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The new molecular assisted recombination [MAR] of hydrogen plasmas supported by

ammonia is investigated and presented throughout this work. The plasma detachment scheme has

been considered to be a practical approach to drastically reduce the harsh heat flux to prevent

severe damage onto the divertor plates. In the detached divertor plasma operation, the plasma

from the fusion core loses its energy by the radiation loss in the upstream divertor region, and is

recombined before it touches the divertor plate in the downstream region, with help of impurity

gas seeding. Nitrogen is the strong candidate of cooling gas species, and forms compounds with

hydrogen i.e. ammonia. This hydronitrogen-enhanced MAR [HN-MAR] process would occur

throughout two steps: 1) charge or ion exchange reactions between hydrogen ions and ammonia

xv



molecules, 2) recombination reactions between NH+
3 or NH+

4 ions and electrons.

In this work, the HN-MAR process including those 2 steps is studied combining ex-

periments and rate equation model. The PISCES-E plasma device is used to make plasmas

(ne ∼ 1016−1018 m−3, Te ∼ 3−4 eV) with D2, N2, ND3, and Ar gas feeding. As the 1st step

of HN-MAR, the formation processes of ND+
3 and ND+

4 are investigated in low density D-N

plasmas (ne ∼ 1016 m−3). The model shows that dominant neutralization channel of D+, D+
2 ,

and D+
3 in the volume is the creation process of ND+

3 and ND+
4 throughout the charge or ion

exchange reactions with ND3. The 2nd step of HN-MAR is studied using high density D-N-Ar

plasmas (ne ∼ 1017−1018 m−3), in which the recombination process of ND+
3 and ND+

4 cannot be

negligible comparing to the wall loss. The result shows that, as the plasma density is increased to

these larger values, the ND+
4 density fraction undergoes a drastic decrease in good agreement with

a 0-d chemical kinetics model. These results provide evidence for the dissociative recombination

reactions in the HN-MAR process. Finally, it is strongly suggested that the HN-MAR process is

major chemical reactions in our D-N plasmas.
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Chapter 1

Introduction

1.1 Fusion

The sun, powered by fusion reactions, is the energy source for the earth. The total energy

irradiated onto the earth is 174 petawatts while a typical power plant has a capacity of the order of

a gigawatt. In the sun’s core, the gravity confines high density, 150 g/cm3, and high temperature,

15.7 million kelvins, fuel in a highly ionized state known as plasma. In such high pressure and

temperature condition, the kinetic energy of hydrogen nucleus (proton) becomes high enough

to overcome coulomb force so that the protons can get close enough so that nuclear forces

overwhelm the coulomb repulsion, allowing nuclear fusion reactions to then occur. Controlled

thermonuclear fusion has been investigated and developed since 1950s to realize sustainable

energy source. Because it has the highest probability of occurring at lower temperatures of 10

keV or so, in the 1st generation of nuclear fusion reactors the reaction below is expected to be

used

2
1D+3

1 T→4
2 He(3.5 MeV)+1

0 n(14.1 MeV) (1.1)

This reaction between deuterium and tritium (which are isotopes of hydrogen) has a higher

fusion cross section rate for low kinetic energy (< 100 KeV) than other reactions such as D-D,
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Figure 1.1: D-T nuclear fusion reaction and tritium breeding. [73]

D-3He, p-11B, and so on. The fusion fuel, deuterium, exists in nature with a natural abundance of

0.0156%, so that e.g. 10 kg of water contains 1.5 g of D2O. The other fusion fuel, tritium, is a

radioactive material with a half-life of 12.6 years, and so is extremely rare on Earth. However, it

can be bred by irradiating lithium that is held in a blanket that surrounds the plasma by neutrons

produced by the fusion reaction (eq. (1.1)). Fig. 1.1 depicts the fusion reaction and tritium

breeding. The energy production from those fuels of 1 g is equivalent to the energy produced

by using oil of 8 ton which is relevant with the energy consumption per capita in US (7 ton in

2011). Because fusion does not produce long lived fission products, has relatively abundant fuel

resources in nature, and does not emit CO2 into the atmosphere, there is strong global interest in

its development.

The key parameter to evaluate performance of nuclear fusion reactors is the triple product

of density ne, plasma temperature T , and confinement time τE: nT τE. The Lawson criterion is

the minimum required triple product

nT τE > 5×1021 m−3s keV (1.2)

needed to achieve ignition conditions in which the rate of plasma heating by the fusion products

2



Figure 1.2: Fusion triple product achieved on different magnetic fusion facilities as a func-
tion. [73]

becomes sufficiently high to sustain the conditions for fusion reaction without external power

input. There have been several methods developed to achieve this criterion. The confinement

scheme that is closest to achieving this parameter is called the tokamak (fig. 1.2). Tokamak

devices consist of a toroidally shaped vacuum chamber in which a sufficiently strong magnetic

field along the toroidal direction (fig. 1.3) confines plasma so as to not come in close contact the

chamber walls (however as we will see, the plasma does inevitably interact with some of the wall

surface). Along the toroidal magnetic field, plasma electrons move along the toroidal direction

by the imposition of a (weak) toroidal electric field and carry an electrical current in the toroidal

direction. This plasma current forms another magnetic field along the poloidal direction. Those

two magnetic fields then form a twisted magnetic field that threads the torus and which prevent
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Figure 1.3: Magnetic fields and coils in a tokamak device. (Image courtesy of Max Planck
Institute for Plasma Physics)

the escape of particles drifting due to the nonuniform toroidal field which varies like 1/R, where

R denotes the major radius. As an example of the achievements made by tokamak devices, in

the JET tokamak, the fusion energy gain factor, which is a ratio between output power and input

power, marked slightly above the breakeven QDT = 1.14 [86]. The JT-60 tokamak also achieved

QDT = 1.25 [32]. Here QDT is the equivalent fusion multiplication factor estimated by replacing

the actual deuterium-deuterium reactions with an assumed tritium-deuterium reactions [31].

However, even though Q value exceeds the breakeven, plasmas cannot be in ignition condition

unless Q∼ 10.

