The difference in

degrees of depletion may be due to their larger mass effecting their mean free paths

of ionisation. Molecular hydrogen may display a different depletion profile to atomic

hydrogen.
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Chapter 6

Conclusion

This thesis presents research into the dynamics of atomic hydrogen in high power lin-

ear helicon plasma devices. This research has involved establishing a new two-photon

absorbed laser-induced fluorescence (TALIF) diagnostic to investigate atomic hydro-

gen dynamics in the plasma. Atomic hydrogen density and temperature have been

temporally and radially determined using the newly established TALIF diagnostic.

A summary of these achievements is discussed below and future investigations and

extensions to this study are suggested.

6.1 Two-Photon Absorbed Laser-Induced Fluo-

rescence Diagnostic

A two-photon absorbed laser-induced fluorescence diagnostic has been established

as part of this research. The diagnostic set-up was covered in detail, including

discussion of the laser, the optics and detection system, and the acquisition and

control system. A detailed description of the developed LabviewTM program that

controlled the timing and data acquisition was included as part of the discussion.

The two-photon absorbed laser-induced fluorescence technique was discussed

in detail, including the excitation schemes and the noble gas calibration method for

160



6.2. ATOMIC HYDROGEN DYNAMICS

atomic hydrogen. The noble gas calibration was conducted using krypton, which

has a ground state two-photon excitation scheme similar to the 205nm excitation

used in this research for atomic hydrogen. The atomic hydrogen density can then

be determined from the total fluorescence signal detected across a wavelength scan.

Particular attention was given to the broadening mechanisms associated with

the technique to correctly determine the Doppler broadening of the fluorescence

wavelength scan and hence accurately determine the temperature of the neutral

atomic species. It was determined that the major broadening mechanisms that re-

quired consideration are Doppler broadening and laser line width. Pressure, Stark

and Zeeman broadening effects were shown to be negligible under the operating con-

ditions of the MAGPIE helicon plasma device. Broadening due to saturation with

the laser was avoided by maintaining the laser pulse energy below the determined

saturation levels for atomic hydrogen and krypton. The laser linewidth broadening

due to the laser was determined to be 1.11pm using a mixed hydrogen:deuterium

plasma. After accounting for other broadening contributions, the Doppler broaden-

ing of the absorption peak is used to determined the atomic hydrogen temperature.

6.2 Atomic Hydrogen Dynamics

Atomic hydrogen density and temperature has been investigated as a function of

applied RF power. It is observed that the atomic hydrogen density in the centre

of the MAGPIE chamber increases with increasing applied RF power up to 4kW.

Above 4kW, atomic hydrogen density is observed to decrease with increasing power

till approximately 15kW. Further increasing to power up to 20kW did not yield

additional decrease in the density. At 20kW applied RF power it is observed that

increasing the pulse length (plasma on) also led to a decrease in atomic hydrogen

density. In contrast, the temperature of atomic hydrogen is observed to steadily

increase with applied RF power. The decrease in neutral density at the centre of

the chamber is consistent with neutral depletion occurring at high discharge powers

(>4kW).
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The depletion of neutral species is determined to be due mainly to the high

plasma pressure in the plasma core. The high plasma pressure exerts a drag force

on neutrals pushing them out of the centre towards the chamber edge leading to the

depleted region in the centre. Depletion due to gas heating is shown to also have an

effect on the depletion of neutral species compared to if the neutrals were at room

temperature, but is unable to fully account for the depletion observed. Depletion

due to ionisation is also investigated, however it is found that the mean free path

of ionisation for atomic hydrogen was larger than the chamber diameter and also

could not account for the large depletion observed.

Temporal measurements of atomic hydrogen density in the plasma afterglow

showed that at lower powers (1kW) there is a two stage decay in the afterglow.

It could be seen that there is a faster decay initially, followed by a second slower

decay that can be attributed to recombination of atomic hydrogen atoms at the

chamber walls. At higher discharge powers (>5kW), atomic hydrogen density is

observed to initially increase over the first ∼3ms in the afterglow before plateauing

and decreasing into the extended afterglow. The decay observed with the higher

power discharges is also able to be explained due to recombination at the chamber

walls.

