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Abstract 
 

Characteristics of Hydrogen Negative 
Ion Production depending on  
Electron Energy Distributions  

in Inductively Coupled Plasmas 
 

Sung-Ryul Huh 

Department of Energy Systems Engineering 

The Graduate School 

Seoul National University 
 

The goal of the RF driven hydrogen negative ion (H  ion) source driver 

developments is to promote the generation of H  ions and their precursors for 

a large extracted H  ion beam current with a high RF efficiency. Without full 

understanding the underlying physics of the hydrogen plasma chemistry and 

the inductively coupled plasma (ICP), it cannot comprehend phenomena in RF 

H  ion source drivers, then cannot also achieve this goal. To understand the 

underlying physics, the electron energy distribution function (EEDF) and H  

ion generation in low-pressure inductively coupled hydrogen plasmas is 

investigated using both theoretical and empirical approaches. 

A global model was developed to investigate the densities of H  ions and 

other species in a low-pressure inductively coupled hydrogen plasma with a bi-

Maxwellian EEDF. Compared to a Maxwellian plasma, bi-Maxwellian plasmas 

have higher populations of low-energy electrons and highly vibrationally 

excited hydrogen molecules that are generated efficiently by the high-energy 

electrons. This leads to higher reaction rates of the dissociative electron 
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attachments responsible for H  ion production. The model indicated that the 

bi-Maxwellian EEDF at low pressures is favorable for the creation of H  ions.  

The dual frequency antenna ICP was developed to bi-Maxwellize the EEDF 

by controlling the driving frequency-dependent collisionless heating. The dual 

frequency antenna ICP consists of a 2 MHz-driven solenoidal antenna wound 

around a cylindrical chamber and a 13.56 MHz-driven planar antenna placed 

on the top of it. Compared to the conventional single frequency antenna ICPs, 

the dual frequency antenna ICP reveals two distinctive characteristics, i.e., an 

increase in the power transfer efficiency and the bi-Maxwellization of the 

EEDF due to the collisionless heating. These characteristics allow the dual 

frequency antenna ICP to accomplish the enhanced generation of H  ions and 

their precursors with a high RF efficiency.  

In addition, the source pulsing for the enhancement of the volume H  ion 

production was investigated by introducing the newly devised time derivative 

of EEDF – electron energy characteristic. The experimental result shows that 

H  ion density in the after-glow is about 17 times of that in the active-glow. It 

was found that this is due to the electron cooling in the after-glow and the long 

lifetime of highly vibrationally excited molecules. 
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Chapter 1. Introduction 

 

1.1 Historical review of RF hydrogen negative ion source 
 

Low-pressure hydrogen plasmas are widely utilized in the fields of material 

processing and semiconductor processing. For example, they are used for 

cleaning of silicon substrate surfaces, [1] etching, [2] and plasma immersion 

ion implantation of semiconductors. [3] In addition, the ion source is an 

important application of the hydrogen (or deuterium†) plasmas for the neutral 

beam injection (NBI) systems that heat the plasma and drive plasma currents in 

fusion reactors [4] and for the accelerators such as positron emission 

tomography cyclotrons and synchrotrons based research facilities. [5] 

 The development of ion sources containing hydrogen ions started by E. 

Goldstein in 1886. [6] In the 1940s, the radio frequency (RF) plasmas were 

investigated for ion beam production. The detailed history of the hydrogen ion 

source development is beyond the scope of this study. In order to maintain 

transparency and to be concise, this section is limited in scope: Only a brief 

review on development of the hydrogen ion sources, especially RF hydrogen 

negative ion sources, is presented. 

 According to the review of Hemsworth and Inoue, [7] the first multi-ampere 

positive ion source appeared in 1972, and soon began to be used on NBI 

                                            

 
† Unless otherwise mentioned, all the statements associated with hydrogen can apply 
equivalently to the case of deuterium. 
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systems. In the beam injection systems for the heating and current drive of the 

magnetic fusion reactors, only neutral beams can be injected into the plasma 

regardless of the magnetic confinement fields. They then transfer their energy 

to the plasma through collisions. These neutral beams can be produced by the 

neutralizations of the accelerated hydrogen ion beams via collisions with gas 

molecules in the NBI neutralizer. The ion sources for the NBI play a role in 

providing a flux of hydrogen ions that will be accelerated in the beam extraction 

system and then neutralized in the neutralizer. In the late 1970s, investigation 

of the RF driven positive ion source for the NBI was started at the University 

of Giessen. [8] Here, the RF driven ion source usually means the inductively 

coupled plasma (ICP) as an ion source. The ICP is generated by an RF excited 

coil surrounding the dielectric wall (or window) of the source. The purpose of 

the investigation was to substitute the conventional filament driven arc 

discharge source by the RF driven ion source. The filament driven ion sources 

require regular maintenance to replace deteriorated filaments caused by 

evaporation. The RF driven ion sources, on the other hand, are free from the 

maintenance problem due to absence of the filaments. [4, 7–10] This makes the 

RF driven ion sources attractive for long pulse NBI systems (e.g., international 

thermonuclear experimental reactor (ITER) NBI). Furthermore, they have a 

simpler structure composed of fewer parts (i.e., an antenna coil and an RF 

matcher), resulting in cost savings. After many tests and research RF driven 

positive ion sources were developed at Max-Planck-Institut für Plasmaphysik 

(IPP) Garching and have been successfully operated for the NBI systems of 

fusion devices, i.e., axially symmetric divertor experiment upgrade (ASDEX 
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Upgrade) and Wendelstein 7 – advanced stellarator (W7–AS) since 1997. [8, 9] 

They are capable of maintaining the RF power more than 100 kW and four of 

them can deliver positive ion currents of 90 A in hydrogen (or 65 A in 

deuterium). 

The proton fraction, defined as the ratio of the number of H+ ions to the 

number of positive ions, is one of important considerations only for the 

development of positive ion sources for NBI systems. [7] This is attributed to 

the intrinsic characteristic that the hydrogen plasmas contain three positive 

hydrogen ion species, i.e., H+ , H2
+ , and H3

+ .† During the neutralization 

process in the NBI neutralizer, the molecular ions accompany by the 

dissociation, and then the energy of the dissociated atoms or ions becomes 

either 1/2 or 1/3 of the original ion beam energy. Hence, H2
+ and H3

+ ions 

require twice and three times the accelerating voltage for H+ ions in order to 

have a neutral beam as mono-energetic as possible. An increase in the 

accelerating voltage can easily cause technical difficulties involved in the high-

voltage beam extraction system. Because lower accelerating voltage is 

desirable, achieving a higher proton fraction was a main goal in the 

development of positive ion sources. 

In a historical review Bacal et al. [5] traces the history of the negative ion 

sources back to 1959 when the possibility of extracting hydrogen negative ions, 

H , directly from a duoplasmatron ion source was first reported by researchers 

                                            

 
† For the development of negative ion sources for NBI systems, the ion density fraction 
does not have to be taken into account because there is only one negative ion species, 
H , in the hydrogen plasmas.  
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at Oak Ridge. In 1965, a H  ion current of tens of mA was extracted at Los 

Alamos scientific laboratory. High H  ion densities were measured in 

hydrogen plasmas of several laboratory devices at École Polytechnique in 1977. 

Those were meaningful observations that indicate the existence of an unknown 

volume production mechanism for generating H  ions. Soon after, several 

possible new mechanisms were suggested. The volume production mechanism 

or reaction for the H  ion production was finally identified as the dissociative 

electron attachment both theoretically and experimentally the next year. More 

recently (in 2005), the volume production mechanism was experimentally 

verified at Universität Duisburg-Essen with the aid of laser-induced 

fluorescence (LIF) spectroscopy. 

The basic concepts of the volume H  ion source (e.g., the tandem multicusp 

volume H  ion source, the Penning volume H  ion source, etc.) optimized 

for the volume production mechanism were developed after 1980. [5] The 

(filament driven) tandem multicusp volume H  ion source is the most typical 

concept. The first example of tandem source using tungsten filaments was 

Camembert II. The extraction of H  ions from a tandem multicusp volume 

H  ion source was studied at Lawrence Berkeley national laboratory (LBNL) 

in 1983, and an extracted H  ion current of 1.6 A, at a high operating pressure, 

in the volume ion source at Japan atomic energy research institute (JAERI) was 

reported in 1987.  

H  ions can be also produced by collisions of hydrogen atoms and ions with 

wall surfaces of low work function. [5, 7, 11–13] At institute of nuclear physics 

(INP) Novosibirsk in 1971, the discovery of cesiation (or cesium (Cs) seeding) 
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opened a new chapter in the development of the surface H  ion source based 

on the surface production mechanism. By the cesiation, the attainable H  ion 

currents increased dramatically. A large amount of research activity regarding 

the surface H  ion sources (e.g., the magnetron, the Penning surface H  ion 

source, the tandem multicusp surface H  ion source, etc.) surged in the 1980s 

and 1990s. In 1989, LBNL reported an increase in H  ion current by injection 

of Cs vapor into a tandem multicusp volume H  ion source. Moreover, in their 

tandem multicusp surface H  ion source†, it was observed that the H  ion 

current density maintained high even at a low operating pressure. 

The surface H  ion sources began to receive much attention from the fields 

of high performance NBI systems due to two reasons: First, the H  ions in the 

NBI neutralizer have a higher neutralization efficiency at a very high beam 

energy compared to the hydrogen positive ions. Figure 1.1 shows the 

neutralization efficiencies for the positive and negative ions as a function of the 

beam energy. 

 

                                            

 
† The hybrid H  production ion source may be an appropriate name for the source 
because the surface-produced H  ions are added to the volume-produced H  ions in 
the strict sense. 
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Figure 1.1 Dependence of neutralization efficiencies for the positive and negative ions 

on beam energy, from [7].  

 

As an ion beam energy increases the neutralization efficiency of positive ions 

decreases and then becomes zero at 300–400 keV/nucleon. On the other hand, 

the efficiency of negative ions remains about 60 percent at energies greater than 

200 keV/nucleon. [7, 14] For this reason, the negative ion based NBI (N-NBI) 

is highly necessary for fusion reactors that demand the high-energy neutral 

beam heating and current drive (e.g., ITER NBI: 1 MeV deuterium beam); 

second, the surface ion sources can easily achieve substantial H  ion currents 

at a low operating pressure, compared to the volume ion sources. For N-NBI 

systems, a low pressure is required to keep stripping losses in the extraction 

system below acceptable levels. For example, the operating pressure of the ion 

source for ITER NBI should be 0.3 Pa or less. [7, 15] 
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In the 2000s, larger versions of the (filament driven) tandem multicusp surface 

H  ion source were developed for the NBI systems of Japanese fusion devices. 

The KAMABOKO source at JAERI successfully produced H  ion beams of 

2 A (310 A/m2) at an operation pressure of 0.1 Pa, which satisfies the 

requirements of the ITER negative ion source. The large ion sources running in 

NBIs for Japan torus – 60 upgrade (JT–60U) and large helical device (LHD) 

can currently produce more than 10 A of negative ions at low operation pressure 

of 0.3 Pa under cesiated conditions. [7] 

The first RF driven H  ion source was built at LBNL by converting a 

filament driven tandem multicusp volume H  ion source in 1990. [5] 

Afterward other research institutes such as Oak Ridge national laboratory 

(ORNL), Deutsches elektronen-synchrotron (DESY), Seoul national university 

(SNU), IPP Garching also developed RF driven H  ion sources. In particular, 

IPP Garching is deeply involved in the development of an ion source for the 

ITER NBI. Their development was started with much experience of RF driven 

positive ion sources in 1997. [8, 16] They initially considered the volume H  

ion source as a possible source that would meet the requirements of ITER NBI. 

However, it turned out that in this way it was difficult to achieve beyond a few 

mA/cm2. Since then, they have focused on the cesiated RF driven H  ion 

sources to overcome the limits of volume H  ion sources. The comparative 

advantages of the RF driven ion source over the filament driven ion source can 

apply equally to the cesiated H  ion sources. Besides, the cesiated RF driven 

H  ion sources have an additional advantage that Cs layer is not contaminated 

by the evaporation of filaments. The development programs at IPP Garching 
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progressed at three test facilities in parallel: (1) Bavarian test machine for 

negative ions (BATMAN) for optimization of current densities in hydrogen and 

deuterium at low pressure and electron/ion ratio, with a small extraction area 

and short pulses; (2) multi ampere negative ion test unit (MANITU) for long 

pulse (3600 s) operation test; (3) re-use of the former radial injector of the 

decommissioned stellarator W7–AS (RADI) for a size-scaling experiment on a 

half-size ITER plasma source. [4, 8, 9, 16–18] Since the tests were successful, 

the RF driven negative ion source was chosen by the ITER board as the 

reference source for the NBI of ITER in 2007. IPP Garching has recently 

developed a test facility extraction from a large ion source experiment (ELISE) 

for a feasibility study on the large-scale extraction of a negative ion beam, at 

ITER relevant conditions, using a half-size ITER RF source. [19, 20] RF driven 

H  ion sources for NBI systems of demonstration fusion power plant (DEMO) 

and future fusion power plants require continuous operation. [5, 7, 13, 19] 

Unfortunately, the present cesiated RF driven H  ion sources are not 

applicable to the continuous operation due to demanding challenges associated 

with Cs consumption. In this respect, the improvement of Cs management (i.e., 

a permanent Cs feed, a periodic cleaning of the ion source, and the measurement 

of the evaporated Cs flux) and development of Cs-free H  ion source as an 

alternative to the present source have recently become major issues in this field 

of RF driven H  ion source. 
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1.2 Aims and objectives 
 

The source plasma region of the RF driven H  ion sources, called the driver, 

ionizes, excites, and dissociates the gas, forming a plasma. [5, 7] It plays 

significant roles in providing both precursors of H  ions and H  ions 

themselves to the extraction region, whether the H  ion source makes use of 

the volume production mechanism or the surface production mechanism. The 

ultimate goal of driver developments is to enhance both (1) the generation of 

H  ions and their precursors for a large extracted H  ion beam current and 

(2) the RF efficiency (defined as the extracted current per RF power). [19] 

However, optimizing the driver parameters, to achieve the goal, is not easy 

because ion sources have a complex nature that many physical and engineering 

design parameters of the ion sources are strongly related to each other. [21] Any 

change in one of these parameters induces a change in the others by the cause-

and-effect relationship. The best way of overcoming this difficulty is to study 

the underlying physics of low-pressure hydrogen discharges and ICPs using 

theoretical and empirical approaches. It allows us to fully understand how the 

driver parameters affect the extracted beam current and hence to develop more 

efficient RF driven H  ion sources. Therefore, in this work characteristics of 

low-pressure hydrogen plasmas including the H  ion production and 

properties of ICPs associated with the RF efficiency are investigated, as a 

function of driver parameters, using a combination of experimental diagnostics, 

models and simulations.  

Among the physical parameters mentioned above, the electron energy 
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distribution function (EEDF) is the most essential parameter to understand the 

underlying driver physics. Figure 1.2 shows the calculated relative reaction 

rates (defined as the reaction rate for a specific reaction per total reaction rate) 

of the electron impact collisions and the heavy particle collisions in a hydrogen 

plasma. It was obtained using the developed hydrogen plasma global model 

after-mentioned. 

 

 

Figure 1.2 Calculated relative reaction rates of the electron impact collisions and the 

heavy particle collisions in a hydrogen plasma at 2 mTorr pressure and 900 W ICP RF 

power. 

 

The contribution of the reaction rates of electron impact collisions to total 
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reaction rate is 95.5%, which indicates that electrons dominate almost all of 

collisions that take place in low-pressure hydrogen plasmas. Thus, the electrons 

are closely involved in the generation and destruction of H  ions and their 

precursors, both directly and indirectly. The electron impact collisions relevant 

to H  ions depend on the electron energy and have high rate constants in 

certain energy ranges due to intrinsic characteristics of their cross sections, as 

shown in Figure 1.3. 

 

 
Figure 1.3 Cross sections of major electron impact reactions in hydrogen plasmas and 

the normalized Maxwellian EEDF with an electron temperature of 7 eV. (DA: the 

dissociative electron attachment, ED: the electron detachment, VE: the vibrational 

excitation, IZ: the ionization, and DIZ: the dissociative ionization) 

 

Since the EEDF is also literally a function of energy, the shape of the EEDF 
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can affect considerably the generation and destruction reaction rates of H  

ions and their precursors. In other words, the H  ion production is sensitive to 

changes in the EEDF shape. 

Unfortunately, the influence of the EEDF in many previous research efforts 

for improving the H  ion production was regarded as insignificant, but it is 

nevertheless important. Moreover, few studies, addressing the relationship 

between reaction kinetics of pure hydrogen plasmas and the EEDF in low-

pressure ICPs, have been reported. In this study, in order to contribute to the 

development of more efficient RF driven H  ion source drivers for 

widespread industrial and fusion applications, 

  

 the reaction kinetics in hydrogen plasmas including H  ion 

production depending on the EEDF, which is necessary to design and 

optimize the RF driven H  ion sources, will be investigated. 

 the physical natures of the power absorption and heating/cooling 

mechanisms to change EEDFs in ICPs will be understood using both 

theoretical and empirical approaches. 

 a new concept of driver for more efficient RF driven H  ion sources 

based on understanding of characteristics of low-pressure hydrogen 

plasmas and underlying physics of inductive discharges will be 

proposed. 
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Chapter 2. Fundamentals 

 

In this chapter fundamentals of the inductively coupled hydrogen plasmas (i.e., 

the production and destruction processes of H  ions, the configuration of H  

ion sources, and the electron kinetics in ICPs) and diagnostics related to this 

work will be briefly introduced and discussed in the following sections. 

 

2.1 Production and destruction of H– ion 
 

2.1.1 Volume production of H– ion 

 

The volume production mechanism of H  ions is a two-step process: (1) 

generation of highly vibrationally excited molecules and (2) production of the 

H  ion by dissociative electron attachment. [7, 22] Typical volume H  ion 

sources employ this process. 

There are four identified reactions related with the production of highly 

vibrationally excited molecules, i.e., the vibrational excitation of hydrogen 

molecules (H2) via the H2
* state and H2  state, the recombination on the walls 

of molecular hydrogen ions, and the recombinative desorption of atomic 

hydrogens (H). The vibrational excitation of H2 molecules via the H2
* state 

(or E–V excitation) is an effective reaction pathway to create highly 

vibrationally excited molecules. In this reaction, highly vibrationally excited 

molecules are excited by collisions of ground state H2  molecules with 

energetic electrons with energies of a few tens of eV, accompanied by radiative 
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decay: 

 *
2 2 2( 0) ( )e H e H e H h           .  (2.1.1) 

In contrast with the E–V excitation, the vibrational excitation of H2 molecules 

via the H2  state (or e–V excitation) requires low-energy (< 5 eV) electrons 

and it is very effective in changing the vibrational states only at ∆υ = ± 1–2. 

Thus, this reaction does not directly contribute to highly vibrationally excited 

molecules excited from the ground state or lowly vibrationally excited states of 

H2 molecules. The reaction equation is as follows: 

 2 2 2( ) ( )e H H e H          .  (2.1.2) 

Two other reactions are surface-assisted processes. One is the recombination 

on the walls of H2
+ and H3

+ ions: [23, 24] 

 2 2(surface) ( )H H      (2.1.3) 

and 

 3 2(surface) ( )H H H    .  (2.1.4) 

Its reaction rate is proportional to the densities and velocities of H2
+ and H3

+ 

ions and so the reaction may be more pronounced than the volume excitations, 

such as the E–V and e–V excitations, in low-pressure (sub-mTorr) and high-

density plasmas. The other is the recombinative desorption of H atoms: 

 2(surface) ( )H H H    .  (2.1.5) 

In general, this surface-assisted reaction depends upon the characteristics of the 

surfaces (i.e., structure, material, and temperature) and temperature of H atoms. 

 The last step of the volume production reaction of H  ions is dissociative 

electron attachment (DA) to highly vibrationally excited molecules: 

 2 ( 5)e H H H     .  (2.1.6) 
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For this reaction, low-energy electrons are effective in generating H  ions due 

to intrinsic characteristics of its cross section. 

 

2.1.2 Surface production of H– ion 

 

Some of H atoms or positive ions impinging on a surface can be emitted as 

H  ions: [22, 25, 26]  

 1, 2, 3 (surface)n andH or H H 
   .  (2.1.7) 

There are two types of surface H  ion productions, i.e., thermodynamic 

equilibrium surface ionization and secondary negative ion formation (or non-

thermodynamic equilibrium surface ionization). The essential of the surface 

production process of H  ions is based on the electron tunneling from the 

surface to an atom (or ion) moving away from it. A low work function surface 

(e.g., a cesiated surface) is favorable for surface production of H  ions, as 

shown in Figure 2.1. 
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Figure 2.1 Negative ion current as a function of the work function of the plasma grid, 

from [25]. 

 

A minimum work function of about 1.5 eV can be obtained by the cesiation 

under plasma conditions. Additionally, for the H  ion sources, the cesiation 

provides added advantages of decreasing the electron current and the optimum 

pressure. 
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2.1.3 Destruction of H– ion 

 

Three major volume destruction reactions are the mutual neutralization (MN), 

the electron detachment (ED), and the associative detachment (AD). [22] The 

MN in collision with positive ions is one of the dominant H  ion destruction 

processes and its reaction equations are as follows: 

 2H H H   ,  (2.1.8) 

 2 2H H H H    ,  (2.1.9) 

and 

 3 2 2 4H H H H or H    .  (2.1.10) 

The ED in collision with electrons, 

 2e H e H     ,  (2.1.11) 

has a low rate constant at a low electron temperature. Regardless of whether it 

is a volume H  ion source or a surface H  ion source, in order to prevent 

loss of H  ions via ED, the electron temperature of a region near the extraction 

grid should be maintained at low temperature. This lowering the electron 

temperature (or reducing energetic electrons) can be achieved through the use 

of the magnetic filter after-mentioned. Lastly, the AD in collision with atoms is 

as follows: 

 
2 ( )H H H e    .  (2.1.12) 
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2.2 H– ion source configuration 
 

The above-mentioned characteristics of H  ion production and destruction 

mechanisms lead to the idea of a tandem source as a typical ion source. [5, 7] 

The tandem source usually consists of three regions, i.e., the driver region, the 

extraction plasma region, and the magnetic filter region, as shown in Figure 2.2. 

 

 

Figure 2.2 Schematic representation of the filament driven tandem multicusp H  ion 

source as an example of the tandem source, from [7]. 

 

As briefly mentioned in chapter 1, the filament driven or RF driven ion source 

driver provides H  ions and their precursors (i.e., highly vibrationally excited 

hydrogen molecules in the volume H  ion sources and hydrogen atoms/ions 

in the surface H  ion sources) to the extraction region. Reactions relevant to 

generation of the precursors, such as the E–V excitation, dissociation, and 

ionization, require a high electron temperature for high reaction rates. For this 
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reason, the electron temperature in the driver is higher than those in other 

regions. 

The extraction region in front of the plasma grid is a plasma region containing 

negative ions that will be extracted by the grid system. The electron temperature 

in the extraction region should be low to reduce the H  ion loss through ED. 

As illustrated in Figure 2.2, the driver region and the extraction plasma region 

are generally separated by a magnetic filter. The magnetic filter formed of two 

or more parallel magnets produces a magnetic field perpendicular to the main 

plasma flow direction (or the discharge axis). This magnetic field allows only 

low-energy electrons and neutrals, except for high-energy electrons, to transfer 

from the driver region to the extraction region. For low-energy electrons, the 

electron transport through the magnetic filter is due to an E  B drift current 

on one side of the chamber induced by the presence of the chamber walls (or 

presheath) perpendicular to the diamagnetic (∇Pe  B) current caused by 

electron pressure. [27–29] Figure 2.3 shows the electron temperature profile in 

the negative ion source with a magnetic filter. It is found that the electron 

temperature of the extraction region can be reduced, to a low level that ED 

occurs rarely, by the magnetic filter. 
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Figure 2.3 Electron temperature profile in the negative ion source with a magnetic filter, 

from [7]. 

 

The magnetic filter can be classified roughly into two types according to the 
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position of magnets: the plasma-immersed internal rod filter and the external 

filter, as shown in Figure 2.4. 