1.2 ITER and DEMO

The ITER (International Thermonuclear Experimental Reactor) has been under con-

struction since 2013, and aims to to achieve the first plasma in 2025, and start high power

deuterium-tritium operation in 2035 [82]. The primary objective of the ITER is to achieve the
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Figure 1.4: Timeline for international fusion roadmaps. [28]

Lawson Criterion (eq. (1.2)) with fusion energy gain factor Q≥ 10, producing 500 MW of fusion

power from injected thermal power of 50 MW. In a toroidal chamber (major radius of 6.2 m

and minor radius of 2.0 m), a toroidal magnetic field of 5.3 T will be formed by the largest and

most integrated superconducting magnet system ever built. To obtain an initial glimpse into

steady state burning plasma operation, a long pulse (≤ 1000 s) plasma discharge is planned. The

divertor plates are located on lower region of the chamber. As described in more detail later

on, the divertor region will receive a severe (∼ 10 MW/m2) heat flux from the plasma. The

ITER divertor targets will be made of tungsten (W) because of its high melting point, ability to

withstand high steady-state and transient heat fluxes, its low plasma sputtering yield and its low

retention of hydrogenic species.

DEMOnstration power plant concepts, or DEMO, are under study by each country

participating in ITER as successor of ITER (fig. 1.4). These so-called DEMO reactors are
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Figure 1.5: Schematic figure showing poloidal cross section of a typical tokamak device.

intended to make electricity to demonstrate the fusion can be used as a reliable power source. The

DEMO is supposed to have to achieve the output power of 2 GW on a continuous basis while

Q≥ 25 [26]. This DEMO power scale of 2−4 GW is relevant to an electric power plant currently

in use.

1.3 Heat flux onto the divertor

After the fusion reactions occur, the helium product (also called helium-ash), must be

exhausted from the reaction chamber. The impurities generated in the plasma edge region also

need to be removed before too many of them move into the core plasma. For that purpose, in

tokamak and other toroidal helical devices a set of special poloidal field coils magnets are used to

”peel off”, or divert the magnetic fields lines, and form a region of open magnetic field known as

the scrape-off layer [SOL] (fig. 1.5). The interface between the SOL and the core plasma is then

known as the separatrix (i.e. Last Closed Flux Surface [LCFS]) and has one or more ”X-points”
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that form between the divertor region and the core plasma. The SOL then brings plasma to the

divertor target plates located on the end of the opened magnetic field. Because of the high ratio of

parallel transport to perpendicular transport, the particle and heat flux escaping to the divertor

target is concentrated in a thin region with a characteristic thickness at the outboard midplane

measured in a cm or less. For sustained operations, the ITER Organization (IO) requires the

design of the W divertor to withstand a heat flux of 10 MW/m2 during steady state operation

and 20 MW/m2 during slow transient event (up to 10 s) [37]. In ITER, the plasma themal power

entering the SOL from the core region is expected to be about 100 MW [60]. It is reported

that 50−60% of the entering power can be quenched by the radiation loss from the SOL and

edge plasma region, while the much of the remaining power flux to the divertor target can be

reduced by introducing so-called detached plasma operation. In DEMO reactors, the plasma

power entering the SOL is expected about 300 MW/m2 and therefore the cooling process of the

divertor plasma becomes an even more important and critical issue that needs to be solved.

1.4 Detached plasma operation

The detached plasma operation mode is considered necessary to solve the heat flux

problem of ITER divertor [68] because it drastically reduces particle and heat fluxes to the

wall [58]. Detachment fundamentally involves inducing the volumetric recombination of divertor

plasma before it reaches the divertor target [56]. Detailed research about detachmented divertor

operation were carried out in 1990s [68]. In that work [68] the plasma detachment is defined as

“state in which large pressure gradients (static plus dynamic) are observed parallel to the magnetic

field with consequently low plasma power and ion fluxes to the material surfaces bounding the

system”. To prevent damage onto the divertor plate, the divertor detachment operation is a key

element of the ITER baseline design. The question then of course emerges: how can one reliably

induce divertor plasma detachment in the ITER device?
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Figure 1.6: Helium divertor plasma cooling scheme. [36]

1.5 Impurity seeding into the divertor plasma

In order for detachment to occur, obviously the hot plasma (T e ∼ 100 eV) entering

the divertor region from the SOL region has to be cooled down to the point (< 1 eV) where

recombination can occur. This is generally difficult to achieve via injection of hydrogenic species

alone, as the required neutral gas densities would be unacceptably high. As a result, impurity

seeding of nitrogen (N2), neon (Ne), or argon (Ar) into the divertor plasma is being studied as

a mean to enhance the radiation loss and induce plasma detachment for protecting the tungsten

divertor target from heat loads in future Tokamak devices [44][87]. The effects of N2 seeding in

divertor region have been investigated in Tokamak devices such as ASDEX Upgrade [48] [74] and

JET [77] and is considered a fairly well-established divertor plasma cooling technique. Fig. 1.6

shows schematic description of the divertor plasma cooling process. In the upstream region with

high temperature Te > 10 eV, the radiation loss due to Bremsstrahlung and line emissions initially

cools down the plasma. It has been reported that N seeding enhances radiation loss within the

SOL and divertor plasma region [12], and, for reasons that are not fully understood, improves

core plasma confinement time [13][74]. Fig. 1.7 shows radiation distribution of nitrogen seeded
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Figure 1.7: Radiation distribution of nitrogen seeded discharges at AUG and JET in the detached
state. [12]

discharges in AUG and JET plasmas operating in the detached state [12], where 18 MW of heating

power are applied forming H-mode plasmas. In the AUG discharge with a constant N seeding

rate (shot #30506), the radiation distribution (fig. 1.7(a)) shows the radiative cooling takes place

around the X-point while in the divertor plasma is in a detached state. The radiated power fraction

( frad = Prad/Pheat) in this discharge is around 75%. Fig. 1.7(b) showthe radiation distribution in

the JET pulse discharge (JPN 85067). Again, the strongest radiative power density is located

around the X-point when the divertor plate is in fully detached state, and the radiated power

fraction is also around 75%. Fig. 1.8 shows time variations of key discharge parameters in AUG-