The loss mechanism of atomic hydrogen is investigated and it was found

that the second decay rate for the 1kW discharge could be described by diffusion

towards and recombination at the target chamber walls. It is found that the two

rate decay is unable to be explained by fast cooling of the atomic hydrogen and

that there are two different mechanisms causing the decay of atomic hydrogen in

the afterglow. Recombination at the walls is found to be the dominate mechanism

for atomic hydrogen loss mechanism in the afterglow of the higher power (5-20kW)

plasma discharges.

Radial measurements of atomic hydrogen density show that for the 1kW

discharge atomic hydrogen is concentrated in the centre of the chamber and decreases

towards the chamber walls. Increasing the applied RF power created a more uniform

radial atomic hydrogen density, however at 20kW there is a slightly higher density

at 30mm compared to 0-20mm. The two-rate decay in the afterglow is observed
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at all radial positions at 1kW applied RF power. In comparison, at higher powers

(5-20kW) there is an initial increase in atomic hydrogen density after the plasma is

switched off for all measured radial positions 0-30mm. This is followed in all cases

by a constant rate decrease in atomic hydrogen density.

Understanding of neutral depletion and the conditions that lead to its oc-

currence are of great importance to the design of new high density plasma devices,

especially linear type devices such as with a helicon antenna. This work has shown

that neutral depletion plays a role in the upper densities that can be achieved in

these helicon type plasma sources. This has consequences for applications of the he-

licon sources, such neutral beam injection systems, negative ion production systems

and wakefield accelerators. In turn this will effect the design of smaller labora-

tory plasma devices for studying fusion related plasma studies. For example, if the

plasma density is limited then helicon sources may not easily be able to reach the

ion fluxes that will be expected in ITER.

6.3 Future Work

Further work can be conducted on the foundation of this research is summarised

and briefly discussed in this section.

• A recommended extension to the two-photon absorbed laser-induced fluores-

cence diagnostic is the addition of a method to accurately measure the laser

wavelength and linewidth for each individual pulse. For the measurements in

this thesis the laser wavelength is determined by the motor position of the

grating in the dye laser and the average laser linewidth is determined by its

broadening contribution on deuterium compared to hydrogen (as discussed in

Chapter 3). A wavemeter or iodine absorption cell as used in [145] are upgrades

that can measure the wavelength for each pulse. A homodyne-interferometer

type set-up would be capable of determining the laser linewidth.[191, 192]

These upgrades would allow the broadening of the scans to be more accu-

rately determined and provide a better resolution for the atomic temperature.
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The velocity of the species can also be determined by measuring the shift in

the wavelength.

• There is a large parameter space that can be investigated on MAGPIE to

determine the effects on the atomic hydrogen dynamics and the depletion in

the centre of the chamber. Axial measurements in MAGPIE would provide

additional information on the dynamics of atomic hydrogen and neutral de-

pletion, such as whether the neutrals are pushed out radially or axially in the

chamber. The laser would need to be focused into the target chamber from the

end of the MAGPIE device (compared to side on in this work) to make axial

measurements. The detection system would require a new design to allow it

to fit under the magnetic coils, which could be achieved with a mirror set-up

or with optical fibres.

• An important aspect to investigate is the atomic hydrogen behaviour during

the plasma discharge itself. Improvements to the detection system to de-

tect densities below 1017m−3 would help to determine the degree of depletion.

Other methods such as tunable diode laser absorption spectroscopy (TDLAS)

would allow line-averaged atomic hydrogen densities and temperatures to be

determined.[193]

• The effect of the background fill pressure and the flow rates was not investi-

gated as part of this research. Increasing the pressure will provide a higher

molecular hydrogen density that can potentially reduce the depletion of the

neutral species. While 10mTorr is close to the upper operating pressure limit

in MAGPIE, the pumping rate can be reduced by the butterfly valve (discussed

in Chapter 2), which will increase the density along the chamber.

• The magnetic field provides another parameter that can be controlled to in-

vestigate the effect on the neutral dynamics and depletion. Measurements of

the pressure at the chamber wall presented in this thesis showed a decrease in

pressure with increasing magnetic field strength. This should be further in-

vestigated to determine the mechanisms occurring under these conditions. A

stronger mirror field in MAGPIE provides greater confinement of the plasma

towards the centre of the chamber. It has been suggested that the increased
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field strength increases the pumping rate and creates lower densities at the

chamber walls[124], however this requires further investigation.