 

 

Figure 2.4 (a) rod filter and (b) external filter, from [7]. 
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2.3 Electron energy distribution function 
 

The EEDF in gas discharges is defined as population of electrons for a given 

energy, and its shape is mainly influenced by electron heating, transport, and 

collisions. EEDFs can be determined by solving the well-known Boltzmann 

equation: [30 – 32] 

 
v( ) ( )r coll

e

f e f
f f

t m t





      


v E v B   (2.3.1) 

where f is the electron distribution in 6-dimensional phase space, v is the 

electron velocity, ∇ is the gradient operator, e is the elementary charge, me 

is the electron mass, E is the electric field, B is the magnetic field, t is time, 

and the term on the right side of the equation represents the rate of change in f 

due to collisions.  

If a plasma is stationary, uniform and unmagnetized with a uniform steady E 

and with elastic collisions between electrons and neutral gas atoms,  

 
v3

' 2 ' '
2 2

0

3
exp[ v (v )dv ]e

m

m
f A

e E M
   ,  (2.3.2) 

where A is a normalization constant determined by v  ( : the 

electron density), M is the neutral mass, and νm  is the electron – neutral 

collision frequency. [33] For a constant νm, f is a Maxwellian distribution: 

 1/ 2 1
( ) exp( )A

e

f c
T

      (2.3.3) 

in the form of EEDF. Here, ε is the electron energy,  is constant, and Te is 

the electron temperature in eV. When the cross section of the elastic collision 
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σm is constant and νm=	ngσmv (ng: the neutral density), f is a Druyvesteyn 

distribution: 

 1/ 2 2( ) exp( )B Cf c c    . (2.3.4) 

For experiments, the EEDF reflects a state of electrons. The Maxwellian 

EEDF indicates that the electrons of the plasma are in thermodynamic 

equilibrium among each other. On the other hand, the non-Maxwellian (i.e., bi-

Maxwellian and Druyvesteyn) EEDFs implies that electrons are not in 

equilibrium within their own ensemble. [34] The electron energy probability 

function (EEPF) is another expression of the EEDF for illustration purposes. 

EEPF in a semi-logarithmic scale shows the quick visualization of a 

dissimilarity of the measured EEPF from a Maxwellian distribution that is a 

straight line in the illustration. [35] The absolute value of the slope of the 

Maxwellian EEPF curve in a semi-logarithmic scale is the reciprocal of the 

electron temperature. When the velocity space is isotropic, the arbitrary 

normalized EEPF, fEEPF≡	ε
‐1/2f	(ε), can be fitted as the generalized form: [36] 

 
1 2( ) exp( )xf c c   .  (2.3.5) 

Here,  x  is a parameter relevant to the electron energy distribution shape, 

c1≡	x[2Γ(ξ2)/3Te, eff]
3/2/[Γ(ξ1)]5/2 and c2≡	[2Γ(ξ2)/3Te, effΓ(ξ1)]x  are functions 

of  x and Te, eff , where ξ1≡	3/2x, ξ2≡	5/2x, Γ is the gamma function, and 

Te, eff  is the effective electron temperature in eV. This fitting formula is 

generally appropriate for Maxwellian and Druyvesteyn-like EEPFs (x = 1–2). 

In the case of bi-Maxwellian plasmas, the following fitting formula is much 

more suitable, compared to Equation (2.3.5): 

 
, ,( ) exp( / ) exp( / )lo w e lo w hig h e h ighf c T c T      ,  (2.3.6) 
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where Te, low is the electron temperature (in eV) of the low-energy electron 

group, and Te, high  is the electron temperature of the high-energy electron 

group. It is important to note that Te, low and Te, high in Equation (2.3.6) are 

different from electron temperatures obtained from the reciprocals of two 

slopes of the bi-Maxwellian EEPF curve, as illustrated in Figure 2.5. 

 

 

Figure 2.5 An example of the bi-Maxwellian EEPF (black solid line) of Te, low = 7 eV 

(70%) and Te, high = 20 eV (30%) in Equation (2.3.6). The blue dashed line and the red 

dash-dotted line represent the EEPF parts of low-energy and high-energy electron 

groups, respectively. The black dotted lines are to display two slopes of the bi-

Maxwellian EEPF curve. 
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2.4 Inductively coupled plasma 
 

Since J. Hittorf’s discovery in 1884, ICPs have been widely used in the various 

industrial applications due to their simplicity and high efficiency. The RF 

driven H  ion source driver is one of the important applications, and the ICP 

is ultimately compatible with its use in the driver. Compared to the ICP, other 

plasma sources (i.e., the filament driven arc discharge, the microwave discharge, 

the electron cyclotron resonance (ECR) discharge, and the capacitive coupled 

plasma (CCP)) for the application of the H  ion sources have weaknesses as 

follows. The filament driven arc discharge sources cause the contamination by 

the evaporation of filaments, which is vulnerable to long pulse operation of the 

ion sources. The microwave and ECR discharges are less common for large-

area ion sources than RF driven ion sources because they are more difficult to 

produce uniform large-area plasmas. In addition, the magnetic field in the ECR 

may be incompatible with a magnetic filter in the ion source. For high-density 

plasma sources, CCPs are typically less efficient than ICPs. CCPs also can 

suffer from the sputtering problem of their electrodes and the arcing problem 

between a high voltage electrode and an accelerator grid in the extraction region. 

In the following subsections, the configuration, the power absorption, the 

heating mechanisms and the pulsed operation of ICPs, associated with the RF 

driven H  ion source driver, will be discussed in detail. 
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2.4.1 ICP configurations 

 

ICP reactors can be divided into two main geometric designs: the solenoidal 

antenna ICP and the planar antenna ICP, as shown in Figure 2.6. [37] 

 

 

Figure 2.6 Configuration of ICPs: (a) solenoidal antenna ICP (cylindrical source) and 

(b) planar antenna ICP, from [37]. 

 

The solenoidal antenna ICP is generated by a coil that surrounds the cylindrical 

dielectric wall of the plasma source region. This type of plasma typically 

includes an expansion chamber where the substrate or the grid is placed. Most 

of RF driven H  ion sources are based on it. Another configuration that is 

much used in the field of plasma is the planar antenna ICP. This configuration 

uses a flat spiral coil separated from the plasma by a flat dielectric RF window. 

The distance between the window and the substrate is generally smaller than 

the radius of the chamber. 
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In order to maximize the power transfer from an electrical power source (or 

the external RF power supply) to load (or the antenna coupled with a plasma), 

the impedance matching circuit, which is connected between the source and the 

load, is necessary. The two most common circuits are the standard circuit and 

the alternate circuit, as shown in Figure 2.7. [38] 

 

 

Figure 2.7 RF impedance matching circuits: (a) the standard circuit and (b) the alternate 

circuit, from [38]. 

 

In the figure, R is the load resistance, X is the load reactance, C1 is the load 

capacitor, and C2 is the tuning capacitor. The circuit is to have a net impedance 

Z0 (usually R0 = 50 Ohm) to match the power supply and transmission line.  

For a matching condition of the standard circuit, capacitances of the load and 

tuning capacitors are 

 2 1/ 2
1

0

1 2
[1 (1 ) ]

2

R
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    (2.4.1) 
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  ,  (2.4.2) 

respectively. Here, ω is the angular wave frequency. The corresponding 

derivation is tedious but straightforward, and is skipped here for brevity. Note 

that C1 depends only upon R, and is independent of X. If the load can be 

expressed as a purely inductive circuit (i.e., X	=	ωL ), there is a critical 

inductance, 

 1 2
2 0 1(1 / ) /C L R R C    ,  (2.4.3) 

below which there is no matching condition. For large L value, C2 depends only 

weakly upon L. 

 In the case of the matching condition of an alternate circuit, the solutions for 

the load and tuning capacitor’s capacitances are 

 1 0( / ) /C R R F    (2.4.4) 

and 

 2 2
2 ( ) / ( )C X F X R    ,  (2.4.5) 

respectively. (F	≡	(R/R0)1/2 X2+R(R-R0) 1/2) Compared to the standard circuit, 

the alternate circuit has a trade-off between the benefit of the reduced required 

C1 and the risk of high voltage ratings on the capacitors. 

 

2.4.2 Power absorption and heating mechanisms of ICPs 

 

The principle of ICPs is to induce a plasma current by driving an RF current 

in an adjacent antenna coil. [37] RF power absorption of ICPs can be interpreted 

and understood as the interaction between an electromagnetic field and the 

plasma. Thus the nature of ICPs is nothing but the evanescent wave coupling 
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or the reactive near-field interaction between an antenna and a gaseous 

conductor medium. In the wave-coupled plasma region, the field around the 

antenna is sensitive to, and reacts to, the electromagnetic absorption. For the 

ICPs, the reactive region is known as the skin layer. 

 

Heating mechanisms and electron kinetics of ICPs 

 

In an oscillating electric field in the skin layer, a single electron in the plasma 

has a coherent velocity of motion that lags the phase of the electric field force 

by 90°. [39] Therefore, the time-averaged RF power transferred from the field 

to the electron is zero. Interparticle collisions (i.e., electron – other particles 

collisions) can destroy the phase coherence, resulting in a net transfer of power. 

This is the collisional or Ohmic heating mechanism, one of RF heating 

mechanisms. It dominates at high pressures because the interparticle collision 

rate is increased with pressure. When collisional heating mechanism is 

dominant, the electron thermal motion is generally negligible (i.e., cold electron 

plasma), and thus the RF current density J is locally coupled with RF electric 

field E: J	=	σE, where σ is the local conductivity tensor of a cold plasma. Under 

these conditions, the electron kinetics are said to be local. 

On the other hand, when mean free paths of electrons are comparable to the 

size of the discharge system due to thermal electrons, the electrons are not in 

either spatial or temporal equilibrium with the fields in the plasma. [39, 40] The 

thermal electrons may travel a distance comparable to the characteristic size of 

the discharge during one RF period, without experiencing a collision. Such 
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electrons interact with the fields at every point along their different trajectories, 

and the RF current is not a local function of the field (i.e., J	≠	σE) anymore. 

Therefore, J at a given time in any volume element of the plasma depends upon 

the fields at every position x´ in the plasma and at all earlier times: 

  ( ) ( ) ( ) dJ E



   ' ' 'x x x x x ,  (2.4.6) 

where Σ is the non-local conductivity operator. This is a description of the non-

local electron kinetics that is primarily observed in the low-pressure discharges. 

The required fundamental equations for obtaining a full picture of the non-local 

regime (e.g., the power absorption, electric field, and EEDFs) are the 

Maxwellian equations for fields and the Boltzmann equation for electron 

kinetics. Since all physical quantities of interest, such as the RF current density, 

are expressed in terms of integrals over the discharge volume and over past time, 

it is never easy to solve the equation sets. 

The electrons in the non-local regime can lose phase coherence with the field 

due to their thermal motions, even in the absence of interparticle collisions. [39, 

40] This is another RF heating mechanism called the collisionless or stochastic 

heating mechanism that dominates at low pressures. The principle of this 

mechanism is analogous to that of Landau damping of an electrostatic wave in 

a warm plasma. The collisionless heating often involves the anomalous skin 

effect. This effect is a result of the non-local interaction of electrons with fields. 

Unlike the classical skin effect that spatial decay of the electromagnetic field is 

exponential, the spatial decay under conditions that the anomalous skin effect 

exists is non-monotonic. It may have local maxima and minima in the plasma, 
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as shown in Figure 2.8. 

 

 

Figure 2.8 Radial distributions of the amplitude and phase of the RF magnetic field in 

a cylindrical argon plasma, from [39]. 

 

Power absorption of ICPs and frequency dependence 

 

The characteristic parameters of ICPs, such as the power consumed in the 

plasma and the total impedance of an ICP system, can be determined using an 

electromagnetic model or a transformer model. [37] The electromagnetic model 

provides an analysis based on the calculated electromagnetic fields and RF 

currents in an ICP by solving Maxwell’s equations. Though the electromagnetic 

model requires complex numerical analysis, its analysis is intuitive because the 
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nature of ICPs is the electromagnetic evanescent wave coupling, as mentioned 

earlier. The transformer model is a simplified decomposition of the 

electromagnetic model. In the model, an RF current loop in the plasma is 

regarded as the one-turn secondary coil of an air-cored transformer, and the 

primary coil is the antenna itself. This transformer analogy enables an easy 

calculation, but limits the applicable density range of the model. The analogy 

and the model are only satisfying in the high electron density regime. In the 

regime, the RF current is localized in a narrow skin layer and then the plasma 

indeed behave like a one-turn internal secondary coil. The electromagnetic 

model, on the other hand, can be applicable over the whole range of electron 

density since the electromagnetic fields are calculated regardless of the RF 

current is localized in the skin layer or not. 

The Figure 2.9 shows the schematic diagram of the transformer model. 

 

 
Figure 2.9 Schematic diagram of the transformer model of an inductive discharge. The 

secondary circuit has been transformed into its series equivalent in terms of the primary 

circuit current, from [37]. 
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In Figure 2.9, the primary antenna coil has an inductance Lcoil and a resistance 

Rcoil, and the secondary plasma coil has two inductances due to the electron 

inertia Le and the magnetic flux generated by the RF current loop in the plasma 

Lp and a plasma resistance Rp. The primary and secondary coils are coupled 

through the mutual inductance M. The coupled circuit can be transformed into 

an equivalent circuit composed of an inductance Leq and a resistance Rtotal. 

Applying Kirchoff’s laws gives 

 
to ta l c o il e qR R R   (2.4.7) 

and 

 ( / ) /eq co il p eq p eq mL L L R R R    .  (2.4.8) 

Recall that νm is the electron – neutral collision frequency. More details can 

be found in the textbook of Chabert and Braithwaite. [37] 

In characterization of an ICP by power, the RF power delivered (incident 

minus reflected) by the RF generator Ptotal is the sum of the power dissipated 

by the antenna coil including connectors and cables Pcoil and the power 

absorbed by the plasma electrons Pabs: 

 2 21 1

2 2total coil abs coil coil eq coilP P P R I R I    ,  (2.4.9) 

where Icoil is the magnitude of the current in the coil. [41] Pabs is always smaller 

than Ptotal, and the power transfer efficiency, defined as Pabs/Ptotal, typically 

ranges between 10% and 90%. Pabs/Ptotal is usually low at low electron densities 

and low pressures, and in molecular and electronegative gases. It is important 

to note that Pabs/Ptotal is changed with the electron density and so Ptotal is not 

always linear to Pabs. 
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 Unfortunately, as Godyak et al. pointed out, poor defined terms such as ICP 

power, applied power, transmitted power, system power, nominal power, etc. 

can be seen frequently in the literature. [41] This vague definition may yield 

misleading results in the interpretation of the ICP phenomena. Only Pabs, power 

absorbed by the plasma itself, is relevant to plasma parameters associated with 

phenomena occurring in the plasmas. Hence, to distinguish between Ptotal and 

Pabs is also crucial in the studies on the RF driven H  ion source. In the reports 

of the frequency dependence of the H  ion current by An et al. and Peters (see 

Figure 2.10), [42, 43] for example, the measurements should have been done 

while keeping Pabs or even electron density almost identical.  

 

Figure 2.10 Frequency dependence of the H  ion current, from (a) [42] and (b) [43]. 

 

The effect of different absorbed powers as well as the frequency effect might 

be reflected in the results in Figure 2.10. Unless theoretical analysis of Pabs or 

the frequency effect is involved in the interpretation of the experimental data, 

it is not easy to figure out the pure frequency dependence of the H  ion current 
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underlying the tendencies. The frequency effect on the electron density in the 

ICPs will be reviewed in the following paragraph. 

According to work of Godyak et al., [41] there is no practical frequency effect 

of the electron density with respect to the collisional power absorption. This 

can be explained as follows. As the frequency increases, the RF electric field in 

a skin layer where the electron heating process takes place is slightly increased, 

but the skin layer depth is also reduced. Consequently, the increase in the RF 

electric field is compensated by the shrinking the skip depth, which results in 

the unchanged power absorption in the skin layer and also the unchanged 

plasma parameters (e.g., electron density) determined by the ICP power balance. 

This argument was supported by results calculated using the transformer model 

combined with the power balance. [37] In the model, the collisionless power 

absorption was not taken into account. The equation for the electron density ne 

as a function of Icoil in the low-pressure pure inductive discharges is given by  
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,  (2.4.10) 

where r0 is the radius of the cylindrical discharge volume, N is the number of 

turns in the solenoidal antenna coil, ε0 is the permittivity of free space, uB is the 

Bohm velocity, hl is the planar dimensionless ion flux factor, hr is the radial 

dimensionless ion flux factor, l is the length of the cylindrical discharge volume, 

εT is the total energy lost per electron – ion pair lost from the system, Te is the 

electron temperature, and c is the speed of light. As can be seen from the 

Equation (2.4.9), Icoil is proportional to Pabs. Thus, Equation (2.4.10) also 

implies the correlation between ne and Pabs. At fixed current, it is found that 
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there is no explicit dependence of ne on the driving frequency. Figure 2.11 

shows the ne – Icoil curves at three different frequencies, calculated using the 

model that takes into account the capacitive coupling in the ICP besides the 

inductive coupling. 

 

 

Figure 2.11 Electron density at the equilibrium as a function of the coil current for three 

different driving frequencies, from [37]. 

 

The frequency has almost no effect at high ne (or high Pabs), where the inductive 

coupling dominants. This corresponds to the results calculated from Equation 

(2.4.10). By contrast, the frequency effect is remarkable when the capacitive 

coupling dominants at low ne (or low Pabs). 



 

 

 

 

 

37

 Frequency dependence of collisionless power absorption in the low-pressure 

ICP has been reported by Godyak et al. [44, 45] Figure 2.12 shows the ratio of 

the absorbed total to collisional power absorption as a function of frequency. 

 

 

Figure 2.12 Ratio of the absorbed total to collisional power absorption as a function of 

frequency. The experimental data are denoted by symbols and the theory is represented 

by curves, from [44, 45]. 

 

Here, the absorbed total power represents the absorbed collisional power 
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absorption plus the absorbed collisionless power absorption. The ratio of the 

absorbed total to collisional power absorption is varied with frequency and it 

has a maximum value at a fixed pressure. Together with the fact that there is no 

practical frequency effect with respect to the collisional power absorption, this 

indicates that collisionless power absorption depends upon frequency. Actually, 

the appearance of the maximum ratio is ascribed to the resonant interaction of 

electrons with the RF field in the non-local regime. The resonance occurs when 

the half period of the field is approximately equal to the electron transit time 

through the skin layer: ω	 	vth/δ, where vth is the electron thermal velocity and 

δ is the skin layer depth. 

 

EEDF in low-pressure ICPs 

 

Frequency can affect the EEDF in low-pressure ICPs due to the collisionless 

resonant interaction, as mentioned above. [34, 41] The collisionless heating 

takes place when an electron crosses the skin layer in a fraction of the RF period. 

Only high-energy electrons ( E	>	Ec	≈	me δω
2/2 , where Ec is the critical 

electron energy) can effectively gain energy, but low-energy electrons cannot. 

In addition, the ambipolar potential plays a role in confining the low-energy 

electrons as a barrier. The electrons with energies lower than the ambipolar 

potential energy cannot reach the skin layer where collisionless heating occurs. 

On the other hand, the high-energy electrons can pass through the barrier. 

Therefore, the collisionless selective electron heating of high-energy electrons 

plus the presence of the ambipolar potential barrier bring out the EEDF with a 
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non-equilibrium two-temperature structure in the elastic energy range, the so-

called bi-Maxwellian EEDF. The bi-Maxwellian EEDF is a rather universal 

feature of low-pressure RF discharges as shown in Figure 2.13 (a).  

 

 

Figure 2.13 (a) EEPF versus electron energy for discharge power of 12.5, 50, and 200 

W at a gas pressure of 1 mTorr. The solid, dashed, and dotted lines represent EEPFs at 

13.56, 6.78, and 3.39 MHz, respectively. (b) EEPF versus electron energy for five 

frequencies at a discharge power of 200 W and a gas pressure of 1 mTorr. The Ec 

energies of EEPFs at 3.39, 6.78 and 13.56 MHz are 0.65, 2.5, and 9 eV, respectively, 

from [41]. 

 

Generally, the critical energy Ec corresponds to an onset in the anomalous 

collisionless electron heating and to a change in the EEDF or EEPF, as 
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illustrated in Figure 2.13 (b). The corresponding Ec energies of EEPFs at 3.39, 

6.78 and 13.56 MHz are 0.65, 2.5, and 9 eV, respectively. 

 Godyak et al. argued that the knee of a bi-Maxwellian EEDF is smoothed (in 

other words, the EEDF is changed from the non-equilibrium bi-Maxwellian 

EEDF to the equilibrium Maxweliian EEDF) due to an increase in the electron 

– electron collision rate when the discharge power or pressure grows, as 

presented in Figure 2.13 (a). [41] However, in contrast to the results of work by 

Godyak et al., McNeely et al. reported that a bi-Maxwellian EEPF appears even 

at a high power, as seen in Figure 2.14. [21] 

 

 

Figure 2.14 Comparison of the EEPF measured in the driver region for two different 

source-operating parameters, from [21]. 
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They concluded that there is a competition between Maxwellizing caused by 

electron – electron collisions and de-Maxwellizing caused by the collisionless 

heating. 

 

2.4.3 Pulsed operation 

 

ICPs can operate at a constant average RF power or at a time-modulated RF 

power. The former operation is called the continuous wave (CW) RF mode and 

the latter, the pulsed RF mode. [46] The pulsed RF mode can increase the 

operation flexibility by enlarging the range of conditions for conventional CW 

RF mode. According to the review of Banna et al., [46] there are two 

characterization parameters for the pulsed RF mode, i.e., pulse frequency and 

pulse duty cycle. The pulse frequency is the frequency at which the RF power 

is turned on and off per second, and the pulse duty cycle is the ratio between 

the pulse on-time and the total pulse duration. Together with conventional 

tunable knobs (e.g., RF power and gas flow) these two pulse parameters and 

optional phase lag between source and bias pulses, as new additional tunable 

knobs, allow the plasma properties such as ion/electron densities, electron 

temperature, dissociation and plasma potential to be controlled effectively. 

Moreover, compared to CW RF modes, the pulsed RF modes enable more 

independent controls of plasma properties that are strongly related to each other 

in the CW RF mode. The pulsed RF mode can be roughly classified into three 

types: source pulsing that only the source RF power is pulsed, bias pulsing that 
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only the bias power is pulsed, and synchronous pulsing that both source and 

bias powers are simultaneously pulsed with or without time delay between them. 

In this section, only source pulsing relevant to this work will be focused. 

In contrast with the CW operation, wherein the plasma attains a quasi-steady-

state, the pulsed plasma is truly transient. Figure 2.15 shows the schematic 

diagram on time modulation of the RF power envelope and its consequences, 

i.e. plasma properties during the source pulsing. 
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Figure 2.15 Schematic diagram on time modulation of the RF power envelope and 

plasma properties during the source pulsing, from [46]. 
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Plasma properties in Figure 2.15 include electron temperature, density of 

positive ions and electrons, and the plasma potential†. Region 1 denotes to the 

initial active-glow period, 2 denotes to the steady-state active-glow period, 3 

denotes to the initial after-glow period, and 4 denotes to the late after-glow 

period. The active-glow refers to the period when RF power is deposited, and 

the after-glow refers to the period when no power is deposited.  

 

Initial active-glow 

 

As RF power is instantaneously turned on, the plasma ignites and the 

electron/ion density begins to increase, but does not reach to a steady-state. 

Because the RF power deposition peaks and the electron density is low, the 

average energy of electrons or the electron temperature initially surges. Hence, 

the potential difference between a plasma and a floating wall, and the sheath 

voltage, which are proportional to the electron temperature, also rise. 

 

Steady-state active-glow 

 

The steady-state active-glow is, in principle, identical to the steady-state CW 

plasma. Therefore, the electron temperature, electron/ion density, and potential 

difference between a plasma and a floating wall in the steady-state active-glow 

has values that correspond to those measured in the CW RF mode. Note that 

                                            

 
† In the strict sense, the plasma potential in Figure 2.15 is a misnomer. The potential 
difference between a plasma and a floating wall is more exact than that. 
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this period may not exist if RF power is turned off before plasma in the initial 

active-glow reaches to a steady-state. This is common for the cases at high pulse 

frequencies and low pulse duty cycles. 