W discharges with nitrogen seeding. In fig. 1.8(a), the confinement enhancement (H-factor) H98

increases from 0.8 to 1.2 after nitrogen injection at 2.5 s while the normalized pressure increases

from βN from 2 to 2.8. Here an H-factor of 1 denotes a thermal core plasma confinement given

by the H-mode empirical scaling law. In fig. 1.8(b) [13] the experiment is repeated keeping the

normalized plasma beta, βN ∼ 2− 2.4, below the MHD limit. In this case, H98 also increases
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Figure 1.8: Key parameters variations of 2 pulse discharges (shot #29254 and #29875) in
AUG-W with nitrogen seeding while the normalized pressure βN is kept constant in AUG pulse
#29875 (right). [13]

from 0.8 to 1.0 as soon as the nitrogen is seeded at 3 s. The N seeding is also observed to

change the edge localied mode (ELM) characteristics, reducing their amplitude by a factor of 2-3

and increasing their frequency [92]. Both of these responses then reduce the magnitude of the

transient thermal heat flux carried by the ELM events. While several experiments in Tokamak

devices show positive results about plasma cooling, the detailed detachment processes and plasma

chemical kinetics that lead to the plasma recombination in these N impurity seeded plasmas

are not well understood yet. Therefore, the detailed studies using laboratory experiments with

theoretical and numerical analysis can help provide deeper understanding of these processes.

1.6 Ammonia formation in Tokamak plasma devices

While N2 seeding shows good results in Tokamak plasmas for its demonstrated ability

to effectively cool the divertor plasma while yielding improved core thermal confinement, N2

is chemically reactive and thus nitrogen and hydrogen containing compounds such as ammonia
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have been observed to form [105]. ASDEX-Upgrade is the one of devices which have reported

ammonia formation under fusion-relevant conditions [75][88]. ASDEX-Upgrade has stainless

steel as the vacuum vessel wall and tungsten plasma-facing components and divertor plates.

After two nitrogen-seeded discharges that formed stable detached H-mode plasmas for several

seconds, 8% of the seeded nitrogen atoms were detected in the form of ammonia molecules. The

interaction of ammonia with the tungsten plasma wall was observed as well. A strong retention

of the injected nitrogen inventory was observed, with up to 30% of injected nitrogen missing

after the discharges were completed and all residual gas was evacuated. In the JET, the other

fusion-relevant device reporting ammonia formation, 30% of injected nitrogen is also missing.

They could not measure ammonia molecules directly by a residual gas analyzer because of overlap

by deuterated water and methane molecules which have same mass with deuterated ammonia.

Using a gas balance analysis, the authors of the JET work concluded the 15-30% of injected

nitrogen was converted to ammonia molecules. These ammonia molecules can then be trapped in

the divertor cryopump [89]. Furthermore, the decomposition of ammonia via the formation of

WxNyHz compounds on W-based material surfaces has also been reported [83][69][34]. These

compounds may be difficult to remove and, as a result, the formation of ammonia in the chamber

can impact the key issues of tritium retention and in-vessel inventory.

Motivated by these considerations, this dissertation reports studies of the chemical kinetics

of nitrogen seeded deuterium plasmas under conditions that are relevant to those found in tokamak

divertor plasmas. The principal finding is that N-injections into D-fueled plasmas leads to the

formation of ammonia-based ions which then act to catalyze D-plasma recombination and thereby

enhance the recombination at electron temperatures of a few eV. The results validate a chemical

kinetics model of N-D plasma mixtures, and suggest that the direct injection of ammonia instead

of nitrogen may lead to a more efficient detachment scheme in the tokamak divertor region.
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Chapter 2

Previous research on ammonia formation,

molecular assisted recombination, global

model, and in-situ plasma mass

spectroscopy

2.1 Ammonia formation in laboratory experiments

The formation processes of these compounds in N2 seeded hydrogen plasmas have been

studied in laboratory researches of both N-H mixed low-pressure plasmas [20][97][24] and

atmospheric-pressure N-H plasmas [41]. Those articles reported that the ammonia is mainly

formed on the metal surface of the reactor mediated via plasma catalysis effects, the successive

hydrogenation of atomic nitrogen and nitrogen containing radicals [20][41] (fig. 2.1). In particular,

these workers reported that the ammonia production process on the surface includes two types of
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Figure 2.1: Schematic depicting formation mechanism of ammonia. (5) reaction shows NH3
production by L-H mechanism (eq. (2.1)). [41]

mechanisms. As shown in fig. 2.1, the first type of mechanisms is Langmuir-Hinshelwood (LH)

NH2(s)+H(s)→ NH3 (2.1)

which is also a step in the Harber-Bosch process, the main industrial ammonia procedure since

1913. ‘(s)’ in the equation stands for materials absorbed on the surface. The second type provided

by the plasma synthesis is Eley-Rideal (ER)

NH2 +H(s) → NH3 (2.2)

H2 +NH(s) → NH3 (2.3)

H+NH2(s) → NH3. (2.4)

As we can see in the equations, the molecular radicals produced in the plasma volume play an

important role to form ammonia, but the final formation step itself is a surface reaction.

Carrasco et al. [20] measured ammonia formation in H-N mixed discharges. The plasma

device consists of a grounded cylindrical stainless-steel vessel (10 cm diameter, 34 cm length)

and a central anode that was used to generate a DC discharge. Using a total pressure of 6 mTorr,
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0.6 mTorr nitrogen gas was mixed with hydrogen gas. The plasma parameters realized by the

DC discharge were Te = 3.8 eV and ne = 2.6×1016 m−3. They reported about 25% of injected

nitrogen was transformed to the form of ammonia. According to the model calculation including

kinetic reactions in gas-phase and on surface, they found that both ER and LH mechanisms

were necessary to account for the measured distributions of neutrals while the gas phase volume

reactions alone cannot produce such amount of ammonia. Sode et al. [97] investigated ammonia

formation and chemical plasma reactions in H-N-Ar mixed discharges. The device consists of

stainless steel plasma chamber (25 cm diameter, 36 cm height) with a planar coil separated from

the vacuum by a quartz dome to produce an RF discharge (13.46 MHz, up to 600 W). Using a

total pressure of 11 mTorr and an Ar fraction of 1.2−1.5%, the nitrogen fraction varied from

0.02% to 56%. The maximum fraction of ammonia, fNH3 = 10%, was found for fN2 = 20% in

the RF power discharge of 200 W. However, the ammonia formation did not increase much even

when nitrogen fraction was increased up to 56%. It was speculated that this may be due to the

wall becoming saturated by hydrogen/nitrogen radicals at certain fraction range of nitrogen in

the volume. Again, the experiments were in a regime where wall-mediated reactions played a

key role in the kinetics - a regime that is somewhat different than what is expected to occur in

detached divertor operations.