• Measurements of molecular hydrogen will provide additional information of

the behaviour of neutral species in the plasma, including density and temper-

ature both during the plasma discharge and afterglow. It will allow actual

dissociation fractions to be determined. An important question is whether the

molecular hydrogen behaves similarly to atomic hydrogen. Molecular hydrogen

may display different depletion profiles to atomic hydrogen, which will lead to

spatially dependent reaction rates. Combined experimental measurements of

both neutral atomic and molecular hydrogen in the plasma, along with other

plasma species will provide empirical data for comparison of plasma models.

• As demonstrated in this thesis, hydrogen and deuterium are individually re-

solvable. As deuterium has twice the mass of the hydrogen atom it can lead to

differences in the behaviour. This increase in mass may be enough that the de-

pletion due to ionisation may become more dominate in the plasma discharge.

This will be due to the decrease in the mean free path of ionisation for deu-

terium compared to hydrogen. The TALIF diagnostic can measure deuterium

atoms in exactly the same way as hydrogen in this thesis.

• Krypton and xenon plasmas are also possible candidates for investigation using

the newly established TALIF diagnostic. Krypton has a two-photon excitation

with 2x204.13nm of the 4p6
1S

0 → 5p′[3/2]2 as discussed in Chapter 3, which

fluoresces at 826.30nm. Therefore the neutral krypton can be measured using

this TALIF system with only the optical filters and the wavelength sweep

range requiring adjusting between measuring hydrogen and krypton. Similarly

xenon has a two-photon excitation scheme within the spectral output of the

dye laser of 2x209.25nm. This excites the 5p6
0 → 4p57f2 state and fluoresces

at 656.00nm.[194] Heavier atoms are observed to display neutral depletion due

to ionisation more readily due to their significantly shorter mean free paths of

ionisation.[163] Due to krypton and xenon naturally occurring in the atomic

state, it is simpler to determine the degree of depletion.

165



6.3. FUTURE WORK

• Nitrogen species in plasma is of particular interest due to the potential of using

it as a neutral blanket for radiative cooling in the divertor region of tokamak

fusion devices. Therefore the physics and chemistry of nitrogen species in a

hydrogen plasma is going to be important to understand. Ammonia and other

NH compounds can be created in the mixed H2/N2 plasma, ammonia being

especially important as it cannot be processed by the cryo-pumps in ITER.

Outside of fusion research ammonia is of great importance to agriculture,

and the production of ammonia in plasma could have widespread benefits.

Initial research has been undertaken as part of this Ph.D. but was not included

as it was outside of the focus of this thesis, but is briefly mentioned here.

Aspects of this work have been presented in [24]. Mixed hydrogen and nitrogen

plasmas of varying percentages of composition were investigated using optical

emission spectroscopy. Shown in Figure 6.1 is the spectra from 330-360nm of

mixed H2/N2 plasmas. The top figure shows the emission output for varying

percentage of the nitrogen in the gas. The bottom figure shows a spectra

for a composition 20%H2 and 80%N2. The emission at 335.5nm is indicative

of NH species and demonstrates that they are formed in the mixed plasma.

This topic requires further work which can be supplemented through using the

TALIF system as atomic nitrogen has a two-photon absorption of 2x206.7nm

from the 2p3 4S3/2 → 3p4S3/2 fluoresces over 742-747nm. This can be excited

using the current TALIF set-up and calibrated using krypton, as the TALIF

system is able to investigate both hydrogen and nitrogen species in the mixed

plasmas.

• Retention of hydrogen isotopes (especially tritium) in the plasma facing com-

ponents is of concern. Firstly, trapped tritium affects the tritium breed-

ing and secondly, from a safety viewpoint, tritium is a concern due to its

radioactivity.[195] Due to its use in ITER, tungsten is a material of interest.

The MAGPIE device has the ability to place materials into the target chamber.