 

Initial after-glow 

 

As RF power is instantaneously turned off, electrons are no longer heated. 

They dissipate their energy in collisions with other particles and by escaping to 

the walls. Consequently, the electron temperature decreases dramatically during 

this phase. The potential difference between a plasma and a floating wall also 

drops rapidly, and the sheath starts to collapse. At the same time, electrons and 

positive ions are transported to the surfaces or recombined. The decay rates of 

their densities are slower than that of the electron temperature. Interestingly, in 

the electronegative gas discharges, negative ion density increases rather than 

decreases during the period. As the H  ions in the hydrogen discharge 

(mentioned above), negative ions in other electronegative gas discharges are 

also volume-produced by the dissociative electron attachment mechanism. 

Since the electron temperature is low during this period and the dissociative 

electron attachment is enhanced at low electron temperature, the formation of 

negative ions can be promoted. In addition to low electron temperature, the 

presence of the sheath voltage contributes to an increase in the negative ion 

density by confining the negative ions. This continues until the sheath has 

completely collapsed at the end of the initial after-glow. 
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Late after-glow 

 

In this regime, electrons with energies close to thermal energies remain at their 

lowest level. The level depends upon the pulse frequency and the pulse duty 

cycle. In electronegative plasmas, ion – ion plasma (i.e., positive ion – negative 

ion plasma) is formed during this period because the dominant negatively 

charged species are the negative ions, not electrons. This is due to the fact that 

the electron loss, enhanced by the dissociative electron attachment and a higher 

mobility related to wall loss, is larger than the negative ion loss. Under such 

conditions, the sheath that arises from the mobility difference between the 

positively and negatively charged species (e.g., electrons and Ar  ions) is very 

thin. 
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2.5 Plasma Diagnostics 
 

In this study, Langmuir probe diagnostics and the probe-assisted laser 

photodetachment technique are used for measurement of EEDF and its scalar 

integrals (i.e., electron temperature and electron density), and negative ion 

density in the plasma, respectively. In this section, the principles of these 

diagnostic techniques will be briefly reviewed. 

 

2.5.1 RF compensated Langmuir probes 

 

Ever since it was invented in 1924 by I. Langmuir, the Langmuir probe method 

has been extensively used for plasma diagnostics. [47] Langmuir probe is no 

more than a bare wire inserted into a plasma. [47, 48] By applying a variable 

bias voltage between the probe tip and the plasma, the current which depends 

on the bias voltage with respect to the plasma potential can be collected by the 

probe tip. From the current – voltage (I – V) characteristics, various plasma 

parameters can be obtained. The detailed interpretations of the I – V 

characteristics to measure the electron temperature, electron and ion densities, 

floating potential, and time-averaged plasma potential can be found in the 

textbook of Hershkowitz. [48] The EEDF, one of the plasma parameters, can 

be attained† from the I – V characteristic using the Druyvesteyn method: 

                                            

 
† Another method developed by the author is presented in Appendix A. 
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where me is the electron mass, e is the elementary charge, A is the area of the 

probe tip, ie is probe electron current, and V is the probe voltage. [35] The 

double differentiation of the I – V characteristic in the method is delicate. Even 

small errors, after-mentioned RF fluctuations, and noises can result in huge 

distortion of the EEDF as a result of the noise-amplification effect of the 

differentiation process. [49] The electron density and the effective electron 

temperature can also be calculated by integrating the EEDF together with their 

definitions:  
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  ,  (2.5.3) 

respectively. Here,  = Φ  − , where Φ  denotes the plasma potential. [35] 

When the Langmuir probe method is employed in the RF plasmas, difficulties 

relevant to the plasma oscillation arise. [47] The probe is swept by the 

oscillating plasma potential, Φp , in an RF plasma. Since the oscillating 

frequency is usually in the mega-hertz range, the probe suffers many RF cycles 

at each direct (DC) bias point of the I – V characteristic, as illustrated in Figure 

2.16. 
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Figure 2.16 Simulated phase-dependent I – V characteristics with a plasma potential 

oscillation of 10 V. The solid lines represent the I – V characteristic at different points 

in phase of the oscillation. The time-averaged trace	Ia̅vg is shown by open circles while 

the effective DC I – V characteristic Idc is shown by solid circles. 

 

Without an RF compensation technique, only the time-averaged trace Ia̅vg is 

measured by the probe. As seen in Figure 2.16, Ia̅vg is not equal to the effective 

DC (t = 0) characteristic Idc  due to the non-linear behavior of the I – V 

characteristic. An extra current component, ΔI	(V)	= Ia̅vg(V)	– Idc(V) causes a 

distortion. Moreover, this distortion gives rise to a more serious distortion in 

the EEDF through the double differentiation. 

In an effort to compensate the distortion due to the RF fluctuation, several 



 

 

 

 

 

50

methods that eliminate or reduce the amplitude of the oscillation across the 

probe sheath have been proposed. [35, 47, 50] One of the common methods is 

to use high impedance notch filter circuits. This idea is based on the RF 

oscillating voltage divider composed of components (i.e., the filter circuit and 

the probe sheath) connected in series. By letting the RF oscillating voltage 

primarily drop across the circuit, the probe sheath oscillates to a smaller extent. 

This leads to a smaller amplitude of RF oscillation in probe current and hence 

a smaller distortion. To achieve a negligible distortion, the impedance of the 

notch filter circuit Zcircuit should be much larger than the probe sheath impedance 

Zsh. The condition for the sufficient RF compensation is 

 / (0.3~0.5) / psh circuit eZ Z T  .  (2.5.4) 

However, in practice, the impedance of the notch filter circuit is largely 

reduced by the inherent parasitic (or stray) capacitance. To fulfil the above 

requirement, taking into account the stray capacitances, a compensation 

electrode (or an auxiliary floating electrode or a shunting electrode) can be 

employed. The compensation electrode, which is shunt connected to the probe 

tip via a DC blocking capacitor, has a surface area larger than the probe tip area. 

While it does not affect the measured DC probe current because of the DC 

blocking capacitor, it effectively decreases Zsh due to its large area and parallel 

connection to the probe tip, resulting in a reduction of the required Zcircuit. Figure 

2.17 shows the equivalent circuit of the probe, sheath, and associated circuitry. 

[50] 
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Figure 2.17 Equivalent circuit for the probe, sheath, and measurement system, from 

[50]. 

 

Here, Φp is the plasma potential, Φprobe is the potential of the probe tip, Vb is the 

probe bias voltage, and Vout is the output voltage across the current measuring 

resistor Rm. The probe sheath impedance Zsh consists of an equivalent resistance 

Rsh in parallel with an equivalent capacitance Csh. The notch filter circuit is 

represented by an impedance Zcircuit. The small stray capacitance Cs1 is that of 

the short lead between the notch filter circuit and the probe tip and large stray 

capacitance Cs2 is that of the power supply and all the connecting cables. The 

compensation electrode has an impedance Zx consisting of Rx in parallel with 

Cx, and is coupled to the probe tip by the DC blocking capacitor Ccp. 

It is recommended that the notch filter circuit has high impedances at several 

harmonic frequencies of the RF oscillation as well as the fundamental frequency. 

As seen in Figure 2.18, the collected probe current by applying a sinusoidal RF 

voltage oscillation is non-sinusoidal due to non-linear behavior of the plasma 

sheath. [47] 
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Figure 2.18 Illustration of harmonic generation caused by non-linear sheath impedance, 

from [47]. 

 

It implies that currents of higher harmonic frequencies can be produced from a 

Fourier analysis point of view. Accordingly, in order to alleviate the RF 

fluctuation harmonics, the common notch filter circuit consists of filters 

connected in series with high impedances at the first several harmonics. Each 

of the filters satisfies the requirement of Equation (2.5.4) for the corresponding 

frequency. 

In addition to the RF fluctuation, there is another obstacle related to the probe 

circuit resistance. [35] If the probe circuit resistance including Rm and a real 

resistance component of Zcircuit, Rcircuit, is comparable to or larger than Rsh in 
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Figure 2.17, a DC bias voltage with respect to the plasma potential, V of the I – 

V characteristic, is no longer a voltage drop across the probe sheath due to a 

voltage drop across the probe circuit resistance. It results in an enormous 

depletion of low-energy electrons in the EEDF or EEPF. This large EEPF 

distortion in its low-energy range is called the Druyvesteynization effect. 

Consequently, besides the requirement of Equation (2.5.4), the notch filter 

circuit should satisfy the requirement that the sum of Rcircuit and Rm be much 

smaller (about one hundred times smaller) than the minimum value of Rsh, in 

order to suppress the Druyvesteynization effect and to obtain acceptable EEPFs. 

 

2.5.2 Time-resolved Langmuir probes 

 

The time-resolved Langmuir probe diagnostics is to measure the averaged 

collected current as a function of two independent variables; time t and probe 

bias voltage Vb, i.e., I(Vb, t). [51] Generally, the boxcar sampling technique has 

been used to measure I – V characteristics at a specific time t*: I(Vb, t = t*). The 

process is as follows: First, at a fixed probe bias voltage Vb1 (Vb = Vb1), the probe 

current is measured at many different times and then averaged to obtain I(Vb1, 

t). Since Vb is fixed while collecting I(Vb1, t) the plasma always has sufficient 

time to equilibrate with the probe, leading to improved signal-to-noise ratio and 

good time resolution. Next, first step is repeated for all probe bias voltages over 

the range of interest. (e.g., I(Vb2, t), I(Vb3, t), I(Vb4, t), … are obtained.) Last, the 

only data of I(Vb, t) at the specific time t* is extracted from all accumulated data 

of I(Vb, t), (see Figure 2.19) and then sorted in ascending order of Vb to obtain 
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I(Vb, t = t*).  

 

 
Figure 2.19 Average collected current plotted versus time and probe bias. Each line of 

constant probe bias corresponds to an ensemble average over 200 shots taken, from 

[51]. 

 

The schematic diagram of this process is shown in Figure 2.20. 
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Figure 2.20 Schematic diagram of the boxcar sampling technique. 

 

2.5.3 Probe-assisted laser photodetachment technique 

 

The H  ion source technologies require diagnostics in order to understand 

H  ion behavior and underlying physics of ion sources. According to the work 

of Bacal, [52] two characteristic features of H  ion lead to the need for 

specialized diagnostics. Firstly, it is difficult for H  ions to be measured using 

electrostatic probe diagnostics because they are easily confined by the 

ambipolar potential. Secondly, the H  ion does not have a single-electron 
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excited state below the detachment limit so that no light is emitted in collisions 

of H  ions with electrons or heavy particles. Thus, the spectroscopies, such as 

laser-induced fluorescence spectroscopy and optical emission spectroscopy 

(OES), using the light emission of the excited state are not available.  

The laser photodetachment technique is a representative of the specialized 

diagnostics for measurement of H  ion density. [52, 53] Because the electron 

affinity of H atoms is low, the cross section for the photodetachment of H  

ions is fairly large, as shown in Figure 2.21. 

 

 

Figure 2.21 Photodetachment cross sections of H  and C  as a function of laser 

wavelength, from [53]. 

 

This large cross section guarantees that a laser beam can sufficiently 

photodetach H  ions to yield large enough photodetachment signals, with 
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little chance of photoionization of H atoms to make another signals. This 

selectivity allows the laser photodetachment techniques to be applied to the 

diagnostics for measuring H  ion density. As seen in Figure 2.21, the 

photodetachment cross section of H  ions has its peak at about 1.5 eV near 

the photon energy of Neodymium Yttrium Aluminum Garnet (Nd:YAG) laser 

(1.2 eV). Thus, Nd:YAG laser is typically used for the photodetachment of H  

ions. On account of the high cross section of the photodetachment at the laser 

energy, the Nd:YAG laser can completely (see Figure 2.22) and instantly 

photodetach all H  ions in the volume where laser beam is injected across 

with only a very modest laser pulse energy.  
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Figure 2.22 Variation of ΔnH‐/nH‐, where ΔnH‐ is the density of H  ions destroyed 

by the photodetachment and nH‐ is the	H  ion density, with laser pulse energy, for 

three wavelengths of laser light, from [53]. The saturation of ΔnH‐/nH‐  at energies 

above a modest level (>20 mJ/cm2) is attributed to full photodetachment. 

 

Therefore, the Nd:YAG laser photodetachment techniques have two advantages 

from a diagnostic point of view: (1) The large diagnostic signals can be obtained. 

(2) The instantaneous photoelectron density is a direct measure of the	H  ion 

density. 

 To measure of the	H  ion density using the Nd:YAG laser photodetachment 

techniques, a measurement method to detect the photodetached electrons is 
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highly necessary. [53] One of the simple methods is the use of Langmuir 

(conductive) probes operated at a bias voltage equal to or higher than plasma 

potential, collecting the DC electron saturation current ie(dc), sat proportional to 

the background plasma electron density ne. The schematic diagram of the 

probe-assisted laser photodetachment technique is shown in Figure 2.23. 

 

 

Figure 2.23 Cylindrical metal probe tip aligned parallel to the laser beam axis, 

electrically biased and drawing a conduction current from the plasma, from [53]. 

 

Figure 2.23 shows a cylindrical probe tip aligned parallel to the Nd:YAG laser 

beam axis. The probe tip, more precisely, the probe sheath (the region for 

collecting electrons) should lie inside the laser beam. Before the laser beam is 

injected into plasma, ie(dc), sat can be measured by the probe. When the laser 

pulsing occurs, the laser photodetachment causes an instantaneous increase in 

the electron density Δne . At this moment, ie(dc), sat added the current ∆ie 

corresponding to Δne is collected by the probe. Because ∆ie induced by the 

laser pulse is also instantaneous, a DC blocking capacitor is sometimes used to 

collect only ∆ie. 
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 If the laser pulse energy is sufficient to photodetach all the H  ions, and the 

probe is inserted in the beam, ∆ie /ie(dc), sat = Δne/ne and Δne	=	nH‐. These two 

relation yields ∆ie /ie(dc), sat = nH‐/ne. Consequently, nH‐ can be measured using 

∆ie /ie(dc), sat together with ne obtained from the I – V characteristic.† 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                            

 
† Another method for measuring the H  ion density developed by the author, the laser-
assisted Hα spectroscopy, is presented in Appendix B.  
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Chapter 3. Modeling of an inductive coupled 

hydrogen plasma 

 

This chapter presents theoretical models and approaches, which help to 

understand the underlying plasma physics of RF driven H  ion source drivers. 

The global model of a hydrogen plasma, the electromagnetic model of an ICP, 

and the analytic model of collisionless heating will be discussed. These models 

allow one to analyze theoretically the chemical reaction kinetics in hydrogen 

plasmas, the power absorbed by plasma (or the power transfer efficiency) of 

ICPs, and the characteristic collision frequencies of the heating mechanisms 

and collisions.  

 

3.1 Global model of a hydrogen plasma 
 

The global (volume-averaged) model is a simple model for analyzing gas-

phase and surface reaction kinetics in chemically complex low-temperature 

plasmas. [54] Global models of hydrogen plasma discharges, which are 

associated predominantly with negative ion sources, have been developed by 

several research groups. [54–59] Zorat et al. developed a hydrogen plasma 

global model that takes into account the magnetic filter effect and compared the 

electron density and temperature of the model to experimental measurements 

collected from an ICP at 10–100 mTorr. [55, 56] They emphasized that the ratio 

between the hydrogen H  ion density to the electron density was far lower 
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than 0.1 in the model under the most optimistic assumptions for H  ion 

production. Kimura and Kasugai studied the effects of diluting hydrogen 

discharges with argon on the plasma parameters, assuming a Maxwellian 

electron energy distribution (EED). [57] More recently, Hjartarson et al. 

extended Kimura and Kasugai’s study by considering reactions involved in the 

negative ions and the vibrationally excited states of H2 molecules [58] Pagano 

et al. investigated the effects of cesium on hydrogen kinetics in a model for the 

multicusp negative ion sources. [59] Other modeling approaches, such as two-

dimensional fluid models and particle-in-cell simulations using Monte Carlo 

collision models, have been used to analyze the reaction kinetics in hydrogen 

plasmas.[60–66] 

In all of the aforementioned hydrogen plasma global models, the EED was 

assumed to be Maxwellian. Some researchers have identified that a change in 

the EEDF, i.e., from a Maxwellian EEDF to a non-Maxwellian EEDF, can affect 

the model results. [57, 58] Although there were some attempts to employ the 

global model to explore the effects of the EED on the plasma characteristics in 

low-pressure argon, nitrogen, and chlorine plasmas, [67–69] few such studies 

have addressed the reaction kinetics in pure hydrogen plasmas with bi-

Maxwellian EEDs that have been reported in low-pressure ICPs. A global 

model of a low-pressure hydrogen ICP with an arbitrary EEDF to analyze the 

densities of all species including the H  ion and the electron temperature in 

the bi-Maxwellian plasma has been developed as follows.  

The global model only addresses the spatially averaged plasma parameters in 

a steady-state discharge system. [55] For a given set of external condition 
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parameters, the model yields outputs, i.e., the electron temperature and spatially 

averaged species densities, which provides the cause-and-effect relationship 

between the external condition parameters and the outputs. Despite neglecting 

the spatial variations, it is enough for the model to understand the mechanisms 

that underlie the cause-and-effect relationship and to provide qualitative or even 

quantitative agreements with the experimental parameters. [54, 55] The global 

model of a hydrogen plasma with a cylindrical geometry was designed to 

calculate the electron impact collision reaction rate constants and the sheath 

properties, given a non-Maxwellian EED. Therefore, the model permits 

investigation of the chemical kinetics in a low-pressure bi-Maxwellian plasma. 

This model with the assumption that a plasma has floating sheaths offers an 

appropriate description of the electrodeless RF discharge (e.g., ICP) of which 

walls are not biased. The species of interest in the model are the ground state 

and excited states of the hydrogen atoms (H (n = 1) and H (n = 2–4)), the ground 

state and vibrationally excited states of the hydrogen molecules (H2 (v = 0) and 

H2 (v = 1–14)), the positive ions (H+, H2
+, and H3

+), negative ions, and electrons 

(e–). The model consists essentially of a set of nonlinear algebraic equations 

that describe the particle balance for each species (except for the electron), the 

quasi-neutrality, and the power (or energy) balance. Moreover, the model 

involves numeric calculations of the charge flux balance equation at the wall 

and the dispersion relation in front of the sheath edge. The potential difference 

between the sheath edge and the wall, and the potential drop between the bulk 

plasma and the sheath edge can be obtained from the charge flux balance 

equation and the dispersion relation, respectively. [55, 58] The 25 outputs in the 
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model can be obtained by solving the 25 nonlinear equation sets self-

consistently using the built-in functions, fsolve (for the global model calculation 

of steady-state plasmas) and ode45 (for the global model calculation of pulsed 

plasmas), in MATLAB R2013a (Mathworks Inc., Natick, MA, USA).  

 

3.1.1 Particle balance equation 

 

The sum of all generation and destruction reaction rates, together with the rates 

at which the particles flow into and out of the system for a particle species i, 

must be equal to the temporal variations of the species density. The temporal 

variations are equal to zero in the steady-state that the variables remain 

unchanged over time; 

 
, , ,( N ) 0i

j j R l in i out i
j l

dn
k n

dt
        ,  (3.1.1) 

where ni is the density of the species i (except for the electron), Nj is the 

stoichiometric coefficient of the species produced by the generation reaction j 

associated with the species i (Nj = 1 for the species destroyed during the 

volume-destruction reaction j because all volume reactions considered in the 

model were two-body reactions. Three-body reactions were neglected due to 

the low-pressure conditions), kj is the rate constant of the reaction j, nR, l is the 

density of the reactant l, Φin is the rate at which particles flow into the system 

(Φin ≠ 0 only for H2 of the feedstock gas), and Φout, i is the rate at which particles 

are pumped out of the system. In the first term of the equation, the plus (minus) 

sign refers to the generation (destruction) reactions. The reactions can be 

classified into the volume reactions and the surface reactions that take place 
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inside the volume and on the surfaces of the plasma reactor, respectively. The 

volume and surface reactions selected in the model are listed in Table 3.1. 

 

TABLE 3.1 Volume and surface reactions for the model and their references. 

No. Reaction formula Description Reference 

1 e- + H (n=1~4) → e- + H (n=1~4) H elastic scatteringa 70, 71 

2 e- + H (n=1~3) → e- + H (m=2~4); (n < m) H excitation 70, 72 

3 H (n=2~4) → H (m=1~3) + hν; (n > m) Spontaneous decay 73 

4 e- + H (n=1~4)→ e- + H+ + e- H ionization 70, 72 

5 H (n=1) + H (n=3, 4) → H  + e- Associative ionization 74 

6 e- + H- → e- + H (n=1) + e- Electron detachment 70, 73 

7 H+ + H- → H (n=3) + H (n=1) H+ - H- mutual neutralization 70, 73 

8 H- + H (n=1~4) → H2 (v=1~5) + e- Associative detachmentb, d 70, 73–75 

9 e- + H2 (v) → e- + H2 (v) H2 elastic scatteringa, c 76 

10 e- + H2 (v) → e- + H2 (v') 
Vibrational excitation or  

de-excitation via H  b, d 
22, 76–82 

11 e- + H2 (v) → e- + H2 (v') + hν 
Vibrational excitation or 

de-excitation via H∗  
83, 84 

12 

e- + H2 (v=0) → e- + H (n=1~3) + H (n=1)

e- + H2 (v=0) → e- + H (n=2) + H (n=2) 

Dissociationd 70, 73, 85 

13 e- + H2 (v) → e- + H  + e- Non-dissociative ionization 70, 73, 85, 86 

14 e- + H2 (v=0) → e- + H+ + H (n=1) + e- Dissociative ionizationd 70, 73, 83 

15 e- + H2 (v=3~14) → H- + H (n=1) Dissociative electron attachmentd 74 

16 H+ + H2 (v=4~14) → H (n=1) + H  H+ - H2 charge exchanged 74 
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17 e- + H  → e- + H+ + H (n=1) Dissociative excitationd 70, 73, 74 

18 e- + H  → H (n=1) + H (n=3, 4) H  dissociative recombinationd 70, 73 

19 H (n=1) + H  → H+ + H2 (v=0) H - H  charge exchange 74, 87 

20 H  + H2 (v=0) → H  + H (n=1) H   ion formation 14, 70, 74 

21 

e- + H  → 3H (n=1) 

e- + H  → H2 (v=6~14) + H (n=2) 

H  dissociative recombinationd 70, 73, 74 

22 e- + H  → 2H (n=1) + H+ + e- Dissociative excitation 70, 73, 74, 88 

23 H  + H- → H2 (v=0) + H (n=4) H  - H- mutual neutralizationd 74, 89–91 

24 H  + H- → H2 (v=0) + H (n=1) + H (n=4) H  - H- mutual neutralizationd 74, 89, 90, 92, 93 

25 H (n=1) + H2 (v) → H (n=1) + H2 (v-1) 
H - H2 vibration-translation energy 

 transfer (de-excitation)e 
94, 95 

26 H2 (w) + H2 (v) → H2 (w) + H2 (v-1) 
H2 - H2 vibration-translation energy

 transfer (de-excitation) 
96 

27 H   H2 Wall neutral recombination 97–100 

28 H2 (v)   H2 (v'); (v' < v) Wall vibrational de-excitation 101, 102 

29 H (n=2~4)  H (m=1); (n > m) Wall H de-excitation  

30 H+   H (n=1) Wall H+ neutralization  

31 H   H2 (v=0) Wall H  neutralization  

32 H   H (n=1) + H2 (v=0) Wall H  neutralization  

aElastic scattering was not included in the particle balance equation because the species taking part in the 

reaction remain unchanged after the reaction. 

bThe cross section of the reaction was estimated by extrapolation since it was not supported by direct 

experimental measurements or theoretical data. 

cThe ground state and all excited states were assumed to have the same cross section. 

dSome processes related to the specific state n or v were neglected to improve the calculation efficiency in 

the model because these processes have relatively small reaction rates. 
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eReactions related to H (n>1) were excluded in the model for simplicity, under the assumption that neutral H 

(n=1) is the most dominant species. 