2.2 Molecular assisted recombination for detachment plasma

operation

In the downstream region in the divertor plasmas Te < 10 eV shown in fig. 1.6, the

volumetric recombination process would take place to introduce further plasma cooling and

induce the plasma detachment operation scheme. The Molecular Assisted Recombination [MAR]

process is important in fusion plasma detachment operation since it is thought to be a main

channel of volumetric recombination of the divertor plasmas [63][16][110]. We provide a brief
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summary of this process below.

2.2.1 Molecular assisted recombination [MAR]

Radiative and three-body recombination of hydrogen atomic ions with electrons can occur

in regions where electron temperature is Te = 0.3 eV or lower. It has been predicted and reported

that the molecular assisted recombination [MAR] process mediated by hydrogen molecule

enhances the plasma recombination rate [57]. The MAR process would occur in a relatively

higher temperature range where Te < 2 eV. On the other hand, Janev [45] predicted another type

of recombination process supported by hydrocarbon molecules of the type CxHy. This process

would occur in the temperature range of Te < 8 eV due to faster dissociative recombination rate of

CxH+
y which is formed by charge exchange reactions between hydrogen ions and CxHy molecules

than recombination rate of H+. Let us examine these MAR processes in more detail.

2.2.2 Hydrogen molecular assisted recombination [H-MAR]

The MAR process was originally proposed to be associated with vibrationally excited

hydrogen molecules [57]. The two schemes of processes are represented as follows;

H2(v)+ e→ H−+H (2.5)

followed by

H−+A+→ H+A (2.6)

(charge exchange recombination), and

H2(v)+A+→ AH++H (2.7)
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Figure 2.2: Rate coefficients of collisional processses as a function of electron temperature
calculated by CRAMD code where the electron density is assumed to be 1×1019 m−3. [30]

followed by

AH++ e→ A+H (2.8)

(dissociative recombination), where H2(v) is the vibrationally excited hydrogen molecules and A+

is an atomic ion in the plasma. Fig. 2.2 taken from [30] shows calculated rate coefficients of the

electron-ion recombination KEIR and molecular assisted recombination KEIR of atomic hydrogen

ion as a function of electron temperature where the electron density is assumed to be 1019 m−3.

The KMAR becomes much higher than KEIR for an electron temperature above 0.5 eV. Therefore,

this hydrogen-enhanced MAR process [H-MAR] is the dominant recombination mechanism

in the electron temperature range 0.3− 2 eV while the conventional electron-ion recombina-

tion [EIR] only takes place in high density (� 1019 m−3) and cold (� 1 eV) plasma. This MAR

process was subsequently experimentally investigated in several linear divertor simulators such

as NAGDIS [79] [30], MAP-II [80][81], TPD-SheetIV [67], and PISCES-A [19]. Here, some

important experimental results about H-MAR are introduced. Ohno et al. [79] carried out the first

laboratory experiment of MAR in a linear plasma device, NAGDIS. H2 or He gas was puffed into
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Figure 2.3: Radial profiles of the ion particle flux in the upstream (closed circle) and downstream
(open circle), and visible light emission spectra from helium plasmas. [79]

a He plasma (ne = 6×1018 m−3 and Te = 3.5 eV) around the target plate. They observed a small

amount of H2 puffing strongly reduced the ion particle flux along the magnetic field near the

target (fig. 2.3). As the evidence of MAR process, they observed disappearance of line emission

intensity from the conventional EIR processes during the H2 puffing, and interpreted this result

to indicate that the recombination of the plasma during H2 was occuring via the MAR process.

Subsequently Ezumi et al. [30] observed the MAR process in the NAGDIS-II device where H2

was puffed into the H2 upstream plasmas (ne = 1019 m−3). The reduction of the ion particle flux

during the hydrogen gas puff was observed clearly as well.
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2.2.3 Hydrocarbon molecular assisted recombination [HC-MAR]

Another MAR process mediated by hydrocarbon molecules was suggested by Janev et

al. [45], and experimentally investigated in the linear divertor plasma simulator MAP-II [47]. In

this process, bulk ions are neutralized through charge exchange with hydrocarbon molecules;

this step is then followed by dissociative recombination of ionized hydrocarbon molecules with

electrons in a higher temperature regime (< 5−10 eV). In equations, this process is represented

as

H++CxHy→ H+CxH+
y (2.9)

which is then followed by

e+CxH+
y →∑

k,l
Cx-kHy-l + Ĥ. (2.10)

Fig. 2.4 shows rate coefficients of hydrocarbon molecules relating to the HC-MAR process. We

see that these dissociative recombination rates (eq. (2.10)) are higher than the charge exchange

reaction rates (eq. (2.9)) in a temperature range below 5−10 eV. Therefore, the charge exchange

reactions are the rate determinant in this process. Those charge exchange rates are in an order

of 10−8 cm3/s = 10−14 m3/s which is much higher than the rate of H-MAR (fig. (2.2)) about

10−16 m3/s. Kado et al. [47] brought the experiments about the HC-MAR process in the linear

divertor plasma simulator, MAP-II [Tsukuba University (formerly at University of Tokyo)]. In

this work, several gas species including He, H2, CH4, and C2H6 were injected into the upstream

helium plasma, and the downstream ion flux was then monitored. As shown in fig. 2.5, the ion flux

was quenched in hydrocarbon gas puffing cases, especially for C2H6. These experiments provide

controlled demonstrations of the ability of molecular gas injection to induce recombination and

thus provide for plasma detachment in the downstream region of these linear devices. However,

these experiments do not strongly provide insight into the underlying chemical kinetics that leads

to the recombination and detachment. In order to address these questions, we next summarize

18



Figure 2.4: Rate coefficient of formation and deformation processes of hydrocarbon molecules
CH4, C2H4, C2H6, and C3H8. Solid lines: Total charge exchange (cx); dashed lines: dissocia-
tive recombination (dr); dash-dotted lines: electron-impact total ionization (ion); dotted line:
dissociative excitation of CH4 to neutrals (diss). [45]

the development of so-called global, or 0-d, models of the chemical kinetics in spatially uniform

plasmas.