The TALIF diagnostic can be used to investigate the changes in behaviour of

atomic hydrogen due the material, such as in the sheath region. If retained

species are released from the material after the plasma discharge, then TALIF

can be employed to measure the released species.
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6.3. FUTURE WORK

Figure 6.1: (top) Intensity plot of the optical emission spectra from 330-360nm

for varying compositions of H2/N2 plasmas. (bottom) Individual spectra for the

20% H2 and 80% N2 composition.[24]

In conclusion, a newly established two-photon absorbed laser induced flu-

orescence diagnostic has been used to determine neutral atomic hydrogen density

and temperature in the afterglow of high power (<20kW) plasma discharge in the

MAGPIE device. The temporal and redial profiles have been presented. The first

measurements of neutral depletion in a hydrogen have been observed and it has been

concluded that depletion is due to the high plasma pressure with contributions from

gas heating.
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Appendix A

TALIF Dye Recipe

Reagents:

• High Purity Ethanol

• Rhodamine 610 Chloride (Rhodamine B)

• Rhodamine 640 Perchlorate (Rhodamine 101)

Dissolve 0.136g of rhodamine 610 chloride and 0.032g rhodamine 640 per-

chlorate in 800mL of ethanol. Mix with a magnetic stirrer until fully dissolved

(∼40mins). The resulting stock solution concentration is 0.17g/L RH610 and 0.04g/L

RH640. Pour 600mL of stock solution into the resonator pump reservoir. Dilute the

remaining 200mL stock solution with 1400mL of ethanol and pour in the amplifier

pump container reservoir.
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24-28, 2012.

[134] M. A. T. Thompson, Measuring helium nano-bubble formation in tungsten with

grazing-incidence small angle X-ray scattering. PhD thesis, The Australian

National University, 2017.

[135] J. Howard, “Coherence imaging spectro-polarimetry for magnetic fusion diag-

nostics,” Journal of Physics B: Atomic, Molecular and Optical Physics, vol. 43,

no. 14, p. 144010, 2010.

[136] R. Lester, Y. Zhai, C. Corr, and J. Howard, “Coherence imaging for ion tem-

perature and flow measurements in a low-temperature helicon plasma source,”

Plasma Sources Science Technology, vol. 25, no. 1, p. 015025, 2016.

[137] J. Howard, M. Kocan, S. Lisgo, and R. Reichle, “Stokes-Doppler coherence

imaging for ITER boundary tomography,” Review of Scientific Instruments,

vol. 87, no. 11, p. 11E561, 2016.

187



BIBLIOGRAPHY

[138] B. W. Longmier, E. A. Bering, M. D. Carter, L. D. Cassady, W. J. Chancery,

F. R. Dı́az, T. W. Glover, N. Hershkowitz, A. V. Ilin, G. E. McCaskill, C. S.

Olsen, and J. P. Squire, “Ambipolar ion acceleration in an expanding magnetic

nozzle,” Plasma Sources Science Technology, vol. 20, no. 1, p. 015007, 2011.

[139] E. Kolemen, S. L. Allen, B. D. Bray, M. E. Fenstermacher, D. A. Humphreys,

A. W. Hyatt, C. J. Lasnier, A. W. Leonard, M. A. Makowski, A. G. McLean,

R. Maingi, R. Nazikian, T. W. Petrie, V. A. Soukhanovskii, and E. A. Unter-

berg, “Heat flux management via advanced magnetic divertor configurations

and divertor detachment,” Journal of Nuclear Materials, vol. 463, pp. 1186–

1190, 2015.

[140] I. Langmuir and K. Blodgett, “Currents limited by space charge between con-

centric spheres,” Physical Review, vol. 23, pp. 49 – 59, 1924.

[141] D. Ruzic, Electric probes for low temperature plasmas. New York City: Amer-

ican Vacuum Society, 1994.

[142] I. H. Hutchinson, Principles of Plasma Diagnostics. Cambridge University

Press, 2 ed., 2002.

[143] Impedans Plasma Measurement, “Impedans langmuir probe,” 2020.

https://impedans.com/langmuir-probe.

[144] Princeton Instruments, “Isoplane sct 320 manual,” 2013. https:

//nstx.pppl.gov/nstxhome/DragNDrop/Operations/Diagnostics_&_

Support_Sys/DIBS/IsoPlane_SCT_320_Manual.pdf, Last accessed on

7-03-2020.

[145] M. G. H. Boogaarts, S. Mazouffre, G. J. Brinkman, H. W. P. Van Der Heijden,

P. Vankan, J. A. M. Van Der Mullen, D. C. Schram, and H. F. Döbele, “Quan-
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