 

Volume reaction 

 

The rate constant of the two-body volume reaction collision can be expressed 

as 

 12 12( )jk    ,  (3.1.2) 

where σ is the cross section, υ12 is the magnitude of the relative velocity, and 

the triangular brackets denote averaging over the distribution of υ12. [63] If the 

two particles are identical, [33] 

 11 11

1
( )

2jk      .  (3.1.3) 

In the electron impact collision reaction, υ12 is approximately equal to the 

electron velocity, and the rate constant can be obtained by averaging over the 

EEDF. The model can calculate the electron impact collision reaction rate 

constant of an arbitrary EEDF, including a bi-Maxwellian EEDF over the 

considered electron temperature range up to 50 eV: 

 3 3
, , , ,

( ) 2 [(1 ) exp( ) exp( )]
( ) ( )e low e low e high e high

f d d
T T T T

        
 

     ,  (3.1.4) 

where ε is the electron kinetic energy (in electron volts), β is the ratio of the 

high-energy electron density to the total electron density, Te, low is the electron 

temperature (in eV) of the low-energy electron group, and Te, high is the electron 

temperature of the high-energy electron group. The rate constants of all other 

heavy particle collisions (i.e., ion – ion, ion – neutral, and neutral – neutral 
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collisions) were calculated assuming that each reactant has a Maxwellian 

velocity distribution at different temperatures: [103] 

 1/21 2 2 1
12

1 2 0

2 2
2( ) exp( ) ( ) dB B

j

m k T m k T
k

m m
    




  ,  (3.1.5) 

where kB is the Boltzmann constant, m is the species mass, T is the temperature 

of the species (in Kelvin units), and 

 
21 2

12
1 2 2 12 2

m m

m kT m kT
 


.  (3.1.6) 

Although most of the rate constants in the volume reactions can be calculated 

based on the cross section data, as listed in Table 3.1, some rate constants (of 

reaction Nos. 1, 8, 10, 21, and 23–26) were difficult to calculate due to a lack 

of the cross section data. The following unavoidable manipulations and 

assumptions were applied to those cross section data using the reference data.  

The elastic scattering cross section of the H (n) atom was obtained by 

averaging the cross sections of the various angular momentum states identified 

by Bray and Stelbovics, [70, 71] based on the assumption that elastic scattering 

are equally probable across the angular momentum states.  

The most important collisions between H  ions and H (n) atoms are the 

resonant charge exchange, associative detachment, and non-associative 

detachment. [74] Except for the resonant charge exchange, in which the 

reactants and products remain unchanged, the associative detachment is 

dominant over non-associative detachment at energies below 4 eV. In low-

temperature plasmas, the energies and ions and neutrals are normally in the sub-
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eV range, and only associative detachment was included in the H  – H (n) 

collisions of the model. The cross sections of  + H (n = 1) → H2 (v > 0) + 

e– were estimated by multiplying the factors by the cross section of  + H 

(n = 1) → H2 (v =0) + e–. [73] This factors are the relative ratios of the cross 

sections for populating the vibrationally excited state v of H2 molecules, 

obtained by summing over the cross sections of rotational levels J to the specific 

v at 0.646 eV. [75] Because the collision processes of  + H (n > 1) → H2 

(v) + e– have not been studied so far, [74] their cross sections were assumed to 

be equal to the cross sections of  + H (n = 1) → H2 (v = 0) + e– multiplied 

by the weighting factors which are the relative ratios of the ionization cross 

sections of H (n > 1) and H (n = 1) atoms.  

There are two electron impact collision reactions for the vibrational excitation 

(or de-excitation) of H2 molecules (X Σ ). One is the vibrational excitation via 

H X Σ , B Σ  by collisions of H2 molecules with low-energy electrons, 

another one is the vibrational excitation via e H∗ N Λ , accompanied by 

radiative decay, by collisions of H2 molecules with high-energy electrons.[74, 

22] Unlike the cross section data on the vibrational excitations or de-excitations 

via H∗  provided by Celiberto et al., [83, 84] the estimations of cross sections 

on some highly vibrational excitations or de-excitations via H  were required 

due to a lack of data. The cross-sections of the v = 0 → v´ > 1 transition were 

calculated using the formula proposed by Shakhatov and Lebedev [77, 78] 

together with the cross-section of the v = 0 → v´ = 1 transition. [76] The 

threshold energies ε  of the v = 0 → v ´> 1 transition cross-sections were 

determined from the differences between the vibrational energy levels. [79] For 
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the estimation of the cross-sections of the v > 0 → v´ > 1 transition, the curve-

fitting formulae on the correction factors (i.e., the dependence of the maximum 

cross section amplitude σ → /σ → , ε  shift, and breadth ε σ →

ε  as a function of the state v and Δv = |v´-v|) that represent the departures of 

the cross-sections of the v > 0 → v´ > 1 transition from the cross-sections of 

the v = 0 → v´ > 1 transition was devised. The coefficients of the formulae 

were determined using the data reported by Gao and Capitelli et al. [80, 81] 

This model took no account of the oscillating structures of the vibrational 

excitation cross sections that grow more and more severe at higher vibrational 

states. The estimations of cross sections on vibrational de-excitation via H  

were processed in the same way using the curve-fitting formulae and data given 

by Horáček et al. and Capitelli et al. [81, 82] 

In the dissociative recombination by collisions of H  with electrons, the 

branching ratios of the reaction channels producing three-body (3 H) and two-

body (H2 + H) fragments as a function of the relative collision energy are almost 

constant at energies below 0.3 eV, with average values of 0.75 and 0.25, 

respectively. [74] The average branching ratios were adopted in the model. 

The cross sections for the mutual neutralizations of H  and H  ions with 

H  ions have not been studied sufficiently, unlike the H+ – H  mutual 

neutralization. [74, 90, 91] Furthermore, the H  – H  mutual neutralization 

has the complexity that correlates with the predissociation channels of H3 

(produced by the electron capture in the collision of H  and H ) to 3 H and 

H2 + H. Not only the total cross section of the H  – H  mutual neutralization, 

but also the predissociation branching ratio which is dependent on the H3 
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excited states must be considered in principle. [92, 93] For simplicity, the data 

from Eerden et al. [89] was chosen as the cross sections of the H  – H  and 

H  – H  mutual neutralizations in the model, with consideration for the 

values reported by other references. [90–93] 

No cross section data were available for the vibration – translation energy 

transfer relaxation (or de-excitation) processes of the H – H2 and H2 – H2 

collisions, thus the temperature-dependent formulae of their rate constants (for 

the most dominant Δv = 1 case) given by Mandy and Martin, [95] and Matveyev 

and Silakov [96] were employed, respectively. The H – H2 vibration – 

translation energy transfer rate constants were calculated using the effective gas 

temperature of H and H2 as the temperature in the formula, as suggested by Biel 

et al. [94] 

 

Surface reaction of the neutral species 

 

The wall neutral recombination of H atoms, wall vibrational de-excitation (or 

relaxation) of H2 molecules, and wall de-excitation of H atoms are major 

surface reactions that neutral species are lost at the walls. These rate constants 

are, respectively, given by 
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  ,  (3.1.9) 

where Λ  is the effective diffusion length,  is the effective diffusion 

coefficient, V is the plasma chamber volume, A is the plasma chamber surface 

area, ̅ is the average velocity of the neutral particles ( 8 /π / ), 

γrec is the wall neutral recombination coefficient, and γq is the wall quenching 

coefficient (or repopulation probability). The effective diffusion length Λ  is 

expressed as 

 2 2 1/201
0 [( ) ( ) ]

R L

     ,  (3.1.10) 

where  is the first zero of the zero order Bessel function, R is the radius of 

the cylindrical chamber, and L is the chamber length. For the surface reaction, 

γrec and γq are used to characterize the probability that a specific wall reaction 

will occur, analogous to the cross section of the volume reaction. The wall 

neutral recombination coefficient γrec represents the probability that two H 

atoms could recombine and form a H2 molecule at the wall, and it depends on 

the wall temperature  (in Kelvin). To obtain γrec (Twall), the experimental 

data of γrec for silica, alumina, and stainless steel surfaces provided by Green et 

al., [97] Wood and Wise, [98] and Abe et al. [99, 100] were fitted to curves of 

the piecewise formula γ γ exp / , where γ0, E and Rc are 

constants. The wall quenching coefficient γq is the probability that represents 

the de-excitations in collisions of the vibrational excited molecules or the 

excited atoms with the wall. γq of H2, γ ,	 , is varied with v, and the relevant 

data from Hiskes and Karo, [101] and Taccogna et al. [102] were used in the 
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model. The excited atoms undergoing collisions with the wall were assumed to 

be de-excited to the ground states, so that γ ,  = 1. The effective diffusion 

coefficients of the H atom and the H2 molecule in equations (3.1.7) – (3.1.9) 

consist of a Knudsen free diffusion part and a collisional diffusion part 

involving other H atoms and H2 molecules: 

 
2, ,

1 1 1 1

eff H Kn H H H H HD D D D 

   ,  (3.1.11) 

and 

 
2 2 2 2 2, ,

1 1 1 1

eff H Kn H H H H HD D D D 

   ,  (3.1.12) 

where DKn is the Knudsen free diffusion coefficient ( ) and DA-B is the 

collisional diffusion coefficient for species A diffusing into species B. A and B 

denote the neutral species (i.e., H and H2). It was assumed that the collisional 

diffusion coefficient could be described using the two-temperature binary 

ordinary diffusion coefficient developed in the Chapman-Enskog method: [104] 
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  ,  (3.1.13) 

where  is the reduced mass of the species A and B, ∗  is the collision 

effective temperature (in Kelvin),  is the kinetic temperature (in eV) of the 

species A,	  is the total number density of neutrals, ,  is the diffusion 

collision integral which takes into account the interactions between the 

colliding species A and B, and 



 

 

 

 

 

74

 
2 3

5/2 5

(m m ) (m m )

(m m )
B A BA A B BA

AB
BA B A

g
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Here, the non-equilibrium parameter  is defined as / . The 

temperature-dependent values of , ,	 , , , , and ,  were 

provided by Stallcop et al. [105, 106] The collision effective temperature is 

given by 
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Surface reaction of the ion species 

 

Unlike electrons and negative ions, the potential drop across the presheath and 

sheath accelerates positive ions so that they escape to the walls. The rate 

constant of the positive ion loss to the walls is given by 

 
, n

eff
j B H

A
k u

V
 ,  (3.1.16) 

where ,	  is the Bohm velocity (n = 1, 2, and 3 for H , H , and H  ions) 

and eff is the effective area over which ions are lost. According to recent 

studies, [107–110] the ion Bohm velocities at the sheath edge are dependent on 

the relative ion density ratios in plasmas containing multiple ion species. Each 

ion Bohm velocity in two (inert gas) ion species plasmas, in particular, reaches 

its own Bohm velocity , / / , when the relative density ratio 

differences are large. On the other hand, both of the ion Bohm velocities are 
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closer to a common system sound velocity ∑ , /∑ /  if 

the relative ion density ratios are comparable. Unfortunately, the ion Bohm 

velocities of the three ion species in the hydrogen (the non-inert gas) discharges 

have not been studied so far either theoretically or experimentally. In this model, 

for reasons of convenience, the individual Bohm velocity ,	  and the 

common system sound velocity  were presumed to equal the Bohm 

velocities used to calculate the rate constant of the positive ion wall loss and 

the ion flux at the sheath edge (discussed in greater detail below), respectively. 

Given the presence of the negative ions, the Bohm velocity can be expressed 

by [111, 112] 
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  ,  (3.1.17) 

where ≡ , / ,  is the electronegativity (i.e., the ratio of the negative 

ion density to the total positive ion density , ≡ ∑ , ) at the sheath edge, 

e is the elementary charge, ,eff
,low ,high

 is the effective electron 

temperature (in electron volts) in the form of the density-weighting harmonic 

average used to calculate the Bohm velocity, [109]  is the negative ion 

temperature (in Kelvin), and  is the mass of the positive ion species.  

The expression describing the effective area of a cylindrical ICP with a 

multicusp magnetic configuration surrounding the chamber is [55, 56] 

 2 ( h h )eff cf R LA R a L R  ,  (3.1.18) 

where  is the magnetic confinement parameter ranging between 0 and 1, 

and ,	  is the radial and planar dimensionless ion flux factor. , which is 
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introduced to consider the effect of the multicusp magnetic field on the effective 

area, is inversely proportional to the enhancement of plasma confinement. If a 

multicusp magnetic configuration is absent,  is 1. The value of  

reported in previous studies was assumed to be constant, although this 

parameter depends on the electron and ion temperatures. The concept of the 

leak width 4 	 /  (  is the mean electron gyroradius and  is 

ion the mean electron gyroradius) [113] was introduced to express the magnetic 

confinement parameter in this model as , where  is a constant. The 

dimensionless ion flux factors can be approximated as the ratio of the positive 

ion density at the sheath edge to that at the discharge center, assuming that the 

volume-averaged ion density equals the central ion density. [54] Kim et al. 

attempted to describe the transitions of the dimensionless ion flux factors from 

the low to high pressures as well as from electropositive to highly 

electronegative schemes. [114, 115] For this model, limited solutions to the 

dimensionless ion flux factors proposed by Kim et al. have been utilized (except 

at high pressures) and have been patched heuristically using the root mean 

square ansatz: [55, 58, 114–116] 
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Here, ≡ /  is the central electronegativity (i.e., the ratio of the 

central negative ion density to the central total positive ion density ≡

∑ ), ≡ 2 /  (  is the positive ion temperature (in eV)), 

1/∑ σ ,  is the positive ion – neutral mean free path, 1

γ / 1  is the ambipolar diffusion coefficient (  is the positive 

ion diffusion coefficient and γ ,eff/ ),  is the first-order Bessel 

function, γ ,eff/ , and n∗  (  is the rate constant for 

mutual neutralization and  is the mean thermal velocity of the positive ions). 

 

Particle flow rate at the inlet and outlet 

 

Molecules in the feedstock H2 gas is supplied to the chamber through a mass 

flow controller (MFC) at a rate given by [58] 
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  ,  (3.1.23) 

where  is the gas flow rate controlled by the MFC in standard cubic 

centimeters per minute (SCCM), and the scalar constant is a conversion factor 

from the SCCM units into particles/s. In a similar way, the rate at which 

particles of species i are pumped out of the chamber can be formulated as 

follows: [55, 58] 
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where ,  is the rate constant of species i particles pumped out the system, 

the scalar constant is the ratio of  to a conversion factor from mTorr 

units into Pa units (  is the temperature at standard temperature and 

pressure (STP) conditions), ,  is the outlet pressure of the species i in mTorr, 

and ni is the density of the species i. Zorat et al. [55] pointed out that  ,  

is proportional to the average velocity of the species i particles in the molecular 

flow regime ( , ∝ ̅ 8 /π / ). Consequently, the ratio of the 

pumping rate constants for the two species with different temperatures or 

masses , / ,  is linearly related to the square root of the temperature 

ratio /  or the mass ratio / . In this model, ,  or ,  was 

adjusted considering the relation above until the calculated pressure reaches a 

set pressure.  

 

3.1.2 Quasi-neutrality equation and power balance equation 

 

Instead of the particle balance equation for electrons, an equation that 

describes the quasi-neutrality of the plasma was used in the above-mentioned 

25 nonlinear algebraic equation sets: 

 0pi e H
n n n    ,  (3.1.25) 

where  is the electron density. 

The power balance equation in the steady-state represents that the RF power 
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absorbed by the discharge is dissipated in the elastic and inelastic collisions 

within the volume of the reactor and consumed as the kinetic energy loss of 

charged particles escaping to the reactor walls. The equation is given by [58] 

 , , ,

3
( ) ( ) ( ) 0
2

effsysabs
e e eff j R l c j B pi e i

j l

Ad P
en T e k n eu n

dt V V
        ,  (3.1.26) 

where ,	eff 1 , low , high is the effective electron temperature 

(in eV) defined in the EEDF ( ,	eff differs from ,eff defined above),  

is the absorbed power by the plasma, ε ,  is the collisional energy loss of the 

reaction j, ε 2 1 β ,
/ β ,

/ / 1 β ,
/

β ,
/  is the average kinetic energy loss per electron entering the wall 

surface, and ε  is the mean kinetic energy loss per ion striking the wall surface. 

Note that the right-hand side of Equation (3.1.26) is not zero and thus cannot 

be neglected for the calculation for pulsed plasmas because the plasma is not in 

the steady-state. The collisional energy loss ε ,  in an electron elastic collision 

process involving the neutral species j is 3 / , and ε ,  in the inelastic 

collision processes are given in the cited references of Table 3.1. The value of 

ε ,  for the inelastic collision process may not be equal to the reaction threshold 

energy. For example, the threshold energy of a dissociation process that 

produces H (n = 3) and H (n = 1) (No. 12) in Table 3.1 is about 19.0 eV, but the 

mean collisional energy loss is 21.5 eV. The mean kinetic ion energy lost at the 

wall ε  was transferred from the potential energy of the ion in the presheath 

and sheath: 

 i ps sV V   ,  (3.1.27) 

where  is the voltage drop within the presheath region in which the ions are 
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accelerated from zero to the Bohm velocity, and  is the voltage drop between 

the sheath edge potential and the wall potential. Amemiya proposed an 

expression for , modified by the electronegativity in the electronegative 

plasma, using the dispersion relation in front of the sheath edge, [111] 
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  .  (3.1.28) 

The electronegativity at the sheath edge  should satisfy the relation 

/ 1 , where ≡ exp	 /  and ≡

exp	 / , . This relation yields the multi-valued  with respect to a 

specific , for γ 5 √24. [117] The selection of an appropriate value 

among the multi-valued  of the Bohm criterion in electronegative plasmas 

has been embroiled in controversy over the past decade. [112, 117–119] 

Although the lowest value of the multi-valued solutions was selected as  in 

this model, as suggested by Allen, [119] most of the calculations in this model 

were unaffected by the problem on the multi-valued solutions because the 

electronegativity of the hydrogen plasma was usually small and then the 

relation had one solution. For an ICP, 	  within a floating sheath can be 

obtained by numerically solving the equation that describes that the balance 

between the positive ion current density , negative ion current density , 

and electron current density  at the sheath edge: [58, 119] 

 0
H e

J J J     ,  (3.1.29) 

where 1 , 
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exp	 , and  exp
,

. 

Here,  is the negative ion mass,  is the electron mass, and 

1 β 8 , /π / β 8 , /π /  is the electron mean 

thermal velocity. 
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3.2 Electromagnetic model of an ICP 
 

In order to calculate the power absorbed by the plasma (or the power transfer 

efficiency), a simple electromagnetic model of an ICP introduced by the 

textbook of Chabert and Braithwaite is employed. [37] If there is a long thin 

cylindrical ICP, with a uniform density, contained in a dielectric tube of radius 

r0, outer radius rc and length l, (see Figure 3.1) 

 

 

Figure 3.1 Schematic of the ICP. The plasma is contained in a dielectric tube of inner 

radius r0, outer radius rc and length l ≫ r0. The tube is surrounded by a coil with N 

turns uniformly distributed, in which flows an RF sinusoidal current 

IRF t 	=	Re[IRFeiωt], where IRF is the complex amplitude and t is time. The induced 

electric field Eθ is azimuthal, while the induced magnetic field Hz is axial. At high 

plasma density, both fields decay within the skin depth δ, from [37]. 
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the fields can be obtained from Maxwell’s equations: 
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and 
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where ω is the angular wave frequency, ε0 is the permittivity of free space, ε is 

the complex relative permittivity (ε = εp in the plasma and ε = εt in the tube), 

and μ0 is the permittivity of free space. Substituting the Equation (3.2.1) to the 

Equation (3.2.2), one can obtain an electromagnetic wave equation for Hz: 
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,  (3.2.3) 

where k0	≡	ω/c is the wavenumber in free space. The solutions of Equation 

(3.2.3) are given by 
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  ,  (3.2.5) 

where Hz0 ≡ Hz(r = r0), k ≡ k0 εp is the complex wave number in the plasma, 

and J0 and J1 are the Bessel functions of the first kind.  

If k1r0≪1 and the magnetic field is nearly constant in the tube (Hz ≈ Hz0 at r0 

< r < rc), the following equation can be obtained from the integral form of 

Faraday’s law: 
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  .  (3.2.6) 

In addition, the plasma current, Ip, the current flowing in the dielectric tube, 

It, and the current flowing in the coil,	IRF, can be calculated from Ampère’s 

theorem together with the contours in Figure 3.2: 

 

 
Figure 3.2 Ampère contours for the current in the plasma (1), in the dielectric tube (2), 

and in the coil (3), from [37]. 
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The sum of three equations then yields 
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Since, as assumed above, the magnetic field is nearly constant in the tube, It = 

0, and thus the magnetic field at the plasma edge, Hz0, with respect to IRF is 

deduced from Equations (3.2.8) – (3.2.10) as follows: 
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,  (3.2.11) 

where Icoil is the magnitude of the current in the coil. 

From Ponyting’s theorem, the complex power input (i.e., the sum of the power 

dissipated and the power stored by the electromagnetic fields) is given by: 

    21 1
( ) ( )2

2 2
zc c c ind coilP E r H r r l Z I    ,  (3.2.12) 

where Zind is the total complex impedance of the system. Therefore, one can 

express dissipative and reactive components of the complex power input: 
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The Equation (3.2.12) together with Equation (3.2.6), (3.2.11), and Hz(r = rc) 

= Hz0 can be rewritten as 
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Finally, the time-averaged power absorbed by plasma (or dissipated in the 
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system) is given by 
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3.3 Analytic model of collisionless heating 
 

The collisional and collisionless heating are often accounted for by 

introducing an electron – neutral collision frequency and a stochastic (or 

collisionless) frequency, respectively. [45] These frequencies represent 

collisions / electron–field interactions that cause a change in phase coherence, 

and thus a net transfer of power. Unlike the electron – neutral collision 

frequency obtained directly from νen = ng〈σmve〉 (ng: the neutral density, σm: 

the cross section of the elastic momentum transfer collision, and the triangular 

brackets: averaging over the distribution of electron velocity ve), [33, 37] the 

stochastic frequency obtained from the complicated numerical calculation of 

the spatially non-uniform RF fields determined self-consistently with the 

electron motions is not easy. [39] This always involves solving the full 

equations including the Maxwellian equations and the Boltzmann equation. 

(See Chapter 2, Section 2.4) 

Vahedi et al. proposed the analytic model of the collisionless heating that is 

simplified by introducing appropriate assumptions, while maintaining a 

reliability. [120] In this model, the EEDF is assumed to be Maxwellian. By 

using the model, one can determine the stochastic frequency that is a measure 

of the collisionless heating in the non-local regime. The complete details of the 

model would go far beyond the scope of this study, so only final reduced 

equations for obtaining the stochastic frequency νsto are given in this section: 
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,  (3.3.3) 

where α ≡	4δ2ω2/πve
2 , δ is the effective skin depth, ω is the angular wave 

frequency, ve is the electron mean thermal velocity, c is the speed of light, and 

ωpe is the electron plasma frequency. A set of three simultaneous equations (i.e., 

Equations (3.3.1), (3.3.2), and (3.3.3)) can now be solved numerically for νsto 

and δ. Here, δ does not always have the same geometrical significance 

associated with the exponential decay of fields as the classical skin depth (in 

cases when only collisional heating is considered) due to presence of the non-

monotonic spatial decay in the anomalous skin layer. It is interesting to note 

that multiple solutions are possible. If multiple solutions are encountered, the 

only one solution that meets the relation illustrated in Figure 3.3 should be 

selected. [120] 
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Figure 3.3 Variation of the normalized stochastic frequency as a function of the 

normalized frequency w	=	 ωc / veωpe , from [120]. 