2.3 Global model

A zero-dimensional (volume averaged) rate equation model also known as a ‘global

model’ is used to study the chemical reactions in plasmas fueled by D-N-Ar mixtures. This type

of model has been developed, and applied to H2 [40], H2-Ar [53][38], and H2-N2-Ar plasma [97].

The model used in this dissertation is basically based on the model used in the article [97]. The

model consists of the particle balance equation, based on the continuity equation, describing
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Figure 2.5: Comparison of ion flux reduction efficiency for different injected gas species.
Evolution of the ion saturation current at P2 (mid-stream) and P3 (downstream), normalized to
P1 (upstream), as a function for neutral pressure for injected gas species. [47]

production and loss in the volume and on the surface. By supposing steady state approximation,

the rate equation of species j is represented as

∂n j

∂t
= 0 = R jS

tot−R jL
tot−X j

loss (2.11)

where n j is the density, R jS
tot and R jL

tot are the total reaction rates for production (source) and loss,

and X j
loss is the wall loss rate, respectively. The source rate for a typical volumetric reaction

between species k and l is

R jS
k = nkn jK jk (2.12)

where K jk is the rate coefficient mainly determined by experimental methods. Tables 2.1-2.7

summarize the rate coefficients used in this research. Almost all rate coefficients K jk are identical

to those found in the article [97]. It should be noted that these coefficients are for the hydrogen

species, not the deuterium. The coefficients for recombination process are mainly taken from [20].

The rate coefficients of ion-molecular reactions are mainly obtained by experiments under the
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room temperature. The loss rate for a typical volumetric reaction with species k is

R jL
k = nkn jK jk = nkν

jL
k (2.13)

where ν
jL
k = n jK jk is the loss frequency. The wall loss rate is

X j
loss = n jνw j (2.14)

where νw j is the wall loss frequency, which may be a function of neutral/ion species, wall

materials, and wall temperature. In this research for D2-N2 plasma, the model includes 24

nonlinear rate equations of 12 ion species (D+, D+
2 , D+

3 , N+, ND+, ND+
2 , ND+

3 , ND+
4 , N+

2 ,

N2D+, Ar+, ArD+), 4 neutral species (D, N, ND, ND2), and 9 metastable nitrogen/argon species

(N(2D), N(2P), N2(a’), N2(A), N2(B), N2(C), Ar(m), Ar(r), Ar(4p)). The set of 24 nonlinear

equations are solved by MATLAB’s ‘fsolve’ function by inputting input parameters such as the

rate coefficients, Kkl , electron density ne, neutral gas temperature Tg, neutral gas density fractions

f j during plasma discharge, total pressure p0, and dimension of the reaction chamber. We have

to note that in higher density plasma configurations the hydrogen atom D is measured and used

as an input parameter (Chapter 3). The electron temperature Te was treated as a free parameter

in the model to achieve the quasi-neutrality ne = ∑ni. In this research, Te is adjusted to satisfy

0.98≤ ∑ni/ne ≤ 1.02. Finally, the calculation gives the ion and neutral densities of 24 species

as solution.

2.3.1 Volumetric rate coefficient measurement methods

Almost all coefficients of dominant ion-molecule/atom reactions were obtained by SIFT

(Selected Ion Flow Tube) [96], ICR (Ion Cyclotron Resonance) [42][50], and CRESU (Cinetique

de Reactions en Ecoulement Supersonique Uniforme) methods [66][90]. In those methods,
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the disappearance rates of ions injected to specific neutral gas held at room temperature is

measured [42] while the Tg range is measured to lie in the range 390-910 K in our plasmas.

This difference does not make significant change for the coefficients because those are usually a

function of the electron temperature [98]. The rate coefficient is calculated by an equation

ki j =< σi jvi j >=
∫ ∫

σi j(vi j)vi j fi(~vi) f j(~v j)d~vid~v j (2.15)

where σi j is teh cross section, vi j = |~vi−~v j| is the absolute value of the relative velosity, and

fi(~vi) is the velocity distributions. Typically ion-molecule reactions are the ion-induced dipole

scattering where σi j is proportional to vi j in the low energy range up to 1.10 eV [62][9]. Therefore,

the product σi jvi j in the integral is independent of vi j =
√

2Ei j/µi j, where µi j = mim j/(mi+m j),

i.e. the neutral gas temperature Tg because Ei j = 1.5kBTg. The disappearance rate, τ, is a product

of the neutral gas density, n, and rate coefficients, k, of the reaction, if ion density, ni, decays

exponentially as a function of time such as

ni = n0
i e−nKBt = n0

i e−τt . (2.16)

Hence, the rate coefficient can be determined by measuring the disappearance rate. The difference

between those methods are in a setup of reactions between the ions and neutrals. The cross

sections for the DR process of NH+
3 and NH+

4 (Chapter 4) were obtained by Merged Beam

Technique (MBT) method [17][25][109]. In this method, a mass-selected ion beam with a high

kinetic energy is merged with a fast electron beam. The formed neutrals are then counted using

a surface barrier detector. By tuning the velocity of the two ion and electron beams, the cross

section can be determined as a function of the relative kinetic energy between the ion and electron.
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2.3.2 Wall loss rate for neutrals

The effective wall loss rate X j
loss for neutral species in a cylindrical chamber is estimated

by the diffusion model [22][21][15]. According to the continuity equation and Fick’s law,

1
n

dn
dt

=
1
n

D∇
2n( j) =− D

Λ2 =−νw j (2.17)

where D is the diffusion coefficient, Λ is the diffusion length of the fundamental mode, and νw j

is the net particle loss frequency. Λ can be determined by solving eq. (2.17) with a boundary

condition, which is represented in terms of the linear extrapolation length, λ,

1
n

(
dn
dq

)
b
=−1

λ
(2.18)

where q represents a generalized spatial coordinate, λ = ελm(2−β)/β, λm = (Nσm)
−1 = 3D/ν,

β is surface loss probability, and v is the average velocity of species j. Chantry has shown good

approximation to the numerically calculated Λ for various shapes of containers such as, spherical,

rectangular parallelepiped, and right circular cylinder. From that work, Λ is given as

Λ
2 = Λ

2
0 +

V
A

λ (2.19)

where Λ0 is the diffusion length also determined by solving eq. (2.17) but with a vanishing

boundary condition n = 0 at the container surface. Therefore, the second term represents an effect

of taking wall reflections into account (eq. (2.18)). The worst fractional error, Λapprox./Λcalc., for

a cylinder shape container case is 9%. Then, the wall loss rate coefficient νw j of neutral radicals

is given by

νw j =

(
Λ2

0
D

+
V
A
(2−β j)

v̄β j

)−1

(2.20)
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where Λ0 is the diffusion length, D is diffusion constant, V/A is the volume-to-surface ratio, and

β j is surface loss probability of the considered species j.