 

 Additionally, the electron – electron collision frequency, νee in sec-1, can be 

obtained by the following equation: [121, 122] 

 6
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 ,  (3.3.4) 

where  is the electron density in cm-3, T  is the electron temperature in eV, 

and ln	Λ=23.5 – ln ne
1/2T –5/4 	– [10–5 + (lnTe – 2)2/16]

1/2
 is the Coulomb 

logarithm. 
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Chapter 4. The relation between H– ion generation 

and EEDF 

 

In this chapter, the relationship between the EEDF and the reaction kinetics of 

hydrogen plasmas involved in the generation and destruction of H  ions and 

their precursors will be explored using both the developed global model and 

experimental measurements in a low-pressure inductively coupled hydrogen 

plasma. In experiments, the measured EEDFs were Maxwellian and bi-

Maxwellian EEDFs, which coincides with the previous reports. (See 

Subsection 2.4.2) By comparing the densities of negative ions and other species 

with a bi-Maxwellian EEDF and those of a Maxwellian EEDF, the underlying 

relation was revealed and a more favorable EEDF shape for the H  ion 

generation was found. 

 

4.1 Experimental setup 
 

The electron temperature and densities of all species, including the H  ion, 

in a hydrogen bi-Maxwellian plasma were investigated using both experimental 

data and the developed model applied to an ICP, as depicted in Figure 4.1. [123, 

124] 
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Figure 4.1 Schematic diagram of the inductively coupled hydrogen plasma, from [123]. 

 

The ICP source consists of a cylindrical plasma chamber of radius R = 5 cm 

and length L = 7.5 cm. The plasma was excited by a planar spiral antenna coil 

powered at a RF of 13.56 MHz. The antenna coil was positioned on a quartz 

plate that was used as an RF window at the top of the discharge chamber. The 

external walls of the chamber was encircled by samarium cobalt (SmCo) 

magnets which form a cusp field for improvement of the electron confinement 

in the radial direction. The confinement effect was taken into account in the 

model using the above-mentioned parameter . The experimental setup is 
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described in detail in Refs. 123 and 124. In the experiments and model analyses, 

the RF power was fixed at 900W and the hydrogen gas pressures were varied 

from 3 to 30 mTorr. The pressure variation can contribute significantly to 

change in the EED shape. [41] Simultaneous measurements of the plasma 

parameters (i.e., EEDF, electron density, and electron temperature) were carried 

out using RF compensated cylindrical Langmuir probes. In addition, the model 

results of the H  ion densities were compared with measurements obtained 

using the laser (Nd-YAG laser, 532 nm) photodetachment technique. A 

magnetic filter was installed at the bottom of the chamber in order to lowing 

the electron temperature. The magnetic filter enables the H  ion density to be 

increased, which increases the corresponding laser photodetachment signal to 

measurable levels. For calculation of the H  ion densities in the vicinity of the 

magnetic filter, the particle balance equation (Equation (3.1.1)) of the H  ion 

density was solved separately using the model results of the central neutral 

densities and positive ion density ratios, together with  and  measured 

by the probe at the bottom of the chamber. Only 40% of the neutrals in center 

were assumed to diffuse and reach the bottom of the chamber. In the model 

analysis, it was assumed that the gas temperature was assumed to be 500 K. 
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4.2 Global model analysis of bi-Maxwellian H2 plasmas 
 

4.2.1 EEDFs and its scalar integrals: effective electron temperature 

and electron density 

 

 

Figure 4.2 Normalized EEPFs measured at different pressures (RF power: 900W). 

 

Normalized electron energy probability functions (EEPFs) measured in the 

ICP source region at different pressures and 900 W are shown in Figure 4.2. 

The reciprocal slope of the EEPF – energy plot in a semi-log scale represents 

the electron temperature if a plasma has a Maxwellian EED that is a straight 

line in the plot. The low- and high-pressure regimes are clearly distinct. The 

EEPF lines are straight in the high-pressure regime (10, 20, and 30 mTorr), 
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whereas the EEPFs yield two-slope structures in the low-pressure regime (3, 5, 

and 7 mTorr). In other words, the EED changes from Maxwellian to bi-

Maxwellian as the gas pressure decreases. The bi-Maxwellization of the EED 

in the low pressure regime is a common phenomenon of the non-local electron 

kinetics. [21, 41, 125–129] This can be analyzed as follows. The orders of 

magnitudes of the characteristic collision frequencies (i.e., the stochastic 

frequency νsto, the electron – neutral collision frequency νen, and the electron – 

electron collision frequency νee) can be compared to qualitatively understand 

the change of the EED shapes. [21, 120] (It will be discussed in more detail in 

the next chapter.) νsto represents the collisionless selective electron heating of 

high-energy electrons that can cause the bi-Maxwellization. [34] νen and νee 

correspond to the collisional heating and the Maxwellization, respectively. In 

the low-pressure regime, νsto exceeds νen and νee so that the plasmas are expected 

to show the non-local behavior and to have bi-Maxwellian EEDs (e.g., νsto = 31 

MHz > νen = 1.8 MHz > νee = 44 kHz at 3 mTorr). On the other hand, νen is the 

highest characteristic frequency at high pressures and then the non-local 

phenomena including the bi-Maxwellization are expected to be insignificant 

(e.g., νen = 65 MHz > νsto = 38 MHz > νee = 3.1 MHz at 30 mTorr). As shown in 

Figure 4.2, the transition from a bi-Maxwellian to a Maxwellian EED occurs 

around 7 mTorr. Considering the volume ratio of the collisionless heating 

region (the skin layer volume) and the entire chamber within which collisions 

occur, νen is found to be equal to νsto at 6 mTorr that corresponds roughly to the 

transition pressure. 

Since the global model does not cover the electron kinetics or electron heating, 
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the steady-state EED data obtained from electron Boltzmann equation solvers 

or experiments should be required. In the global model analysis of a bi-

Maxwellian plasma, an EEDF can be characterized by three factors in Equation 

(3.1.4): Te, low, Te, high, and β as compared with Te of a Maxwellian plasma. 

Therefore, a set of 25 nonlinear equations, as discussed in Chapter 3, are 

insufficient to conduct a self-consistent calculation over 27 unknowns. In this 

study for the analysis of the bi-Maxwellian plasmas, two unknown factors: Te, 

high and β were obtained from Figure 4.2 (the experimental data), and Te, low was 

treated as the output Te of the model for the case of a Maxwellian EED. 
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Figure 4.3 The dependence of (a) the electron density, (b) the voltage drop across the 

presheath and sheath regions and (c) the electron density on pressure at 900 W. Symbols 

denote the experimentally measured data. (For (b) and (c), the solid lines indicate the 

model results obtained using the measured EEDFs including the bi-Maxwellian EEDFs 

in the low-pressure regime; the dashed lines indicates those under the assumption that 

EEDFs are Maxwellian.) 
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Figure 4.3(a) shows the measured and calculated electron temperatures as a 

function of pressure. Te, low (circle symbols), Te, high (square symbols), and the 

effective electron temperature ,	eff (triangle symbols) given by the average 

energy integral over the EEDF [130] ( ,	eff 2/3〈 〉) are experimental data 

obtained from the EEDF in Figure 4.2. In addition, Te, low (blue solid line) and 

,	eff (green dash dotted line) were calculated using the global model with the 

experimental values for Te, high and β.  (green dashed line) is the electron 

temperature calculated using the global model, assuming a Maxwellian EED. 

A comparison of Te, low from the model results with experiments yields that the 

agreement between the model and measurement is very good. In Figure 4.3(a), 

the Te, high of a bi-Maxwellian EED decreases drastically compared to Te, low that 

slightly decreases and then increases somewhat as the pressure increases. At 

pressures higher than 7 mTorr, both Te, high and Te, low converge to the same 

electron temperature during the transition to a Maxwellian distribution. In the 

following, ,	eff defined as Te, high and Te, low of the bi-Maxwellian EED are 

compared with  in low pressure regime. Strictly speaking, this	  is 

not realistic because only one EEDF shape (bi-Maxwellian EED in this case) 

are determined under a given condition (e.g., a given pressure, power, chamber 

and antenna geometry, etc.).  serves only as a benchmark value for ,	eff. 

It is interesting to note that ,	eff for a bi-Maxwellian EED in the low-pressure 

regime is lower than . As the population of high-energy electrons, which 

have higher rate constants of the electron impact reactions including ionization, 

increases with decreasing pressure, the temperature of another electron group 

have to be low to keep the generation reaction rates balancing the loss rates. 
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The existence of low Te, low leads to a decrease in ,	eff. For this reason, ,	eff 

of a bi-Maxwellian EED is lower than  in the low pressure regime. 

A low value of ,	eff for a bi-Maxwellian EED accompanies a low voltage 

drop across the presheath and sheath regions, 	 	 , and a low 

corresponding ion energy lost , as described in Equations (3.1.27) – (3.1.29) 

(see Figure 4.3(b)). Because the wall loss power density (the third term on the 

right hand side of Equation (3.1.26)) is roughly proportional to  and the 

electron density, the bi-Maxwellian EED has a higher electron density to 

compensate the power loss related to the lower voltage drop, as shown in Figure 

4.3(c). The electron densities calculated using the model were compared with 

the experimental measurements obtained by integrating over the EEDF. [130] 

Although the calculated electron densities with the bi-Maxwellian EED are 

slightly lower than the measured values, they show good agreements in trend 

with the measurements at all pressures. The serious discrepancies of the 

electron densities obtained using the global model with the assumption of a 

Maxwellian EED are due to the differences between the actual EED and the 

Maxwellian EED. It implies that the consideration of the EED shape in a low-

pressure plasma is important for the development of an elaborate global model 

capable of providing accurate predictions. 
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4.2.2 Densities of neutral species including H2 (v), the precursor of 

H– 

 

 

Figure 4.4 The dependence of (a) the neutral densities and (b) the atomic and molecular 

hydrogen density ratios on pressure at 900 W. (The solid lines indicate the model results 

obtained using the measured EEDFs including the bi-Maxwellian EEDFs in the low-

pressure regime; the dashed lines indicates those under the assumption that EEDFs are 

Maxwellian.) 
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The densities of H (n = 1–4) atoms, H2 (v = 0–4) molecules and H2 (v = 5–14) 

molecules as a function of pressure are presented in Figure 4.4(a). Among these, 

H2 (v = 5–14) molecules plays a significant role in the dissociative electron 

attachment producing H  ions. The densities of all neutral species increase as 

the pressure increases. The dissociation fraction, defined as the ratio of the H 

(n = 1–4) atom density to the H2 (v = 0–14) molecule density, is shown in Figure 

4.4(b). The hydrogen dissociation fraction increases dramatically with 

increasing pressure in the low-pressure regime, and then begins decreasing with 

more increasing pressure. The dissociation fraction peaks around 10 mTorr, 

reaching a value of 12%. The model results obtained using the measured bi-

Maxwellian EEDFs and those obtained using the Maxwellian EEDFs shown as 

the dashed lines in Figure 4.4 were compared. While there is no difference 

between the H2 (v = 0–4) molecule densities in the case of the bi-Maxwellian 

and Maxwellian EEDs in the low-pressure regime, the densities of H (n = 1–4) 

atoms and H2 (v = 5–14) molecules have the difference. The densities of H (n 

= 1–4) atoms and H2 (v = 5–14) molecules for the bi-Maxwellian EED are 

higher than those obtained from the Maxwellian EED. As a consequence, the 

corresponding dissociation fractions are also higher. These results suggest that 

the bi-Maxwellian EED leads to higher dissociation and vibrational excitation 

rates compared to the Maxwellian EED. 
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Figure 4.5 The relative reaction rates (Rj /∑ Rjj ) of the dominant volume and surface 

processes for (a) the generation and (b) the destruction of H atom as a function of 

pressure at 900 W. The absolute total reaction rate (∑ Rjj ) for the generation and 

destruction of H atom is given on the right side of Figure 4.5(a). Numbers on the graph 

denote the corresponding reactions listed in Table 3.1. (The solid lines indicate the 

model results obtained using the measured EEDFs including the bi-Maxwellian EEDFs 

in the low-pressure regime; the dashed lines indicates those under the assumption that 

EEDFs are Maxwellian.) 
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Figure 4.5 shows the absolute total reaction rate and the relative reaction rates 

of several major volume and surface processes for the generation and 

destruction of H atoms as a function of pressure. The absolute total reaction rate 

rises and then stays almost constant over the pressure range as shown in Figure 

4.5(a). This trend is attributed to the electron impact dissociation (No. 12 in 

Table 3.1) that is the most dominant reaction contributing 45–65% of the H 

atom production processes. The electron density increases with increasing 

pressure, whereas the electron impact dissociation rate constant decreases due 

to the reduction of the effective electron temperature. In the low-pressure 

regime, the absolute total reaction rate grows with increasing pressure on 

account of the drastic increase in the electron density (see Figure 4.3(c)). A 

decrease in the rate constant compromises a slight increase in the electron 

density, resulting in the nearly constant total reaction rate above 10 mTorr. The 

total reaction rate for the bi-Maxwellian EEDs is higher than that for the 

Maxwellian EEDs in the low-pressure regime. The relative contribution of the 

electron impact dissociation, on the other hand, is lower for the bi-Maxwellian 

EED than for the Maxwellian EED. This is mainly due to the fact that the bi-

Maxwellian EED, compared to the Maxwellian EED, increases the reaction 

rates of all H atom production reactions except for the electron impact 

dissociation reaction more than the electron impact dissociation reaction rate. 

Meanwhile, the wall neutral recombination (No. 27 in Table 3.1) of H atoms is 

primarily responsible for the loss of H atoms as seen in Figure 4.5(b). Its 

contributions exceed 80% at all pressures considered. 



 

 

 

 

 

103

 

Figure 4.6 The dependence of (a) the normalized and (b) the absolute vibrationally 

excited H2 molecule density on the vibrational quantum number and pressure, at 900 

W. (The solid lines indicate the model results obtained using the measured EEDFs 

including the bi-Maxwellian EEDFs in the low-pressure regime; the dashed lines 

indicates those under the assumption that EEDFs are Maxwellian.) 
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The normalized and absolute vibrationally excited hydrogen molecule 

densities as a function of the vibrational quantum number and pressure are 

plotted in Figure 4.6. It is clear that the vibrationally excited H2 molecule 

density distribution is not Boltzmann and it has a plateau at the intermediate 

vibrational quantum numbers between v = 3 and v = 10. Similar results were 

observed earlier by Mosbach. [90] Mosbach showed that the lowly and highly 

vibrationally excited states are populated by collisions of H2 molecules with 

low- and high-energy electrons (Nos. 10 and 11 in Table 3.1), respectively. Thus, 

the reduction of the effective electron temperature with increasing pressure 

increases the populations of the lowly vibrationally excited states and decreases 

the populations of the highly vibrationally excited states, thereby shrinking the 

plateau as shown in Figure 4.6(a). In the low-pressure regime, as shown in 

Figure 4.6(b), the bi-Maxwellian EEDs produce higher densities of the 

vibrationally excited H2 molecules compared to the Maxwellian EEDs across 

all values of v. This result is ascribed to the higher reaction rates of Nos. 10 and 

11 reactions in Table 3.1 due to the higher electron densities (see Figure 4.3(c)) 

under the bi-Maxwellian EEDs. 
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4.2.3 Densities of positive ions associated with H– destruction 

 

 

Figure 4.7 The dependence of the positive ion densities on pressure at 900 W. (The 

solid lines indicate the model results obtained using the measured EEDFs including the 

bi-Maxwellian EEDFs in the low-pressure regime; the dashed lines indicates those 

under the assumption that EEDFs are Maxwellian.) 

 

Figure 4.7 shows the dependence of the positive ion densities on pressure at 

an RF power of 900W. All positive ions contribute to the destruction of H  

ions by the mutual neutralization. The H  and H  ions are the dominant ions 

in the pressure range of interest, and these ions are sensitive to the pressure. On 

the whole, the H  ion density decreases whereas the H  ion density 
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increases with increasing pressure. In the low-pressure regime below 7 mTorr, 

the H  ion density increases slightly with increasing pressure due directly to 

the drastic rise in the electron density as shown in Figure 4.3(c). The H  ion 

density becomes significant below pressures of around 7 mTorr, while the H  

ion is the most populated ion among the positive ions at much higher pressures. 

The H  ion density, which is a relatively minor fraction of the ion densities in 

this regime, is more sensitive to RF power than to pressure. The 	H  ion 

production rate increases dramatically with the RF power, unlike the oher ion 

species. So the 	H  ion becomes the most dominant ion at RF powers 

exceeding a certain value, as investigated by Zorat and Vender. [56] Though the 

H  ion density increases with pressure, its rate of increase with respect to 

pressure is much smaller than that of the H  ion density. This can obviously 

be seen in the linear-scaled Figure 4.7. A comparison between the EED 

conditions reveals that the positive ion densities obtained under a bi-

Maxwellian EED are higher than those obtained under a Maxwellian EED in 

the low-pressure regime. The ratios of the positive ion density under the bi-

Maxwellian EED to that under the Maxwellian EED for the H , H , and H  

ions are in the following order (highest to lowest):	H  > H  > H . 
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Figure 4.8 The relative reaction rates of the dominant volume and surface processes for 

(a) the generation and (b) the destruction of H  ions as a function of pressure at 900 

W. The absolute total reaction rate is given on the right side of Figure 4.8(a). Numbers 

on the graph denote the corresponding reactions listed in Table 3.1. (The solid lines 

indicate the model results obtained using the measured EEDFs including the bi-

Maxwellian EEDFs in the low-pressure regime; the dashed lines indicates those under 

the assumption that EEDFs are Maxwellian.) 



 

 

 

 

 

108

Figure 4.8 shows the absolute total reaction rate and the relative reaction rates 

of the dominant volume and surface processes for the generation and 

destruction of H  ions as a function of pressure. The absolute total reaction 

rate reaches a peak value around 10 mTorr. This can be explained as follows. 

All major H  ion production processes plotted in Figure 4.8(a) are electron 

impact collision reactions. The absolute total reaction rate is proportional to the 

corresponding rate constants and electron density. Thus, increasing the electron 

density and decreasing the rate constants by reducing ,	eff with increasing 

pressure changes the absolute total reaction rate. The increase in the electron 

density is mainly responsible for an increase of the absolute total reaction rate 

at low pressures below 10 mTorr, whereas the decrease in the rate constants 

largely contributes to a decrease of the absolute total reaction rate at higher 

pressures. These effects together produce a peak on the graph of the absolute 

total reaction rate versus pressure. Compared to the Maxwellian EED case, the 

bi-Maxwellian EED case has a higher electron density and lower the rate 

constants. Since the increased electron density prevails over the rate constant 

reduction, the absolute total reaction rate in the bi-Maxwellian EED is higher 

than that in the Maxwellian EED.  

The most dominant contributor of H  ion formation is the direct ionization 

of atomic hydrogen (No. 4 in Table 3.1.) and the relative contribution of this 

reaction increases with increasing pressure as shown in Figure 4.8(a). 

Nevertheless, the contribution seems to be largely unaffected by the change in 

EED because it is compensated by the contributions of the next two most 

dominant reactions. The ranking of the second and third dominant contributors 
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changes, depending on pressure. The second dominant contributor is the 

dissociative ionization of H2 molecules (No. 14 in Table 3.1) and the third 

dominant contributor is the dissociative excitation of H  ions (No. 17 in Table 

3.1) below pressures of 4 mTorr. The increase in pressure sharply decreases the 

reaction rate of reaction No. 14 for which high-energy electrons are effective. 

Therefore, the ranking is reversed at higher pressures. In the meantime, the 

relative reaction rate of the reaction No. 14 is lower whereas the rate of the 

reaction No. 17 is higher for the bi-Maxwellian EED compared to those for the 

Maxwellian EED in the low-pressure regime. These results arise from the fact 

that the lower ,	eff of the bi-Maxwellian EED and the higher ,	eff of the 

Maxwellian EED are more favorable to the reaction No. 17 and No. 14, 

respectively, due to the intrinsic characteristics of their cross sections. In Figure 

4.8(b), the main H  ion loss process is the H  neutralization at the wall, 

contributing over 90% of the processes. There is no significant difference 

between the relative reaction rates for the two EEDs. 
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Figure 4.9 The relative reaction rates of the dominant volume and surface processes for 

(a) the generation and (b) the destruction of H  ions as a function of pressure at 900 

W. The absolute total reaction rate is given on the right side of Figure 4.9(a). Numbers 

on the graph denote the corresponding reactions listed in Table 3.1. (The solid lines 

indicate the model results obtained using the measured EEDFs including the bi-

Maxwellian EEDFs in the low-pressure regime; the dashed lines indicates those under 

the assumption that EEDFs are Maxwellian.) 
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The absolute total reaction rate and the relative reaction rates of the dominant 

volume and surface processes for the generation and destruction of H  ions as 

a function of pressure are shown in Figure 4.9. The trend in the absolute total 

reaction rate for the H  ion generation and destruction as a function of 

pressure and EED shape is similar to that for the H  ion generation and 

destruction because the most dominant H  ion production process is also an 

electron impact collision reaction. For H  ions, the peak of the absolute total 

reaction rate is at around 5 mTorr. The non-dissociative ionization of hydrogen 

molecules (No. 13 in Table 3.1) accounts for most of the relative contribution 

of the H  ion formation, and it remains almost unchanged across all pressures 

as shown in Figure 4.9(a). Figure 4.9(b) shows that two primary reactions, i.e., 

H  neutralization at the wall (No. 31 in Table 3.1) and H  ion formation (No. 

20 in Table 3.1), contribute to the loss of H  ions. The wall H  neutralization 

is dominant at pressures below 7 mTorr, and is decreased as pressure increases. 

On the other hand, the H  ion formation increases with increasing pressure, 

then its contribution reaches almost 90% at 30 mTorr. The relative reaction rates 

of the reactions No. 31 and No. 20 for a bi-Maxwellian EED with a low ,	eff 

are slightly lower and higher, respectively, than those for a Maxwellian EED. 
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Figure 4.10 The relative reaction rates of the dominant volume and surface processes 

for the destruction of H3  ions as a function of pressure at 900 W. The relative reaction 

rate of the reaction No. 20 listed in Table 3.1 (Rj /∑ Rjj  = 1) is not plotted for reasons 

of convenience because the reaction No. 20 is the only considered reaction for the H3  

ion production. The absolute total reaction rate is given on the right side of the graph. 

Numbers on the graph denote the corresponding reactions listed in Table 3.1. (The solid 

lines indicate the model results obtained using the measured EEDFs including the bi-

Maxwellian EEDFs in the low-pressure regime; the dashed lines indicates those under 

the assumption that EEDFs are Maxwellian.) 

 

Figure 4.10 shows the absolute total reaction rate and the relative reaction rates 

of the dominant volume and surface processes for H  ions versus pressure. 

H  ion formation (No. 20 in Table 3.1.) is the only considered reaction for the 
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creation of H  ions in the model. Its relative reaction rate, which is 1, is 

omitted from the plot for reasons of convenience. The absolute total reaction 

rate associated with the H  ion generation and destruction is exclusively 

determined by the H  ion density and H  molecule density involved in the 

H  ion formation reaction. Both the H  ion density (see Figure 4.7) and H  

molecule density increase with pressure at pressures below 8 mTorr, resulting 

in an increase in the absolute total reaction rate. In addition, the absolute total 

reaction rate for a bi-Maxwellian EED is higher than that obtained for a 

Maxwellian EED due to higher H  ion density for a bi-Maxwellian EED. The 

absolute total reaction rate is nearly constant at pressures above 8 mTorr 

because the increase in H  molecule density with increasing pressure is 

comparable to the decrease in the H  ion density. The main reaction that 

contributes to the destruction of H  ions is the wall H  neutralization (No. 