2.3.3 Wall loss rate for ions

In the unmagnetized limit, the wall loss rate νw j for ions is given by [53]

νw j =
2(R2hl +RLhr)

R2L

√
eTe

mi
. (2.21)

On the right hand side, the first term represents the effective surface area divided by the volume

and the second term is the Bohm velocity uB of ions hitting into the wall. The terms hl and hr are

the center-to-edge density ratio [33][62]. Those are obtained from the steady-state ion continuity

equation,

∇ · (nui) = νizn. (2.22)

Making the assumption that the ion drift velocity due to the electric field dominates over the

velocity due to the pressure gradient, the ion drift velocity

ui = µiE. (2.23)

Making the other assumption that the electric field is dominantly formed by the electrons, we

obtain

E =−Te
∇ne

ne
(2.24)

where the electrons are supposed to be governed by a Boltzmann distribution. For axial direction

of the cylindrical chamber, combining eqs. (2.23) and (2.24) with supposing a parallel plane

geometry,

ui =−µiTe
1
ne

dne

dx
(2.25)
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where the mobility can be given as

µi =
2eλi

πmiui
. (2.26)

Here, the mean free path for ions λi is given by

1
λi

= ∑
j,k

σkn j. (2.27)

Then, substituting eq. (2.26) into eq. (2.25),

u2
i =−u2

B
2
π

λi

ne

dne

dx
. (2.28)

Substituting the square root of eq. (2.28) into the continuous equation (2.22),

uB

(
2λi

π

)1/2 d
dx

(
−n

dn
dx

)1/2

= νizn (2.29)

The heuristic solution of this equation for the boundary condition s that ui = 0 at the plasma

center and ui = uB was obtained by Godyak as

hl =
0.86√
3+ L

2λi

. (2.30)

For radial direction of the cylindrical chamber, Godyak also found a heuristic solution

hr =
0.8√
4+ R

λi

. (2.31)

2.4 EQP analyzer

The plasma monitor as known as electrostatic quadrupole plasma [EQP] analyzer is a

combination of an energy analyzer and a mass spectrometer, and is used in this work to measure
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the chemical composition of the neutral and ionized species in our plasma discharge. The EQP

is mainly used in two modes, Secondary Ion Mass Spectrometer [SIMS] analysis of positive

or negative ions or Residual Gas Analyzer [RGA] of neutrals and radicals. Fig. 2.6 shows the

electrode configuration of the EQP. The EQP analyzer consists of those parts:

• Ion optics (a)-(f). This part has two functions: 1) focusing ions to the energy analyzer part

(E), 2) accelerating or decelerating ions. The ion optics consists of 8 for SIMS and 9 for

RGA tunable electrodes.

• Ionization source (B). It is used in RGA mode to ionize neutrals and radicals. The electrons

emitted from 1 or 2 filaments are accelerated by electrodes to arbitral energy. In this

research the typical value 70 eV is used for EQP calibration. The neutrals and radicals are

ionized by the electron-impact.

• 45◦ electrostatic analyzer (ESA) (E). At the ESA part (E), ions with a specific energy-to-

charge ratio, ε, are able to pass through. ε was kept at 40 eV/q, where q is the unit of the

ion charge, in this experiment.

• RF quadrupole mass filter (F).

• Secondary electron multiplier (SEM) detector.

Figure 2.6: The configuration of the EQP: (A) entrance orifice (50 µm), (B) electron impact
ionizer, (C) 310 mm length drift tube with 3 mm diameter entrance diaphragm, (D) entrance
orifice of ESA, (E) ESA, (F) quadrupole mass spectrometer followed by SEM detector; tunable
ion optics lenses (a) extractor, (b) lens 1, (c) source focus, (d) flight focus, (e) lens 2, (f) D.C.
quad, vert, horiz lens, and (g) focus 2. δ is the acceptance angle at the entrance orifice.
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The use of EQP in plasma experiments has been discussed in several articles [35][18].

Ions and neutrals are sampled by passing through a sampling orifice (A), which has an aperture of

50 µm diameter. When operating in the Residual Gas Analysis [RGA] mode, the neutral gasses

are ionized by the electron impact ionizer (B) following the entrance orifice (A). Sampled ions or

those formed in the ionizer stage travel to the ion optics. The ion optics act to focus ions to the

ESA part, and act to either accelerate/decelerate those ions. The focusing effect is very sensitive

to the potential setting of the 8-9 electrodes. Therefore, in this research, all electrodes are set to

the same potential, −40 V, to the EQP’s reference potential so that the ion optics is defocused.

Sampled/formed ions go to the ESA part (E) through the 310 mm length drift tube (C). The ESA

part (E) follows a 2 mm diameter entrance orifice (D). In this research, the reference potential

of all ion optics electrodes after the ionizer part is scanned to accelerates/decelerates ions of a

particular initial kinetic energy to ε = 40 eV/q. The resolution of the ESA is ∆E = 1.0 eV (full

width at half maximum [FWHM]) which was determined by measuring neutral Ar gas ionized in

(B) (Sec. 3.2.2). After the ESA part, the selected ions enter the RF quadrupole mass filter which

passes ions with chosen mass-to-charge ratio. Finally, the selected ions are detected as a pulse

by the SEM detector. The pulse signals from the SEM detector are counted by a Plasma Mass

Spectrometer Interface Unit [MSIU], which is controlled by a personal computer.