32 in Table 3.1). The relative reaction rate of the most dominant volume loss 

reaction, i.e., H  dissociative recombination (No. 21 in Table 3.1) increases 

gradually with pressure, contributing at most roughly 20% of the H  ion 

destruction at 30 mTorr. The relative reaction rates for the H  ion generation 

and destruction do not change noticeably with the EED shape, unlike those for 

the generation and destruction of other positive ions. 
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4.2.4 Negative ion density 

 

 

Figure 4.11 The dependence of (a) the negative ion density and (b) the central 

electronegativity on pressure at 900 W. (The solid lines indicate the model results 

obtained using the measured EEDFs including the bi-Maxwellian EEDFs in the low-

pressure regime; the dashed lines indicates those under the assumption that EEDFs are 

Maxwellian.) 
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The dependence of the H  ion density and central electronegativity on 

pressure at an RF power of 900 W are presented in Figure 4.11. The H  ion 

density over the pressure range considered is nearly one or two orders of 

magnitude lower than the positive ion densities shown in Figure 4.7. As the 

pressure increases, the H  ion density increases from 2.2 × 108 cm–3 at 3 

mTorr to 1.3 × 1010 cm–3 at 30 mTorr for the bi-Maxwellian EED as shown in 

Figure 4.11(a). The H  ion density in the Maxwellian EED is lower than that 

in the bi-Maxwellian EED, especially 3.6 times lower at 3 mTorr. As can be 

seen in Figure 4.11(b), the central electronegativity also increases with 

increasing pressure, reaching a value of about 2% at 30 mTorr. The small central 

electronegativities indicate that the low-pressure hydrogen plasma is weakly 

electronegative. There is not much difference between electronegativities for 

the bi-Maxwellian and Maxwellian EEDs. It implies that the density ratios of 

the electron and H  ion for the bi-Maxwellian and Maxwellian EEDs are 

similar. 
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Figure 4.12 The relative reaction rates of the dominant volume and surface processes 

for the destruction of H  ions as a function of pressure at 900 W. The relative reaction 

rate of the reaction No. 15 listed in Table 3.1 (Rj /∑ Rjj  = 1) is not plotted for reasons 

of convenience because the reaction No. 15 is the only considered reaction for the H  

ion production. The absolute total reaction rate is given on the right side of the graph. 

Numbers on the graph denote the corresponding reactions in Table 3.1. (The solid lines 

indicate the model results obtained using the measured EEDFs including the bi-

Maxwellian EEDFs in the low-pressure regime; the dashed lines indicates those under 

the assumption that EEDFs are Maxwellian.) (b) The ratio of the absolute dissociative 

electron attachment reaction rate ( RDA ) for a Maxwellian EED and that for a 

Maxwellian EED as a function of the vibrational quantum number (v = 3–14) at 3 mTorr 

and 900 W. 
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Figure 4.12 reveals that the H  ions are destroyed and generated at different 

pressures. The absolute total reaction rate and relative reaction rates of the 

dominant volume and surface processes for H  ions as a function of pressure 

are plotted in Figure 4.12(a). The dissociative electron attachment (No. 15 in 

Table 3.1) is the only considered reaction for the creation of H  ions in the 

model. Its relative reaction rate, which is 1, is also omitted from the plot for 

reasons of convenience, as well as the relative reaction rate of the H  ion 

formation. Indeed, H  ions are mainly volume-produced via the dissociate 

electron attachment by collisions of the highly vibrationally excited states, H2 

(v = 5–14), with low-energy electrons. The dissociative electron attachment 

also requires high-energy electrons that efficiently generate the highly 

vibrationally excited states. The absolute total reaction rate of the dissociative 

electron attachment increases drastically with pressure at low pressures below 

8 mTorr, and then it increases more slowly with a further increase in pressure. 

The trend in the total reaction rate follows the changes in the densities of the 

electrons and H2 (v = 5–14) molecules, which are reactants involved in the 

dissociative electron attachment, under varying pressure (see Figure 4.3(c) and 

also Figure 4.4(a)). 

Meanwhile, the bi-Maxwellian EED in the low-pressure regime gives 

advantageous conditions with abundant low-energy electrons (characterized by 

a lower T ,	eff and a higher electron density) and highly vibrationally excited 

states for the dissociative electron attachment. For this reason, the H– ion 

density for a bi-Maxwellian EED is higher than that obtained for a Maxwellian 

EED. Figure 4.12(b) shows the ratio of the absolute dissociative electron 
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attachment reaction rates for the bi-Maxwellian EED and the Maxwellian EED 

as a function of the vibrational quantum number at 3 mTorr and 900 W. The 

ratio increases with increasing the vibrational quantum number in general, 

exceeding 5 for v = 7–14. It implies that the transition from a Maxwellian EED 

to a bi-Maxwellian EED efficiently promotes the dissociative electron 

attachments of the higher vibrationally excited states. 

For the destruction of H  ions, the electron detachment (No. 6 in Table 3.1) 

and the H  – H  mutual neutralization (No. 24 in Table 3.1) are the two most 

dominant reactions. The electron detachment, which is enhanced by the 

presence of energetic electrons, is most dominant at low pressures below 12 

mTorr. As the H  ion density increases with pressure, the absolute reaction 

rate of the H  – H  mutual neutralization grows remarkably, and its relative 

reaction rate becomes most significant at higher pressures. By contrast, other 

relative reaction rates are relatively diminished. The relative reaction rates of 

Nos. 23 and 24 reactions for a bi-Maxwellian EED are higher than those for a 

Maxwellian EED, while the relative reaction rate of No. 6 is lower. 
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Figure 4.13 The dependence of negative ion density in the vicinity of the magnetic filter 

on pressure at 900 W. Symbols denote the experimental data measured using the laser 

photodetachment technique. (The solid lines indicate the model results obtained using 

the measured EEDFs including the bi-Maxwellian EEDFs in the low-pressure regime; 

the dashed lines indicates those under the assumption that EEDFs are Maxwellian.) 

 

Figure 4.13 shows a comparison of the measured and calculated H  ion 

densities in the vicinity of the magnetic filter under varying pressure at 900 W. 

The H  ion densities over the pressure range considered are approximately 

one order of magnitude higher than the central negative ion densities plotted in 

Figure 4.11(a) due to the presence of the magnetic filter. Since the magnetic 

filter reduces the electron temperature in the vicinity of the filter regardless of 
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the EED shape associated with the population of low-energy electrons, the 

difference between the calculated H  ion densities for the bi-Maxwellian and 

Maxwellian EEDs, as shown in Figure 4.13, arises primarily from the 

difference between the central highly vibrationally excited H2 molecule 

densities. Therefore, the H  ion density difference for the bi-Maxwellian and 

Maxwellian EEDs in the vicinity of the filter is smaller than the central H  ion 

density difference (see Figure 4.11(a)). This H  ion density difference may be 

increased as the bi-Maxwellization process becomes dominant. The H  ion 

densities obtained from the model under the actual bi-Maxwellian EED 

accurately follow the experimentally measured values at various pressures, 

especially low pressure regime. 
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Chapter 5. H– ion generation enhanced by ICP 

heating 

 

In the previous chapter, it is found that the densities of H  ions and their 

precursors (i.e., highly vibrationally excited hydrogen molecules for the volume 

H  ion production and hydrogen atoms for the surface H  ion production) 

for the bi-Maxwellian EED are higher than those for the Maxwellian EED. The 

transition from a Maxwellian EEDF to a bi-Maxwellian EEDF, the bi-

Maxwellization, can usually be achieved by lowering the pressure. (See Figure 

4.2) However, as mentioned in Chapter 1, the pressure is not a control knob for 

the bi-Maxwellian because the pressure in an ion source should be low enough 

to minimize the stripping losses of H  ions in the extraction system. In this 

chapter, the driving frequency regarding the collisionless heating as a control 

knob will be investigated, and the dual frequency antenna ICP as the RF driven 

H  ion source driver will also be proposed. The qualitative analysis on the 

characteristic collision frequencies to determine a change of EED by ICP 

heating and the global model analysis to predict an increase in H  ion density 

by the change of EED are carried out. 
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5.1 Experimental setup 
 

 

Figure 5.1 Schematic diagram of dual frequency antenna ICP. 

 

A schematic diagram of the experimental setup is depicted in Figure 5.1. In 

order to investigate the driving frequency as a control knob, a cylindrical 

plasma chamber has been designed to install two antennas. Two different 

frequencies for two antennas were selected for the reason as follows. In general, 
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the RF ion source is biased with respect to the ground for the beam extraction 

and then an RF power is fed to an antenna through an insulating transformer. 

Because the transformer efficiency increases with decreasing the driving 

frequency, low frequencies of 1–2 MHz have been widely used in RF driven 

H  ion sources. [21, 131, 132] Besides, the low frequencies are advantageous 

to lower antenna voltage. High frequencies (e.g., 13.56 MHz), on the other hand, 

can promote the collisionless heating to produce high-energy electrons 

efficiently. As reviewed in Subsection 2.4.2, the ratio of collisionless power 

absorption to collisional power absorption has a maximum at about 13.56 MHz. 

[44] Accordingly, frequencies of 2 and 13.56 MHz were chosen as low and high 

frequencies for different functions mentioned above. 

The one-turn loop planar antenna with diameter of 15 cm is located on the 

quartz plate at the top of the chamber, and RF power at 13.56 MHz is applied 

to it. Another five-turn solenoidal antenna feeding RF power at 2 MHz is close 

to circumference of the chamber. RF powers at two different frequencies can 

be controlled independently though each individual RF power supply and 

matcher. Experiments have been carried out at fixed operating pressure of 5 

mTorr H2 and RF powers ranging up to 3 kW for 2 MHz and up to 5 kW for 

13.56 MHz. The chamber has a diameter of 30 cm and a length of 23 cm. 

Plasma properties have been measured using a RF compensated cylindrical 

Langmuir probe which is placed at the center of the chamber. The tungsten tip 

of the probe has a diameter of 0.3 mm and a length of 2 mm. The probe was 

designed to fulfill the requirement of Equation (2.5.4) for first three harmonics 

of 2 and 13.56 MHz. Zcircuit impedances of the notch filter circuits in the probe 
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at the harmonic frequencies are shown in Figure 5.2. 

 

Figure 5.2 Measured impedance Zcircuit of the notch filter circuits in the probe at the 

harmonic frequencies of 2 and 13.56 MHz. 

 

To avoid the thermal damage of the notch filter circuits and then to increase the 

heat-resisting capability of the probe, the water-cooling jacket was introduced. 

EEPFs and EEDFs were obtained using the Druyvesteyn method. [130] From 

EEPFs and EEDFs, the electron temperature Te, max in the case of Maxwellian 

EEDF, the electron temperature of low- and high-energy electron groups Te, low 

and Te, high, the density ratio of the high-energy electron to the total electron β in 

the case of bi-Maxwellian EEDF, and electron density, ne, were calculated. 

Since there is no diagnostic tool for measuring H  ions and their precursors 

in the dual frequency antenna ICP, the dependence of H atom and H  ion 
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densities on EED in the dual frequency antenna ICP was evaluated using the 

developed global model.  
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5.2 Bi-Maxwellization of the dual frequency antenna ICP 
 

Compared to the conventional single frequency antenna ICP, the dual 

frequency antenna ICP can be characterized by two phenomena, i.e., increase 

of the power absorbed by the plasma and the Bi-Maxwellization enhanced by 

the collisionless heating. 

 

5.2.1 Increase of the power absorbed by the plasma in the dual 

antenna mode 

 

Figure 5.3 shows the electron densities as a function of total RF power Ptotal 

for single and dual antenna modes in the ICP. 
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Figure 5.3 Electron densities versus total RF power in single and dual antenna modes 

in the ICP. In dual antenna modes, RF power of the solenoidal antenna is fixed at 2 kW 

and only RF power of the planar antenna is varied. Symbols denote experimental data 

measured, and the dash-dot (Pabs/Ptotal = 1) and solid line represents the global model 

result. 

 

Density of the single frequency solenoidal antenna mode is higher than that of 

the single frequency planar antenna mode at the same total RF power Ptotal. This 

is attributed to difference in their power absorbed by plasma (or RF discharge 

power) Pabs. As discussed in the transformer model part of Subsection 2.4.2, 

Ptotal is consumed in Pabs and the power dissipated in the coil Pcoil. [37, 133] 

Because plasma is regarded as the one-turn secondary coil of a transformer in 

the model, configuration of the antenna is crucial to determine the coupling 
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coefficient between an antenna coil and a plasma coil, and also Pabs or power 

transfer efficiency Pabs/Ptotal. Compared to the planar antenna, the solenoidal 

antenna with larger number of turns has so higher coupling coefficient and 

Pabs/Ptotal that its density is higher. Additionally, a drastic density evolution 

between 2 and 3 kW of single frequency planar antenna mode is ascribed to the 

E – H mode transition. [134] It is interesting to note that electron densities of 

dual antenna modes are higher than those of single antenna modes at the same 

Pabs. This can be explained as follows. For a fixed coil current, the inductive 

Pabs increases linearly with the electron density (see Regime A in Figure 5.4), 

and then decays with the square root of the electron density (See Regime B in 

Figure 5.4). [37] 
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Figure 5.4 Dependence of the absorbed power by plasma on the electron density in the 

ICP. This is the electromagnetic model results calculated using Equation (3.2.16) 

(frequency: 2 MHz, RF power: 2 kW, pressure: 5 mTorr, antenna current: 13 A, and 

electron temperature: 6 eV). 

 

It was confirmed that all experimental conditions with the electron density near 

skin layers in Figure 5.3 belong to the regime A using transformer model 

analysis. [33, 120, 134–137] Consequently, Pabs or Pabs/Ptotal of each antenna in 

the dual antenna mode can be increased with a rise in electron density caused 

by another antenna. This effect leads to higher total Pabs and then higher the 

electron density in the dual antenna mode compared to those of the single 
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antenna mode. Pabs/Ptotal can be calculated using results from the global model 

with the transformer model. At Ptotal = 5 kW, Pabs/Ptotal are 23, 45 and 74% for 

planar, solenoidal and dual antenna mode, respectively. Here, densities of single 

frequency solenoidal antenna mode at Ptotal more than 3 kW are estimated by 

using global model and experimental results. Owing to higher Pabs/Ptotal, only 

dual frequency antenna mode can reach more than 8  1010 cm-3 at Ptotal < 6 

kW. 

 

5.2.2 Bi-Maxwellization enhanced by collisionless heating 

 

To study how changes of the electron density in the single and dual frequency 

antenna modes can affect ICP heating and the related competition between 

Maxwellization and bi-Maxwellization, a qualitative analysis on the 

characteristic collision frequencies has been carried out. [21, 120] The 

dependence of the characteristic collision frequencies on the electron density at 

5 mTorr H2 is presented in Figure 5.5. 
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Figure 5.5 Dependence of collision frequencies, i.e., stochastic frequencies νsto for ω = 

2 MHz and 13.56 MHz, electron – neutral collision frequency νen, and electron – 

electron collision frequency νee on electron density at 5 mTorr H2. 

 

The stochastic frequency, νsto, electron – neutral collision frequency, νen, and 

electron – electron collision frequency, νee, are parameters which represent 

collisionless heating, collisional heating, and Maxwellization, respectively. By 

comparison of these parameters, competition between Maxwellization and bi-

Maxwellization of EED can be qualitatively analyzed. When stochastic 

frequency is higher than other frequencies, the stochastic heating dominates the 

heating process so that bi-Maxwellization takes place. For inverse case, 

Maxwellization occurs. In Figure 5.5, stochastic frequencies and electron – 

electron collision frequency are increased with increasing the electron density. 
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Of the two stochastic frequencies, stochastic frequency for ω = 13.56 MHz 

especially increases with larger slope. The graph can be classified into two 

electron density regimes associated with the single and dual frequency antenna 

mode. The vertical dashed orange line in Figure 5.5 represents 8  1010 cm-3 at 

which two distinct regimes are divided. For the high density regime of dual 

frequency antenna mode, stochastic frequencies, particularly for ω = 13.56 

MHz, are higher than other frequencies. It implies that stochastic heating 

dominates the heating process, and then corresponding EEDs may have a two-

temperature structure by the bi-Maxwellization. It has to be further noted here 

that ω = 13.56 MHz is more effective, compared to ω = 2 MHz, for the bi-

Maxwellization in the high density regime owing to its higher stochastic 

frequency. This dependence on frequency ω accords with the results of Godyak 

et al. and Vahedi et al. [44, 120] Maxwellian EED in the low density regime, 

on the other hand, may be expected because stochastic heating cannot dominate 

the heating process. 
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Figure 5.6 Normalized EEPFs of (a) 2 MHz single frequency antenna mode at 2 kW (b) 

13.56 MHz single frequency antenna mode at 4 kW and (c) dual frequency antenna 

mode at 6 kW (2 MHz 2 kW + 13.56 MHz 4 kW). 
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The normalized EEPFs of single and dual frequency antenna modes are 

plotted in Figure 5.6. Conditions of 2 MHz single frequency antenna mode at 2 

kW, and 13.56 MHz single frequency antenna mode at 4 kW were chosen for a 

comparison since their electron densities are almost the same for both 

conditions. It implies that Pabs of these two conditions are nearly the same. (see 

subsection 2.4.2) As expected above, EEPFs of single frequency antenna modes 

show the Maxwellian EEDs, while that of dual frequency antenna mode seems 

to be bi-Maxwellian EED with a two-temperature structure. 

The normalized EEPF evolutions with RF powers at 2 and 13.56 MHz were 

also investigated as shown in Figure 5.7. 
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Figure 5.7 Normalized EEPF evolution with RF powers (a) at 2 MHz and (b) 13.56 

MHz in the dual frequency antenna modes. 

 

When RF power at 13.56 MHz P13.56 MHz, which can promote the bi-

Maxwellization efficiently in the dual frequency antenna modes, is increased, 

EED is changed from Maxwellian (P13.56 MHz = 2 kW) to bi-Maxwellian (P13.56 

MHz = 3 and 4 kW). The characterization factors of the bi-Maxwellian EEDF are 

summarized in Table 5.1. During bi-Maxwellizing, Te, low is decreasing and Te, 
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high and β are increasing, which proceeds toward making the EED with an 

apparent two-temperature structure. 

 

TABLE 5.1 Calculated Te, low, Te, high, and β of EEDFs in the dual frequency 

antenna mode. (See Figure 5.7 (b)) 

RF power 

(13.56 MHz) 
2 kW 3 kW 4 kW 

Te, low (eV) 7.6 6.4 6.1 

Te, high (eV) 7.6 15.0 15.0 

β (%) 0 9 12 

 

On the other hand, EED is unchanged in response to varying RF powers at 2 

MHz, P2 MHz, maintaining a Maxwellian EED shape. To clarify the driving 

frequency effect, the dependence of EEDF shape on electron density and ratio 

of P13.56 MHz and P2 MHz is depicted in Figure 5.8. Data of Figure 5.8 came from 

experiments relevant to Figure 5.7 and additional experiments. 
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Figure 5.8 Dependence of EEDF shape on electron density and ratio of P13.56 MHz and 

P2 MHz. 

 

Since the RF power ratio of P13.56 MHz and P2 MHz in Figure 5.8 does not indicate 

the Pabs ratio, the quantitative analysis of the relation between EEDF shape and 

the power ratio is not significant. However, the experimental results have two 

important implications. (1) The EEDF shape can be controlled by the RF power 

ratio at the same pressure. (2) At the same electron density proportional to the 

power absorbed by plasma, the bi-Maxwellization occurs at a high P13.56 MHz/P2 

MHz ratio. This is attributed to the collisionless heating enhanced by applying a 

P13.56 MHz in dual frequency antenna mode, as predicted in Figure 5.5. 

The bi-Maxwellization in the dual frequency antenna ICP depends on the 

pressure as well as electron density and P13.56 MHz/P2 MHz ratio. The variation of 
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pressure can change the electron temperature, leading to shifts of νsto, νen, and 

νee in Figure 5.5. If it can be assumed that the degree of ionization in low-

temperature plasmas is varied within the range of 0.5–5%, and the criterion of 

νsto > 3.6 (νen + νee) that corresponds to an onset of bi-Maxwellization in the 

experiments associated with Figure 5.5 and Figure 5.7 is merely applied to all 

conditions, the prediction of the critical electron density and pressure with 

regard to the bi-Maxwellization is possible. Figure 5.9 represents the critical 

electron density of the bi-Maxwellization in the dual frequency antenna ICP as 

a function of pressure. 

 

 

Figure 5.9 Critical electron density of the bi-Maxwellization in the dual frequency 

antenna ICP as a function of pressure. 
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Note that the bi-Maxwellization in the dual frequency antenna ICP is easily 

achieved at high electron density (or the RF power) and low pressure conditions. 
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5.3 H– ion generation enhanced by bi-Maxwellization 
 

For the evaluation of the volume-produced H  ion and H atom (a precursor 

of the surface-produced H  ion) production in the dual frequency antenna ICP, 

[25, 26, 138] the global model analysis using the EEDF data in Table 5.1 has 

been made. Figure 5.10 (a) and (b) show the comparisons of H atom and H  

ion densities obtained from the global model analysis with measured EEDF 

data in Table 5.1 and those with the assumption of Maxwellian EEDFs. 
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Figure 5.10 The dependence of (a) H atom density and (b) H– ion density on P13.56 MHz 

in the dual frequency antenna ICP. The red solid lines represent model results obtained 

using measured EEDFs involving bi-Maxwellian EEDFs in Table 5.1, and the black 

dashed lines correspond to those with the assumption that EEDFs are Maxwellian. 
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Both H atom and H  ion densities of bi-Maxwellian EED are higher than 

those of Maxwellian EED at more than 2 kW. (e.g., 5% and 32% higher for H 

atom and H  ion densities, respectively, at P13.56 = 4 kW) At the same RF 

power, H atom and H  ion density differences between the solid red and 

dashed black lines in Figure 5.10 mean contributions caused by the differences 

of electron energy distributions. As the EED becomes bi-Maxwellian with 

increasing P13.56 MHz in the dual frequency antenna mode, the differences in H 

atom and H  ion densities increase. As discussed in Chapter 4, this increased 

H atom and H  ion densities caused by the bi-Maxwellization is attributed to 

higher electron impact collision reaction rates of bi-Maxwellian electron energy 

distribution, compared to those of Maxwellian electron energy distribution. The 

presence of high energy electrons in bi-Maxwellian plasma leads to higher 

electron impact collision dissociation rate and then higher H atom density. 

Besides, it also promotes vibrational excitation rate to make higher 

vibrationally excited state density. Together with the abundant low energy 

electrons in bi-Maxwellian plasma, higher H  ion density can be achieved.  
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Chapter 6. H– ion generation enhanced by pulsing 

 

Analogous to the magnetic filter, the source pulsing of the ion sources plays a 

role in separation of hot and cold electrons in time, resulting in the enhancement 

of the dissociative electron attachment. This source pulsing is called the 

temporal filter in the field of ion source. Several research groups studied the 

temporal filter, especially on the DC filament driven H  ion sources, and 

found that H  ion density increases, reaches a maximum, and then decreases 

in the after-glow (see Figure 6.1). [139–149] 
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Figure 6.1 Electron and negative ion densities as a function of time, during the 

discharge and in the after-glow, for different source operating pressures, from [141]. 

 

The temporal filter has the merit of being simple such that there is no need to 

install an extra apparatus. In this chapter, in order to understand underlying 

physics of H  ion generation enhanced by the temporal filter, the temporal 

behavior of H  ion from an EEDF point of view will be investigated using 

both empirical and theoretical approaches. 
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6.1 Experimental setup 
 

A schematic representation of the experimental apparatus for the pulsed 

operation (or temporal filter) of an ICP is depicted in Figure 6.2. 

 

 

Figure 6.2 Schematic representation of the experimental setup with diagnostics. 

 

In order to investigate temporal behavior of H  ions in pulsed operation, a 

cylindrical magnetized ICP was used. The chamber consists of two concentric 

parts, i.e., a discharge region and a diffusion region. The discharge and diffusion 

regions corresponds to the driver and extraction regions of ion sources, 

respectively. These two regions are separated by a magnetic filter where the 
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central filter field strength is about 400 G. A cylindrical quartz tube in the 

discharge region has a diameter of 55 mm and a length of 240 mm. a copper 

(Cu) right hand polarized half-helical antenna is wound around the quartz tube 

generates a plasma. The discharge region is encircled by magnetic bucket made 

of permanent magnets to confine the plasma. RF power at 13.56 MHz is 

delivered to the antenna through RF matcher. A chamber, which has a diameter 

of 97 mm and a length of 176 mm, in the diffusion region was designed to 

accommodate laser photodetachment and Langmuir probe diagnostic systems. 