2.4.1 Interpretation model of EQP

An interpretation model of output signals from an EQP analyzer was theoretically given

by [29]. The particle current density d j of ions with a velocity range between v and v+ dv is

given by

d j = vdn = v fvd3v = vv2 fv sinθdθφdv (2.32)

in the spherical co-ordinates (fig. 2.7) where the θ = 0 direction is perpendicular to the EQP

entrance flat head. The velocity distribution function fv is the function of the location r and
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Figure 2.7: Spherical co-ordinates and definition of θ = 0 i.e. the z axis is perpendicular to the
EQP entrance flat head. [29]

velocity v so that fv(r,v) = fv(r,v,θ,φ). The electric current hitting onto the differential surface

area dA is represented as

d(dI) = qd jdA (2.33)

where q is the ion charge and dA is the normal vector. For the simplicity, those two conditions are

assumed: 1) the ion flux to be homogeneous, and 2) the transmission probability to be constant

across the area A of the EQP entrance orifice. As a result of these assumptions, the integration

regarding to dA can be replaced by the simple multiplication with its magnitude A. Therefore,

eq. (2.33) becomes

dI = 2πqA

{∫
π

θ0(v)

dθcosθsinθv3 fv(r,v)

}
dv (2.34)

where we define θ0 = π− δ and δ is the acceptance angle of the EQP. The definition of the

acceptance angle σ is as the maximum entrance angle with respect to the ion optical axis at
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which an incoming ion is able to enter the ESA [35]. In Chapter 3, the acceptance angle for

our configurations is estimated about 0.2◦. When the acceptance angle of the ion optics at the

entrance orifice is small enough (≤ 1◦) to assume that the trajectory of incoming ion is parallel

to the axis of the ion optics, the distribution function fv(r,v,θ,φ) is replaced by fv(r,v,π) where

the particles go into the EQP along the −z direction as shown in fig. 2.7, and the dependency on

φ is ignored because of homogeneity assumption of ion flux. Eq. (2.34) then becomes

dI = 2πqA

{∫
π

θ′0(v′)

dθ
′ cosθ

′ sinθ
′v′3 fv(r,v′,π)

}
dv′. (2.35)

The characters highlighted by ()’ refer to a parameter inside EQP. Performing integration,

dI =−δ
′2(v)πqAv′3 fv(r,v′,π)dv′ = qAd jA (2.36)

where d jA is the current density of ions entering the EQP entrance orifice with the velocity in a

range between v′ and v′+dv′. The total ion current entering the EQP system and reaching the

detector is then given by the integral

ID =
∫

P(ε,E ′kin)dI (2.37)

where dI is given above and P(ε,E ′kin) denotes the transmission function of EQP system which is

a function of the passing energy of ESA, ε, and Ekin. Ekin denotes the kinetic energy of detected

ions. Then, from eqs. (2.36) and (2.38), the output signal counts for ion species j from an EQP

analyzer is represented as,

ID, j =−

(
2πqA

m2
j

)∫
δ
′2(E ′kin)P(ε,E

′
kin,m j)E ′kin fv(ra,E ′kin) (2.38)

29



where m j is the ion mass appearing due to transformation of variable m jv2/2 = E ′kin. Because the

ion optics are defocused, δ′2(E ′kin) is assumed as constant. In our work, the passing energy, ε, of

ESA was kept constant, 40 eV/q which the manufacture sets as recommended setting. Therefore,

the transmission function, P, is dependent only on the kinetic energy and mass of ions. In our

experimental setup, ion optics were defocused so that only ions with an initial trajectory lying

within the acceptance angle are measured. As discussed in Section 3.2.1, the acceptance angle

is estimated as 0.2◦ from the ion optics geometry. Thus, the acceptance angle is small enough

to apply the interpretation model to our EQP’s output signal. In the case where the distribution

function broadening from the ion or neutral gas temperature is much smaller than the ESA’s

resolution, the variation of P over the integration in eq. (2.38) can be negligible for both SIMS

and RGA measurements. Therefore we can take P out of the integrand and then write,

ID, j(ε,Va) = jAAP(ε,Va,m j) (2.39)

where jA is the current density at the orifice and q = 1 (singly ionized),

jA =
2π

m2
j

∫
fv(ra,E ′kin)δ

′2E ′kindE ′kin. (2.40)

This result then implies that if P is known, we can obtain the distribution function fv and thus the

density of ions from the measured EQP signals.

2.5 Ion density measurements and predictions in N-H plas-

mas

Results from the global model have been compared with ion densities experimentally mea-

sured by the EQP analyzer. Figure 2.8 shows the results from experiments of Carrasco et al. [20].

30



Figure 2.8: w
ith H2/(10%)N2 at 15 mTorr [20].]Measured (grey bars) and calculated (black bars) ion

concentration for a plasma [ne ∼ 3.5×1016 m−3, Te ∼ 3.4 eV] with H2/(10%)N2 at
15 mTorr [20].

Fig. 2.8(a) shows the measured ion density concentration for a plasma with H2/(10%)N2 at

15 mTorr, ne ∼ 3.5×1016 m−3, Te ∼ 3.4 eV. The important intermediate products of HN-MAR,

NH+
3 and NH+

4 are shown as dominant ion species. The model well reproduced its concentration

especially for NH+
4 . According to the model calculation, the reactions H+

3 +NH3→ NH+
4 +H2,

NH+
3 +NH3 → NH+

4 +NH2, and N2H++NH3 → NH+
4 +N2 would contribute to form NH+

4 .

Fig. 2.9 also measured density for a plasma at ne ∼ 1016 m−3, Te ∼ 3 eV with scanning H2/N2 gas

pressure ratio while the total pressure was kept 11 mTorr. Fig. 2.9(b) shows NH+
3 and NH+

4 ions

as dominant ion species as well as fig. 2.8 case when fN2 > 5%. At nitrogen pressure fruction

fN2 = pN2/ptot ∼ 10%, the rate equation model calculation suggested the main formation of NH+
4

is H+
3 +NH3→ NH+

4 +H2. Those reactions play an important role in the new recombination

process discussed in this thesis. In those experiments, the electron-ion recombination process

was ignored because the recombination on the wall surface dominates its loss process because
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Figure 2.9: Measured (solid lines) and calculated (dashed lines) ion density for a plasma
[ne ∼ 1016 m−3, Te ∼ 3 eV] at 11 mTorr.

of low electron density. This experiment expand the electron range up to 1018 m−3 in which the

volumetric recombination process plays an important role.
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Table 2.1: Rate coefficients for electron collision besides recombination reactions

k Reaction Rate coefficient [m3s−1] Reference

1.1 e− + H2→ 2H + e− 8.4×10−14T−0.45
e × e−11.18/Te Yoon [112]

1.2 e− + H→ H+ + 2e− 1.1×10−14T 0.29
e × e−15.28/Te Shah [93]