For laser photodetachment technique, Nd:YAG laser of 532 nm in wavelength 

was injected into the center of the diffusion region. Its beam energy density was 

89.9 mJ / cm2 which is enough to photodetach almost all negative ions in the 

volume that the laser beam line passes through. (See Figure 2.22) For Langmuir 

probe diagnostics using boxcar sampling technique, a probe has a tungsten 

cylindrical tip with a diameter of 0.3 mm and a length of 9.5 mm. The time-

resolved probe current with respect to bias voltage driven by programmed BOP 

was obtained by measuring the voltage difference across the sensing resistor, 

together with utilizing an oscilloscope triggered by the Q-switch signal of the 

laser. The triggering was double checked using a photodiode. 

All experiments has been carried out at fixed RF power of 1 kW and operating 

pressure of 7 mTorr. 
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6.2 H– ion generation in a pulsed ICP 
 

6.2.1 Temporal behavior of H– ions in a pulsed ICP 

 

Figure 6.3 shows that the temporal variation of electron current and 

electronegativity with respect to RF power in the pulsed ICP, obtained using a 

time-resolved Langmuir probe and laser photodetachment technique. The pulse 

frequency and pulse duty cycle were 1 kHz and 50%, respectively. In the figure, 

numbers, ①, ②, ③, and ④, indicate duration times of the initial active-glow 

(280 μs), the steady-state active-glow (220 μs), the initial after-glow (60 μs) 

and the late after-glow (440 μs), respectively, according to the variation of the 

electron current. It is interesting to note that the electronegativity (defined as 

the ratio of the H  ion density to the electron density in this chapter for 

convenience’s sake) drastically increases in the after-glow and then reaches to 

about 300% at 200 μs after RF power is turned off. During the period that 

electronegativity is over 100%, the dominant negatively charge species are H  

ions. It indicates that plasma is the positive ion – negative ion plasma. In the 

meantime, an increase in electronegativity does not necessarily mean an 

increase in H  ions because the reduction of electron density in the after-glow 

can also result in the increase in electronegativity by definition. To distinguish 

variations of the electronegativity and H  ion density, the electron density and 

negative ion density were measured as shown in Figure 6.4. 
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Figure 6.3 Temporal variation of (a) RF power, (b) electron current and (c) 

electronegativity at a pulse frequency of 1 kHz and a pulse duty cycle of 50%. 
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Figure 6.4 Temporal variation of (a) electron temperature (the black solid line: 

experimental data and the blue dashed line: global model results), (b) electron density 

and H  ion density at a pulse frequency of 1 kHz and a pulse duty cycle of 50%. 
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Figure 6.4 presents the temporal variation of electron temperature, electron 

density and H  ion density. For the time after 543 μs, experimental data were 

not measurable because I – V characteristics of the Langmuir probe are almost 

out of recognition, due to low signals caused by the low plasma density. The 

electron temperature and electron density exponentially decreases, whereas 

H  ion density increases and then decreases after RF power is turned off. 

Figure 6.5 is the magnified version of Figure 6.4(b). 

 

 

Figure 6.5 Magnified version of Figure 6.4(b) at a pulse frequency of 1 kHz and a pulse 

duty cycle of 50%. 

 

As shown in Figure 6.5, the maximum H  ion density is 2.5  109 cm-3 which 
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is about 30% of electron density and 17 times of H  ion density in the active-

glow. The corresponding time is 25 μs after RF power is turned off, and the 

estimate duration time that negative ion density is more than 1  109 cm-3 is 

about 60 μs. In the following subsection, temporal variation of the EEDF and 

H 	(ν)  will be discussed in order to investigate the causes of the drastic 

increase in H  ion density in the pulsed operation. 

 

6.2.2 Temporal variation of EEDF and cooling mechanisms 

 

For an in-depth discussion of the temporal EEDF variation, the d(EEDF)/dt – 

electron energy characteristic has been newly devised. (See Figure 6.6) 

Literally, the d(EEDF)/dt – electron energy characteristic can be obtained by 

the time differentiation of the EEDFs. The curve on the right side of Figure 6.6 

shows the net electrons produced (+ sign) and lost (– sign) per unit time 

corresponding to energy.  

 

 

Figure 6.6 Schematic diagram for explanation of the newly devised d(EEDF)/dt – 

electron energy characteristic. 
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Electron densities after a certain time in the after-glow are commonly too low 

(i.e., low signal-to-noise ratio) to obtain clear EEDFs through the double 

differentiation and hence the d(EEDF)/dt – electron energy characteristics. In 

addition, the requirement of Equation (2.5.4) may not be satisfied due to large 

Zsh caused by low electron densities, which can also yield serious distortions in 

the EEDFs and d(EEDF)/dt – electron energy characteristics. In this work, an 

alternative method to acquire d(EEDF)/dt – electron energy characteristics was 

used, assuming a Maxwellian EEDF. First, the electron densities and 

temperatures are directly attained from the I – V characteristics using a simple 

interpretation method outlined in Chapter 2. [48] Next, EEDFs are formulated 

using the Equation (2.3.3) together with the attained electron densities and 

temperatures. Lastly, time derivatives of the EEDFs or d(EEDF)/dt – electron 

energy characteristics are taken by performing the numerical differentiation. 

 



 

 

 

 

 

153

 

Figure 6.7 Experimental d(EEDF)/dt – electron energy characteristics at 2, 8.5, 14.5 

and 40 μs after RF power is turned off. 

 

Figure 6.7 shows that d(EEDF)/dt – electron energy characteristics, obtained 

using the alternative method, at 2, 8.5, 14.5 and 40 μs after RF power is turned 

off. For the temporal variation of d(EEDF)/dt – electron energy characteristic, 

two important features can be found. First, the most probable energy of the 

electron loss rate decreases as time goes by. It implies that the higher energy is, 

the higher loss rate of the corresponding electrons is. Second, the production 

rate of electrons at energies less than 3 eV (i.e., the production rate of low-

energy electrons) increases till 14.5 μs and over. The rate may have its peak at 

a certain time between 14.5 and 40 μ. In the meanwhile, the density of low-
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energy electrons continues to rise, in so far as the sign of the production rate is 

positive. Interestingly, despite a decrease in total electron density as shown in 

Figure 6.5, the low-energy electron density rather increases at early times in the 

after-glow. It is therefore speculated that the pulsed operation in the after-glow 

produces low-energy electrons as well as efficiently eliminates high-energy 

electrons. In this sense, temporal filtered amplifier rather than temporal filter 

may be a more appropriate term to describe the situation. 

The two features discussed above indicate that the pulsed operation filters out 

high-energy electrons due to a larger loss of high-energy electrons than that of 

low-energy electrons and amplifies the production of the low-energy electrons 

due to certain favorable circumstances. The filtering and amplifying arise from 

the energy-dependent electron cooling. There are two electron cooling 

mechanisms responsible for the relaxation of the EEDF during the after-glow 

period, i.e., the diffusive cooling mechanism and the electron – neutral 

collisional cooling mechanism. [150, 151] 

Most electrons are trapped in the plasma by the ambipolar potential barrier. 

Only high-energy electrons with a total energy larger than the potential 

difference between the plasma center and the wall can escape into a wall. The 

potential difference consists of the potential drop in the sheath and the potential 

drop between the plasma center and the sheath edge in the ambipolar plasma. 

The existence of the potential barrier gives rise to the depletion of the high-

energy tail of the EEDF. As the sheath and the ambipolar potential collapse 

during the after-glow, the depletion of the EEDF proceeds from high-energy 

part to low-energy part with time. This is the diffusive cooling mechanism (see 



 

 

 

 

 

155

Figure 6.8), and its cooling rate at a floating wall (or electron wall loss rate) is 

given by 

 ( ) ( )

( ( ) ( ))
( )

p f

p fe
EEDF t t

wall

d t tdn
f

dt dt


 

 
 ,  (6.2.1) 

where ne is the electron density, fEEDF is the electron energy distribution function, 

ε is the electron energy, Φp is the plasma potential, Φf is the floating potential, 

and t is time. [150] 

 

 

Figure 6.8 Schematic diagram of the diffusive cooling mechanism. Here, Φ is the 

potential, r = 0 is the radial position of the plasma center, and r = a is the radial position 

of a wall in the cylindrical plasma system. 

 

Since the potential drop in the sheath is larger than the potential drop in the 
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ambipolar plasma, the critical confinement energy associated with the electron 

wall loss (or the cutoff energy of the electron energy filtering) by the diffusive 

cooling is approximately equal to the potential drop in the sheath. Figure 6.9 

shows the temporal evolution of the potential drop in the floating sheath 

(including the presheath) under the same experimental condition as in Figure 

6.3 and Figure 6.4, except for a redefinition of time. For notational convenience, 

the initial time is redefined as the time when RF power is turned off (hereafter 

referred to as t = 0). 

 

 

Figure 6.9 Temporal evolution of the critical confinement energy associated with the 

electron wall loss by the diffusive cooling at a pulse frequency of 1 kHz and a pulse 

duty cycle of 50%.  
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The critical confinement energy decreases with increasing time in the after-

glow. This is ascribed to the sheath collapse due to the decrease in the electron 

temperature (see Figure 6.4(a)). Note that the floating sheath is proportional to 

the electron temperature (see Subsection 2.4.3). Figure 6.9 shows a fast decay 

for the first 15 μs and then a subsequent slow decay for times between 15 μs 

and 40 μs. In particular, the critical confinement energies for the slow decay 

time are maintained at values less than 3.5 eV, resulting in a proper energy 

filtering of electrons, i.e., the presence of low-energy (< 3.5 eV) electrons and 

the absence of high-energy (> 3.5 eV) electrons. Such a circumstance may 

promote the dissociative electron attachment and prevent the H  ion 

destruction effectively. It is interesting to notice that the slow decay time nearly 

coincides with the period when the H  ion density remains high in Figure 6.5. 

This supports the idea that the diffusive cooling contributes considerably to the 

H  ion generation enhanced by the temporal electron energy filtering during 

the initial after-glow period. 

 In addition to the diffusive cooling, as mentioned previously, the electron 

energy relaxation caused by electron – neutral collisions, i.e., the electron – 

neutral collisional cooling, is another main electron cooling mechanism. The 

electron energy relaxation by the electron – neutral collisional cooling is a 

process in which electrons in higher energy part of the EEDF move to lower 

energy parts, without the electron loss, through the collisions. This leads to the 

increase of low-energy electrons, corresponding to the amplification of the low-

energy electron production in the temporal filtered amplifier, and the reduction 

of high-energy electrons. 
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 Figure 6.10 shows the temporal evolutions of the calculated electron – neutral 

elastic and inelastic collisional cooling rates besides that of the diffusive 

cooling rate under the same experimental condition as in Figure 6.9. 

 

 

Figure 6.10 Temporal evolutions of the diffusive cooling rate (the blue solid line), the 

electron – neutral elastic collisional cooling rate (the grey dash-dotted line), and the 

reaction rate of the vibrational excitation (the v = 1 → v´ = 2 transition) as one of the 

major contributors to the electron – neutral inelastic collisional cooling (the navy 

dashed line) at a pulse frequency of 1 kHz and a pulse duty cycle of 50%. 

 

For a comparison of the electron cooling rates, it is postulated that the elastic 

collision reaction rate multiplied by a factor of 2me/MH2
 that accounts for the 
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electron elastic loss (me: the electron mass and MH2
: the H2 molecule mass), 

the reaction rate of the vibrational excitation for the v = 1 → v´ = 2 transition 

(one of the major contributors to the electron – neutral inelastic collisional 

cooling), and the electron wall loss rate calculated using Equation (6.2.1) are 

regarded as the electron – neutral elastic collisional cooling rate, the electron – 

neutral inelastic collisional cooling rate, and the diffusive cooling rate, 

respectivly. One should take note that the electron – neutral collisional cooling 

rates, unlike the diffusive cooling rate, represent the electron energy relaxation, 

not the electron loss. (Strictly speaking, the electron – neutral inelastic 

collisional cooling also involves the electron loss by the consumption of 

electrons in the electron attachment and recombination processes, but their 

reaction rates have only a small percentage of the total reaction rate. Thus, the 

electron loss by the electron – neutral collisional cooling can be neglected.) As 

seen in Figure 6.10, the electron – neutral inelastic collisional cooling rate is 

higher than the electron – neutral elastic collisional cooling rate and the 

diffusive cooling rate at 7 mTorr, which indicates that the electron – neutral 

inelastic collisional cooling dominates the electron cooling. However, this does 

not mean that the contribution of the diffusive cooling to the H  ion 

generation enhanced by the electron energy filtering is smaller than that by the 

electron – neutral inelastic collisional cooling. Indeed, the electron energy 

filtering by the electron – neutral collisional cooling is not adequate for the H  

ion generation compared to that by the diffusive cooling. This can be explained 

as follows. The cutoff energy of the electron energy filtering by the electron – 

neutral collisional cooling can be determined by the threshold energies of the 
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electron – neutral collisions. Since the threshold energy of the electron – neutral 

elastic collisions does not exist and those of the major electron – neutral 

inelastic collisions, e.g., VE, IZ, and DIZ, (> 10 eV) in Figure 1.3 are much 

higher than the low energies favorable for the dissociative electron attachment, 

the electron energy filtering by the electron – neutral collisional cooling cannot 

effectively contribute to the H  ion generation. For this reason, the electron 

energy filtering to support the H  ion generation is due primarily to the 

diffusive cooling. 

 On the other hand, the main contribution of the electron – neutral inelastic 

collisional cooling to the H  ion generation is the relaxation of high-energy 

electrons to produce low-energy electrons (or the amplification of the low-

energy electron production). This yields an increase in the low-energy electrons 

relevant to (+) sign region in Figure 6.7. In consequence, it is concluded that 

the H  ion generation in the pulsed ICPs is enhanced by electron energy 

filtering due to the diffusive cooling and by amplifying the low-energy electron 

production due to the electron – neutral inelastic collisional cooling. 

 

6.2.3 Temporal variation of H2 (ν) molecule density 

 

The relatively long lifetime of H2	(ν) molecules compared to the relaxation 

time of the EEDF allows sufficient highly vibrationally excited molecules 

produced in the active-glow to survive and thus to participate in the dissociative 

electron attachment during the initial after-glow period. [140, 141, 145] 

Together with the presence of the abundant low-energy electrons, this ensures 
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that high H  ion density is maintained in the initial after-glow. In order to 

investigate temporal variation of H2	(ν) molecule density in the pulsed ICPs, 

the developed hydrogen plasma global model was utilized. Figure 6.11 presents 

the dependence of the calculated absolute H2	(ν) molecule density in the after-

glow on the vibrational quantum number and time. 

 

 

Figure 6.11 Dependence of the absolute H2	(ν) molecule density in the after-glow on 

the vibrational quantum number and time at a pulse frequency of 1 kHz and a pulse 

duty cycle of 50%. 

 

The H2 (ν	≤	11)  molecule densities hardly change with time, whereas the 

H2 (ν	> 11) molecule densities do not. The H2 (ν	> 11) molecule densities are 
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dramatically decreased with time, which may be ascribed to the consumption 

of them in the dissociative electron attachment. Note that only highly 

vibrationally excited states among H2	(ν)  molecules are effective for the 

volume H  ion generation (see Chapter 2). The result of Figure 6.11 

specifically indicates that the effective highly vibrationally excited states are 

ν	> 11 states, and therefore the population of the H2	(ν) molecules at ν	> 11 

states is crucial to determine the maximum H  ion density in the initial after-

glow.  

The population of H2 (ν	> 11) molecules may be strongly influenced by the 

characteristics of the active-glow (e.g., electron temperature), because plenty 

of high-energy electrons in the active-glow are required for the vibrational 

excitation of H2  molecules via the H2
*  state to create highly vibrationally 

excited molecules. This is consistent with the fact that the electron temperature 

in the steady-state active-glow and the maximum H  ion density in the initial 

after-glow of this study (6 eV and 2.5  109 cm-3 in Figure 6.5) are higher than 

those of Hopkins et al. [141] (< 3.3 eV and ~ 1  109 cm-3 in Figure 6.1) at a 

similar pressure. The steady-state active-glow plasma with a higher electron 

temperature (or population of high-energy electrons) can provide more highly 

vibrationally excited molecules in the initial after-glow through the vibrational 

excitations. In this regard, the dual frequency antenna ICP can be employed to 

control the characteristics of the active-glow by the collisionless heating, i.e., 

the pulsed dual frequency antenna ICP. The feasibility and effectiveness of the 

pulsed dual frequency antenna ICP will be further explored in future work. 
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6.2.4 Major reactions for generation and destruction of H– ions in 

the after-glow 

 

The mutual neutralization, the dissociative electron attachment, and the 

electron detachment are the three most dominant reactions for the generation 

and the destruction of H  ions in the after-glow. The temporal variation of 

reaction rates for three representative reactions with specific reactants (i.e., H  

ion and H2 (ν	= 8) molecule) among these types of reactions are presented in 

Figure 6.12. 

 

 

Figure 6.12 Calculated reaction rates of major reactions for the generation and the 

destruction of H  ions in the after-glow as a function of time. 
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The ratio of H  ion density to total positive ion density and the ratio of 

H2 (ν	= 8) molecule density to H2 (ν	= 0) molecule density at t > 0 in the 

after-glow, which are necessary for the calculation of the reaction rates, were 

assumed to be equal to those at t = 0. It is interesting to note that the trends in 

the mutual neutralization and the dissociative electron attachment follow the 

tendency in the H  ion density shown in Figure 6.5 that the H  ion density 

increases with increasing time, reaches a peak value at 25 μs, and then begins 

decreasing with more increasing time. This provides evidence for a strong 

predominance of these two reactions in all reactions associated with the H  

ion generation and destruction during the after-glow period. On the other hand, 

the electron detachment (the second dominant reaction for the destruction of 

H  ions) shows a different trend in its reaction rate. The electron detachment 

reaction rate is significantly reduced at t > 5 μs. This is attributed to decreases 

in the electron temperature and density presented in Figure 6.4. 
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6.3 The optimum pulse condition for obtaining the 
maximum average H– ion density in repetitive pulsed 
ICPs 

 

In the previous section, it was found that the active-glow and the after-glow 

are important because the densities of H2 (ν	> 11) molecules and low-energy 

electrons (i.e., two precursor species of the volume-produced H  ions) are 

dependent on the plasma characteristics of the active-glow and the after-glow, 

respectively. Accordingly, their plasma characteristics determine the maximum 

H  ion density in the initial after-glow. In this section, the optimum pulse 

frequency, fopt-pf, and pulse duty cycle, fopt-pdc, for obtaining the maximum 

average H  ion density in repetitive pulsed ICPs will be investigated based on 

the findings described in the previous section and a postulate after-mentioned. 

Figure 6.13 shows the electron current – time characteristics at different pulse 

frequencies and pulse duty cycles. Here again, t = 0 refers to the time when the 

RF power is turned on. The time when the RF power is turned off, tpower-off, is 

different depending on the pulse frequency and pulse duty cycle. The green 

vertical dashed lines in Figure 6.13(a) and (b) refer to the characteristic time 

when the electron current reaches a steady-state value at a pulse frequency of 1 

kHz and a pulse duty cycle of 50%, i.e., ts = 280 μs (see Figure 6.3). 
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Figure 6.13 Electron current – time characteristics at different (a) pulse frequencies and 

(b) pulse duty cycles. Here, t = 0 is the time when the RF power is turned on. The green 

vertical dashed line refers to the characteristic time when the electron current reaches a 

steady-state value at a pulse frequency of 1 kHz and a pulse duty cycle of 50%. 

 

Two notable features of the electron current – time characteristics are as follows: 

(1) The electron current cannot attain a steady-state value when t < ts = 280 μs 

(the green vertical dashed lines), regardless of the pulse frequency or the pulse 

duty cycle. (2) After the RF power is turned off, the electron currents decay at 

almost the same rate. It is a noteworthy fact that the rise and decay times of the 

electron current is not a function of the pulse frequency or the pulse duty cycle. 

Here, the rise time is the time during which a species density varies† from its 

minimum value at t = 0 to a steady-state value and the decay time is the time 

                                            

 
† The reason why varies instead of increases or decreases was used is to include the 
particular rise/decay time for which a species density (e.g., the H  ion density in the 
after-glow) increases from its initial value to an extent and then decreases to its final 
value with the conventional definition of the rise/decay time. 
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during which a species density varies from a steady-state value at t = tpower-off to 

its minimum value.  

If it can be postulated that the rise/decay times of H2 (ν	> 11)  molecule 

density and H  ion density as well as that of the electron current are irrelevant 

to the pulse frequency or the pulse duty cycle, one can figure out fopt-pf and 

fopt-pdc  for obtaining the maximum average H  ion density in repetitive 

pulsed ICPs. For the volume production of H  ions in the pulsed ICPs, the rise 

time of H2 (ν	> 11) molecule density, Δtr, H2
, and the decay time of low-

energy electron population, Δtd, e, may be important factors determining fopt-pf 

and fopt-pdc because the	H2 (ν	> 11) molecules and low-energy electrons are 

precursor species of the volume-produced H  ions and their densities increase 

only during Δtr, H2
 and Δtd, e. When the duration time of the active-glow phase 

(or power-on period, Δtpower-on ) is shorter than Δtr, H2
, the H2 (ν	> 11) 

molecule density cannot attain a steady-state value. Similarly, when the 

duration time of the after-glow phase (or power-off period, Δtpower-off ) is 

shorter than Δtd, e, a sufficient low-energy electron population required for the 

volume production of H  ions in the after-glow cannot be obtained. On the 

contrary, when  Δtpower-on  > Δtr, H2
 or Δtpower-off  > Δtd, e , an unnecessary 

extra time (i.e., Δtpower-on – Δtr, H2
 or Δtpower-off – Δtd, e) for which both H  

ions and their precursors are not further produced is given. Consequently, the 

optimum characteristic Δtpower-on and Δtpower-off that maximize the densities 

of H  ions and their precursors equal to Δtr, H2
 and Δtd, e, respectively. The 

corresponding optimum pulse condition is characterized by the pulse frequency 

of ( Δtr, H2
+ Δtd, e)-1  and the pulse duty cycle of Δtr, H2

	/	( Δtr, H2
+ Δtd, e) 
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obtained from their definitions (see subsection 2.4.3.). fopt-pf  and fopt-pdc 

under the experimental condition (RF power: 1 kW and operating pressure: 7 

mTorr) were calculated assuming that Δtr, H2
 ~ Δti-active (the duration time of 

the initial active-glow) and Δtd, e ~ Δti-after  (the duration time of the initial 

after-glow) as follows: fopt-pf = 3 kHz and fopt-pdc = 82%. 

The characteristic Δtr, H2
 and Δtd, e are typically determined by RF power, 

pressure, and chamber size, etc. Future work will examine the postulate by 

comparing values of Δtr, H2
 and Δtd, e (or Δti-active and Δti-after) obtained at 

different RF powers and pressures. 
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Chapter 7. Conclusion 

 

The ultimate goal of RF driven H  ion source driver developments is to 

enhance the generation of H  ions and their precursors with a high RF 

efficiency for achieving larger extracted H  ion beam current with less RF 

power. An efficient way of accomplishing the goal is to study the underlying 

physics of low-pressure hydrogen discharges and ICPs, which ensures 

understanding the relationship between chemical kinetics of hydrogen plasmas 

and engineering design parameters of the ion sources. In this work, 

characteristics of low-pressure hydrogen plasmas involved in the H  ion 

production and properties of ICPs associated with the RF efficiency are 

investigated using theoretical and empirical approaches. 

Since electron impact collision reactions dominate the collisions in low-

pressure hydrogen plasmas, the EEDF is a key parameter required to 

characterize the generation and destruction of H  ions and their precursors 

that are dependent on the power absorption and the electron heating/cooling of 

ICPs. The H  ion production was found to be sensitive to changes in the 

EEDF shape (i.e., the bi-Maxwellization or the Maxwellization). A global 

model capable of calculating the electron impact collision reaction rate 

constants and sheath parameters under the Maxwellian and bi-Maxwellian 

EEDFs was developed to investigate the densities of H  ions and other species 

that contribute to H  ion generation and destruction.  

In the bi-Maxwellian plasmas, Te, high is higher whereas Te, low is much lower 



 

 

 

 

 

170

than  in the case of Maxwellian plasmas. This is due to the selectivity of 

the collisionless heating that effectively heats high-energy electrons surpassing 

a critical energy threshold, and the ambipolar potential barrier in which only 

low-energy electrons are trapped outside the skin layer where the collisionless 

heating occurs. This bi-Maxwellization is reflected in the global model by using 

experimental values for Te, high and β as the model input parameters. High-

energy electrons with higher ionization reaction rates lower the temperature of 

another electron group for compensation of the generation reaction rates 

balancing the loss rates, resulting in the presence of low-energy electrons with 

Te, low. It is interesting to note that the bi-Maxwellian plasma causes two 

important changes in the densities of H  ions and related species as compared 

to the Maxwellian plasma: (1) High-energy electrons with higher electron 

impact collision reaction rate constants significantly contribute to the 

vibrational excitation, dissociation and ionization of the hydrogen molecules. 

(2) Low-energy electrons lowing the effective electron temperature reduce the 

ion energy loss at the walls, and consequently lead to a higher electron density 

for keeping wall loss power density to satisfy the energy balance. The higher 

electron impact collision reaction rate constants and the higher electron density 

increase the reaction rates, which results in higher densities of H atoms, H2 (v 

= 5–14) molecules and positive ions. H2 (v = 5–14) molecules and positive ions 

are reactants in the major volume generation and destruction processes of H  

ions (i.e., dissociative electron attachment and mutual neutralization), 

respectively. The results obtained from the global model analysis, including the 

competition between the increased generation and destruction processes of H  
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ions by changing the EEDF, indicate that an increase in H  ion density occurs. 

This is due to the fact that the dissociative electron attachments are much 

promoted in the presence of abundant low-energy electrons and H2 (v = 5–14) 

molecules. It is concluded that the bi-Maxwellian EEDF in the low-pressure 

regime is more favorable to create H  ions, compared to Maxwellian EEDF. 

The dual frequency antenna ICP as the RF driven H  ion source driver was 

proposed in order to control the EEDF shape. It has two antennas feeding RF 

powers at two different frequencies, i.e., 2 and 13.56 MHz. In comparison with 

the conventional single frequency antenna ICPs, the dual frequency antenna 

ICP shows two distinctive features: (1) an increase in the power transfer 

efficiency Pabs/Ptotal and (2) the bi-Maxwellization of the EEDF enhanced by 

the collisionless heating. 

It was found that the electron density of the dual frequency antenna mode is 

higher than that of the single frequency antenna mode, regardless of driving 

frequency, at the same total RF power Ptotal. Because plasma parameters (e.g., 

electron density) associated with phenomena occurring in the plasmas are 

relevant to only power absorbed by the plasma Pabs, not Ptotal, this phenomena 

is attributed to the difference in Pabs of the single and dual antenna modes. In 

the dual antenna mode, the presence of power absorption within a skin layer 

near one antenna causes an increase in electron density within a skin layer near 

the other, and vice versa. This effect leads to an improved antenna – plasma 

coupling and then a high Pabs (or Pabs/Ptotal) by each antenna compared to those 

by a sole antenna in the single antenna mode at the same Ptotal. The increase in 

total Pabs by both of antennas in the dual antenna mode yields a higher electron 
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density. It suggests that the dual frequency antenna ICP compared to the 

conventional ICPs has a high RF efficiency, which thereby encourages the 

development of the efficient RF driven H  ion source drivers. 

At low pressures, the dual frequency antenna ICP can give rise to a change in 

the EEDF from a Maxwellian to a bi-Maxwellian shape, i.e., the bi-

Maxwellization. When the electron density increases, both the collisionless 

selective electron heating of high-energy electrons and the electron – electron 

collisions are promoted. The collisionless heating and the electron – electron 

collisions are responsible for the bi-Maxwellization and the Maxwellization, 

respectively, and their competition determines the EEDF shape. Since the 

collisionless heating, unlike the collisional heating, is frequency-dependent, 

plasmas with different P13.56 MHz/P2 MHz at the same Pabs differ in their 

collisionless power absorption and accordingly the extent of the bi-

Maxwellization. Experiments and qualitative analyses on the characteristic 

collision frequencies reveal that the bi-Maxwellization occurs at only high P13.56 

MHz/P2 MHz values and it becomes significant with increasing the P13.56 MHz/P2 MHz 

value. In other words, under these experimental conditions, ω = 13.56 MHz is 

more effective than ω = 2 MHz for the bi-Maxwellization enhanced by the 

collisionless heating. This provides compelling evidence that the EEDF shape 

can be controlled by varying the RF power ratio in the dual frequency antenna 

ICP at the same pressure. 

Furthermore, enhancement of the volume-produced H  ion and H atom (a 

precursor species of the surface-produced H  ions) production due to the bi-

Maxwellization in the dual frequency antenna ICP was evaluated using the 
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developed global model. As a result of the bi-Maxwellization, the H atom and 

H  ion densities increase by a few to many tens of percent. Besides, it appears 

that the bi-Maxwellization also increases vibrational excitation to produce 

H2	(ν)  molecules. In consequence, the dual frequency antenna ICP is a 

promising candidate for the efficient RF driven H  ion source drivers with 

respect to the generation of H  ions and their precursors as well as the RF 

efficiency. 

In addition, the source pulsing for the enhancement of the dissociative electron 

attachment, called the temporal filter, was investigated by introducing the 

newly devised d(EEDF)/dt – electron energy characteristic. The experimental 

result shows that H  ion density increases up to 2.5  109 cm-3 in the initial 

after-glow, which is about 17 times of H  ion density in the active-glow. This 

is ascribed to the electron cooling (i.e., the diffusive cooling and the electron – 

neutral inelastic collisional cooling) in the initial after-glow and the long 

lifetime of H2	(ν) molecules. 

The electron cooling in the initial after-glow contributes to the enhancement 

of the volume-produced H  ion generation by providing low-energy (< 3 eV) 

electrons and by eliminating high-energy electrons. The diffusive cooling due 

to the sheath and ambipolar potential barrier play roles in confining low-energy 

electrons and filtering out high-energy electrons. On the other hand, the electron 

– neutral inelastic collisional cooling leads to the collisional relaxation of high-

energy electrons, producing low-energy electrons efficiently. Because the 

source pulsing or temporal filter does not only filter out high-energy electrons 

but also amplifies the production of the low-energy electrons, a new alternative 
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term temporal filtered amplifier instead of temporal filter was suggested to 

describe electron cooling in the initial after-glow more appropriately. 

The relatively long lifetime of H2	(ν) molecules compared to the relaxation 

time of the EEDF also gives aid to the enhancement of the volume-produced 

H  ion generation. It allows sufficient H2	(ν)  molecules produced in the 

steady-state active-glow to survive and hence to participate in the dissociative 

electron attachment during the initial after-glow period. By using the developed 

global model, it was found that the population of the H2	(ν)  molecules, 

especially H2 (ν	> 11) molecules, is important to determine the maximum H  

ion density in the initial after-glow. 

Since the densities of H2 (ν	> 11)  molecules and low-energy (< 3eV) 

electrons depend on the characteristic times of the active-glow and the after-

glow, respectively, the average H  ion density in the initial after-glow of the 

repetitive pulsed ICPs can be controlled by varying the pulse condition (i.e., 

pulse frequency and pulse duty cycle). It was identified that the optimum 

characteristic power-on period and power-off period for maximizing the 

densities of H  ions and their precursors equal to Δtr, H2
 and Δtd, e , 

respectively. Accordingly, the optimum pulse frequency is ( Δtr, H2
+ Δtd, e)-1 

and the optimum pulse duty cycle is Δtr, H2
	/	( Δtr, H2

+ Δtd, e). 

This basic study may contribute to the development of more efficient RF 

driven H  ion source drivers for widespread industrial and fusion applications, 

and it can be applicable to plasma processes and ion source technologies using 

other X2 gas (e.g., N2, O2, etc.). 
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Appendix A. Floating harmonics method for 

determination of EEDF 

 

A new floating harmonics method has been developed to determine the EED 

shape in the non-Maxwellian plasmas. The slope and curvature of the EEPF at 

the floating potential can be obtained by measuring amplitude ratios among the 

first three sideband harmonics of the probe electron current. Together with the 

generalized EEPF formula, the EEPF shapes of the non-Maxwellian plasmas 

are able to be determined from the slope and curvature. 

 

Principles of measurement 

 

To determine the EEPF shapes in the non-Maxwellian plasmas, a formula was 

introduced to express the EEPF including the non-equilibrium EEPF. EEPF in 

a semi-logarithmic scale shows the quick visualization of a dissimilarity of the 

measured EEPF from a Maxwellian EEPF that is a straight line in the 

illustration. [35] When the velocity space is isotropic, the arbitrary normalized 

EEPF can be fitted as the generalized formula [36] 

 1 2( ) exp( )x
EEPFf c c   .  (A.1) 

Here, x is a parameter relevant to the EEPF shape, ≡ 2Γ /3 ,	eff
/
/

Γ /  and ≡ 2Γ /3 ,	effΓ  are functions of x and ,eff , 

where ≡ 3/2 , ≡ 5/2 , Γ is the gamma function and ,	eff  is the 
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effective electron temperature in eV. In Equation (A.1), x = 1 means the 

Maxwellian EEPF. Furthermore, the bi-Maxwellian-like and Druyvesteyn-like 

EEPFs can be expressed as x < 1 and x > 1, respectively. 

 

 

Figure A.1.1 The Maxwellian and non-Maxwellian EEPFs in a semi-logarithmic scale. 

(from Equation (A.1) for ,	eff = 3.3 eV and x = 0.5, 1, 2) x = 1, x < 1 and x > 1 

correspond to the Maxwellian, bi-Maxwellian-like and Druyvesteyn-like EEPFs, 

respectively. 

 

As depicted in Figure A.1, x = 1, x < 1 and x > 1 correspond to the straight line, 

concave curve and convex curve, respectively. The first derivative of the EEPF 

curve in a semi-logarithmic scale representing the slope of the curve is given 
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by 

 1
2

d ln[ ( )] xEEPFf
c x

d

 


  .  (A.2) 

In addition, the second derivative of the curve representing the curvature can 

be expressed as 

 
2

2
22

d ln[ ( )]
( 1) xEEPFf

c x x
d

 


   .  (A.3) 

The normalized EEPF can be also obtained from the I-V characteristics by the 

Druyvesteyn method: [152] 

 
2

1/2
2 2

2 2
( ) ( )e e

EEPF
o e

m d ie
f V

n e A m dV
 ,  (A.4) 

where me is the electron mass, no is the plasma density, e is the elementary 

charge, A is the area of the probe tip, ie is the probe electron current, and V is 

the probe voltage. Here,	 , where  denotes the plasma potential. 

In a similar way, the first and second derivatives of the EEPF curve in a semi-

logarithmic scale then yield 

 
3 2

3 2

d ln[ ( )] d[ ( )]1
/

( )
e eEEPF EEPF

EEPF

d i d if V f V

dV f V dV dV dV
    (A.5) 

and 

 
4 2 3 22

2
2 4 2 3 2

d ln[ ( )]
/ ( / )e e e eEEPF d i d i d i d if V

dV dV dV dV dV
  ,  (A.6) 

respectively. In the floating probe measurement using the sideband method, ie 

collected by applying a small dual frequency superimposed sinusoidal voltage, 

, can be found by the Taylor expansion if V ≫ 

: [153] 
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  (A.7) 

where V1 and V2 are the amplitudes of the sinusoidal voltages, 	and  are 

the frequencies of the sinusoidal voltages in the sideband method, and t is time. 

Products and powers of trigonometric functions on the first three sideband 

harmonics in Equation (A.7) can be rewritten in terms of trigonometric 

functions with combined arguments: 
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  (A.8) 

where , , , , and ,  are the first, second and third 

sideband harmonics of the probe electron current, respectively. As shown in 

Equation (A.8), the second and higher order contributions to the sideband 

harmonics can be neglected if V1 and V2 are small. It is noted that the amplitudes 

of the sideband harmonics are expressed as the product of V1, V2 and the 

derivatives of ie. Thus, the terms on the right sides of Equation (A.5) and 

Equation (A.6) can be replaced by the expressions deduced from Equation (A.8): 
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and 
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   .  (A.10) 

Substituting Equations (A.2) and (A.3) to Equations (A.9) and (A.10) at the 

floating potential, , the following two equations for the slope and curvature 

of the EEPF curve in a semi-logarithmic scale can finally be obtained: 
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and 
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. (A.12) 

Here, the potential difference within the sheath between a plasma and a floating 

wall, , can be numerically obtained from the next balance equation 

which represents that electron and ion fluxes are equal at the floating potential, 
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   (A.13) 

where 3 ,	eff/ / Γ /Γ Γ / is the mean electron 

speed, mi is the ion mass,	 ≡ 1/ 2 , and ≡ 2/ .  can be also 

expressed in terms of x and ,	eff as shown in Equation (A.13). Therefore, two 

unknowns, x and ,	eff, as the parameters to determine the EEPF shape can 

now be calculated by solving Equations (A.11) and (A.12) simultaneously if 

the amplitudes of , , , , and ,  at the floating 
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potential are given. It is noteworthy that this extended FHM can determine the 

parameters that characterize the whole EEPF shape including the non-

Maxwellian EEPF with only information on the harmonics of the probe electron 

current at one point (i.e., the floating potential) by introducing the generalized 

EEPF formula and by interpreting the third sideband harmonics associated with 

the curvature of the EEPF curve. The calculation code using the built-in 

function, fsolve, in MATLAB R2013a (Mathworks Inc., Natick, MA, USA) has 

been developed to solve Equations (A.11) – (A.13). 
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Appendix B. Laser-assisted Hα spectroscopy for 

measurement of H– ion density 

 

A novel laser-assisted Hα spectroscopy for measurement of H  ion density 

have been developed. The laser-induced photodetachment of H  ions leads to 

the decrease in density of H (n = 3) atoms generated by the mutual 

neutralization, which results in reduced Hα intensity. From the reduced Hα 

intensity, H  ion density can be measured quantitatively using the relation 

between reduced Hα intensity and H  ion density. 

 

Principles of measurement 

 

Since Hα is a spectral line in the Balmer series emitted by an H atom when an 

electron in the atom transits from the n = 3 state to the n = 2 state, its intensity 

is closely related to the density of H (n = 3) atoms. Production processes for H 

(n = 3) atoms include the electron impact direct excitation of H atoms, 

recombination of H+ ions, dissociative excitation of H2 molecules, dissociative 

recombination of H  ions, and the mutual neutralizations by collisions of H  

ions with positive ions. [15, 154] Note that the variation of H  ions causes the 

change in Hα intensity associated with the mutual neutralization. Using this 

principle, Ikeda et al. proposed Hα imaging spectroscopy which can diagnoses 

H  ion behavior. [154, 155] They observed the spatial variation of H  ions 

by measuring ΔHα due to H  ion beam extraction. Similar to the beam 
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extraction, the photodetachment induced by a laser beam can make a change of 

H  ion density and then ΔHα. When a laser beam is injected across a plasma 

chamber so that H  ions in the laser path are photo-detached by the laser, the 

contribution of mutual neutralization to Hα intensity is lost. This principle of 

laser-assisted Hα spectroscopy is illustrated in Figure B.1. 

 

 

Figure B.1 Schematic diagram showing the principle of laser-assisted Hα spectroscopy. 

 

For the lost H (n = 3) atoms by the nonoccurrence of the mutual neutralization 

owing to laser-induced photodetachment, a particle balance equation can be 

expressed as 

 -3p 3p (n=3) MN, m
p 3

( v )
m

H H H
m

A n n n 



   ,  (B.1) 

where θ3p is the optical escape factor of the radiative transition from the n = 3 
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state to the n = p < 3 state, A3p is the radiative transition probability from the n 

= 3 state to the n = p < 3 state, ∆ 	  is the reduced density of H (n = 3) 

atoms by laser-induced photodetachment,  is the hydrogen positive ion 

density for H  (m = 1, 2 and 3) ions,  is the H  ion density, σMN, m is 

the cross section of the mutual neutralization between H  ions and H  ions 

which produces H (n = 3) atoms, v is the magnitude of the relative velocity, and 

the triangular brackets denote averaging over the distribution of v. The terms 

on the left- and right-hand sides of Equation (B.1) represent the radiative 

destruction and the generation (by the mutual neutralization) of H (n = 3) atoms, 

respectively. In this regard, there are two destruction mechanisms of H (n = 3) 

atoms, i.e., the radiative and collisional destructions. It is confirmed that the 

radiative destruction dominates in our experimental conditions by using global 

model analysis in which H (n = 1–4) atoms are included, and therefore only the 

radiative destruction is considered in Equation (B.1). For H+ – H  mutual 

neutralization (i.e., H+ – H  → H (n = 1) + H (n)), the process into H (n = 1) 

+ H (n = 3) dominates over the entire energy range. [156, 157] Hence, total 

mutual neutralization cross section is approximately equal to one of the process 

into H (n = 1) + H (n = 3). Unfortunately, the reaction mechanisms and cross 

sections on mutual neutralizations of H  ions and H  ions with H  ions 

have not been investigated sufficiently, as compared to the H+ – H  mutual 

neutralization. Moreover, H  – H  mutual neutralization has a complexity 

regarding predissociation channels of H3 into 3 H and H2 + H (i.e., H  – H  

→ H2 + 2 H or 4 H). [93] To calculate  using Equation (B.1), the following 

two assumptions were made: (1) All the mutual neutralizations make one H (n 
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= 3) atom; (2) σMN, m is almost same to the total mutual neutralization cross 

section. The total cross section data were taken from Refs. 91, 93 and 156. 

The relation between ΔHα and ∆ 	  is given by 

 32 32 (n=3)HH C A n    ,  (B.2) 

where ΔHα is the reduction in Hα intensity due to the laser-induced 

photodetachment and C is a constant which describes the characteristics of laser 

and optical emission spectroscopy (OES) system. The constant C contains 

sensitivities of OES, and spatial and temporal factors of measurement system. 

The sensitivities of OES are determined by the sensitivity of a charge-coupled 

device in the spectrometer and the transmission loss of Hα in the quartz 

windows and an OES fiber.  

 

 

Figure B.2 Schematic diagram showing the definition of the spatial factor. (The blue 

region: VOES, the red region: Vint). 
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As shown in Figure B.2, the spatial factor can be defined as the ratio of Vint to 

VOES, where VOES is the volume of the plasma region where OES can accept the 

emission light with a specific numerical aperture, and Vint is the intersection 

volume between VOES and the volume where laser beam is injected across. The 

temporal factor denotes the ratio of total on-time of laser pulses during the 

integration time of OES (tOES) to tOES. 

Substituting Equation (B.2) to Equation (B.1), the following Equation (B.3) 

on the relation between ΔHα and  can be obtained: 

 -
32 32

MN, m
3p 3p

p 3

( v )
mH H

m

C A
H n n

A









  
.  (B.3) 

Since our experimental chamber (which will be presented in more detail below) 

is small, θ3p is nearly one, and then the constants in Equation (B.3) can be 

rewritten as a constant K: 

 32 32

3p 3p
p 3

A
K C

A









.  (B.4) 
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초    록 

 
핵융합 분야 및 산업 플라즈마에서 요구되는 더 효율적인 RF 수소 

음이온원 개발을 위해서는 반드시 수소 플라즈마 내 화학 반응 및 

유도 결합형 플라즈마에 대한 근본적인 물리 이해가 필수적이다. 

저압 RF 수소 음이온원 플라즈마 내에서 대부분 반응은 전자 충돌 

반응이며, 음이온 생성 및 소멸 관련 반응의 충돌 단면적은 전자 

에너지에 대한 특이성을 갖기 때문에 본 연구는 전자 에너지 분포 

함수를 바탕으로 수소 유도 결합형 플라즈마 내 음이온 생성 반응 

특성을 연구하였다. 

전자 에너지 분포 함수와 음이온 밀도간의 상관 관계를 분석하기 

위하여 비 Maxwellian 전자 에너지 분포 함수 하에서 수소 내 

다양한 종의 입자 밀도와 전자 온도를 계산할 수 있는 수소 

플라즈마 글로벌 모델을 개발하였다. 저압 조건에서 나타나는 bi-

Maxwellian 전자 에너지 분포는 Maxwellian 전자 에너지 분포의 

전자 온도에 비해 더 높은 온도의 전자군과 더 낮은 온도의 

전자군으로 구성되어 있다. 고온 전자군은 Maxwellian 전자 에너지 

분포의 전자들보다 수소 분자와의 진동 여기 반응에 의해 높은 

진동 양자 수의 여기 수소 분자들을 효율적으로 만든다. Bi-

Maxwellian 플라즈마 내 고밀도의 높은 진동 양자 수 여기 수소 

분자와 저온 전자군은 해리 전자 부착 반응을 크게 증가시켜 많은 

음이온을 만든다. 수소 플라즈마 글로벌 모델 분석으로, bi-

Maxwellian 전자 에너지 분포의 플라즈마가 Maxwellian 전자 에너지 
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분포의 플라즈마보다 음이온 생성 반응에 유리함을 밝혀냈고, 

실험적으로 확인하였다. 

음이온 생성에 유리한 bi-Maxwellization 현상은 주로 운전 압력을 

낮추어 만들 수 있는데 운전 압력은 보통 음이온원의 빔인출 

조건에 의하여 제한된다. 유도 결합형 플라즈마의 가열에 대한 

이해를 바탕으로 bi-Maxwellization을 강화할 수 있는 이중 주파수 

안테나 유도 결합형 플라즈마 장치를 제작하였다. 장치는 각각 2 

MHz 그리고 13.56 MHz, 서로 다른 주파수의 두 안테나로 구성되어 

있다. 이중 주파수 안테나 유도 결합형 플라즈마는 기존 단일 

주파수 안테나 유도 결합형 플라즈마에 비해 두 가지 다른 

플라즈마 특성을 보인다. 첫째, 이중 주파수 안테나 유도 결합형 

플라즈마의 플라즈마 흡수 전력은 단일 주파수 안테나 유도 결합형 

플라즈마의 플라즈마 흡수 전력보다 높다. 플라즈마 흡수 전력의 

상승으로 같은 인가 전력에 대하여 이중 주파수 안테나 유도 

결합형 플라즈마 장치의 밀도는 단일 주파수 안테나 유도 결합형 

플라즈마의 밀도보다 높다. 둘째, 이중 주파수 안테나 유도 결합형 

플라즈마의 고밀도 조건에서 13.56 MHz 전력에 의한 비충돌성 

가열로 Maxwellization 구현이 가능하다. 실험 및 분석 결과, 13.56 

MHz 전력이 증가할수록 전자 에너지 분포 함수가 Maxwellian 전자 

에너지 분포 함수에서 bi-Maxwellian 전자 에너지 분포 함수로 

천이함이 밝혀졌다. 이중 주파수 안테나 유도 결합형 플라즈마의 bi-

Maxwellization으로 음이온 밀도는 약 30% 정도 증가하였다. 

플라즈마 공간 내 음이온 생성은 전력 펄스 조절로 더욱 증대될 

수 있다. 측정된 시간 미분 전자 에너지 분포 함수 그래프를 
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바탕으로 펄스 운전의 음이온 생성을 측정하고 분석하였다. 전력 

인가가 중단된 after-glow 영역에서 전자 에너지 분포 함수 내 고온 

전자군은 급격히 감소하며, 3 eV 이내 저온 전자군은 오히려 급격히 

증가하였다. 이는 확산성 전자 냉각과 충돌성 전자 냉각 때문이며, 

여기 수소 분자의 긴 생존 시간과 더불어 after-glow 영역에서 해리 

전자 부착 반응을 제고한다. 실험을 통해 전력 펄스 조절 전보다 약 

17배 정도 증가된 음이온 밀도를 관찰하였다. 마지막으로 active-

glow 및 after-glow 특성 시간을 분석하여 평균 음이온 밀도가 

최대가 되는 최적 전력 펄스 조건을 도출하였다. 

본 수소 유도 결합형 플라즈마에 대한 기초 연구는 효율적인 RF 

수소 음이온원 개발에 활용될 수 있을 뿐만 아니라, 다른 이원자 

분자 (N2, O2, Cl2 등)와 수소 간 유사성에 의거하여 이원자 분자를 

사용하는 플라즈마 응용에도 기여할 수 있을 것으로 기대한다.  
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