1.3 e− + H2→ H+
2 + 2e− 2.3×10−14T 0.19

e × e−17.87/Te Yoon [112]
1.4 e− + H2→ H+ + H + 2e− 9.4×10−16T 0.45

e × e−29.94/Te Yoon [112]
1.5 e− + Ar→ Ar+ + 2e− 3.7×10−14T 0.38

e × e−17.64/Te Wetzel [111]
1.6 e− + N2→ N + N(D) + e− 2.4×10−14T 0.27

e × e−15.53/Te Itikawa [43]
1.7 e− + N→ N+

2 + 2e− 9.3×10−15T 0.56
e × e−16.66/Te Kim [51]

1.8 e− + N2→ N+
2 + 2e− 1.3×10−14T 0.56

e × e−17.07/Te Itikawa [43]
1.9 e− + N2→ N+ + N + 2e− 2.9×10−15T 0.72

e × e−29.71/Te Itikawa [43]
1.10 e− + NH3→ NH+

3 + 2e− 1.5×10−14T 0.40
e × e−13.61/Te Tarnovsky [103]

1.11 e− + NH3→ NH+
2 + H + 2e− 1.6×10−14T 0.34

e × e−15.41/Te Tarnovsky [103]
1.12 e− + NH3→ NH+ + 2H + 2e− 5.4×10−16T 0.37

e × e−26.06/Te Tarnovsky [103]
1.13 e− + NH3→ N+ + H + H2 + 2e− 8.8×10−17T 0.59

e × e−29.00/Te Märk [65]
1.14 e− + NH3→ H+ + H + NH2 + 2e− 1.3×10−16T 0.47

e × e−28.55/Te Märk [65]
1.15 e− + NH2→ NH+

2 + 2e− 1.3×10−14T 0.50
e × e−12.40/Te Tarnovsky [103]

1.16 e− + NH2→ NH+ + H + 2e− 2.2×10−14T 0.21
e × e−17.97/Te Tarnovsky [103]

1.17 e− + NH→ NH+ + 2e− 2.1×10−14T 0.37
e × e−15.49/Te Tarnovsky [103]

1.18 e− + NH→ N+ + H + 2e− 7.6×10−15T 0.29
e × e−16.82/Te Tarnovsky [103]

1.19 e− + NH3→ NH2 + H + e− 4.2×10−14T−0.19
e × e−7.59/Te Yousfi [113]

1.20 e− + NH3→ NH + 2H + e− 1.3×10−14T 0.38
e × e−11.06/Te Yousfi [113]

1.21 e− + NH3→ NH + H2 + e− 4.1×10−14T−0.26
e × e−4.84/Te Yousfi [113]

1.22 e− + NH2→ NH + H + e− 4.5×10−14T−0.22
e × e−7.61/Te Laer [61]

1.23 e− + NH2→ N + H2 + e− 1.5×10−14T 0.38
e × e−11.44/Te Laer [61]

1.24 e− + NH→ N + H + e− 4.7×10−14T−0.22
e × e−7.69/Te Laer [61]

1.25 e− + H+
2 → H+ + H + e− 1.5×10−13× e−1.97/Te Kimura [53]
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Table 2.2: Rate coefficients for ion-molecule reactions.

k Reaction Rate coefficient [m3s−1] Reference
2.1 H+

2 + H2→ H+
3 + H 2.0×10−15 Anicich [6][7]

2.2 ArH+ + H2→ H+
3 + Ar 6.3×10−16 Anicich [6][7]

2.3 H+
2 + Ar→ ArH+ + H 2.1×10−15 Anicich [6][7]

2.4 H+
2 + Ar→ Ar+ + H2 2.0×10−16 Anicich [6][7]

2.5 H+
3 + Ar→ ArH+ + H2 3.7×10−16 Anicich [6][7]

2.6 Ar+ + H2→ ArH+ + H 8.7×10−16 Anicich [6][7]
2.7 Ar+ + H2→ H+

2 + Ar 1.8×10−17 Anicich [6][7]
2.8 N+ + N2→ N+

2 + N 2.0×10−17 Tao [102]
2.9 N+

2 + N→ N+ + N2 1.0×10−17 Anicich [6][7]
2.10 Ar+ + N2→ N+

2 + Ar 1.1×10−17 Anicich [6][7]
2.11 N+

2 + Ar→ Ar+ + N2 2.0×10−19 Anicich [6][7]
2.12 N+

2 + D2→ N2D+ + D 2.2×10−15 Anicich [6][7]
2.13 D+

2 + N2→ N2D+ + D 1.6×10−15 Anicich [6][7]
2.14 D+

3 + N2→ N2D+ + D2 1.1×10−15 Anicich [6][7]
2.15 H+

3 + NH3→ NH+
4 + H2 4.4×10−15 Anicich [6][7]

2.16 N+ + D2→ ND+ + D 1.5×10−16 Anicich [6][7]
2.17 NH+

2 + H2→ NH+
3 + H 2.0×10−16 Anicich [6][7]

2.18 H+
2 + N→ N+ + H2 5.0×10−16 Arakoni [8]

2.19 Ar+ + NH2→ NH+ + H + Ar 5.5×10−17 Arakoni [8]
2.20 D+ + ND3→ ND+

3 + D 3.1×10−15 Anicich [6][7]
2.21 H+

2 + NH3→ NH+
3 + H2 5.7×10−15 Anicich [6][7]

2.22 H+
3 + N→ NH+ + H2 2.6×10−16 Anicich [6][7]

2.23 H+
3 + N→ NH+

2 + H 3.9×10−16 Anicich [6][7]
2.24 N+ + NH3→ NH+

2 + NH 4.7×10−16 Anicich [6][7]
2.25 N+ + NH3→ NH+

3 + N 1.7×10−15 Anicich [6][7]
2.26 N+ + NH3→ N2H+ + H2 2.1×10−16 Anicich [6][7]
2.27 NH+ + H2→ H+

3 + N 1.8×10−16 Anicich [6][7]
2.28 NH+ + H2→ NH+

2 + H 1.0×10−15 Anicich [6][7]
2.29 NH+ + NH3→ NH+

3 + NH 1.8×10−15 Anicich [6][7]
2.30 NH+ + NH3→ NH+

4 + N 6.0×10−16 Anicich [6][7]
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Table 2.3: Rate coefficients for ion-molecule reactions.

k Reaction Rate coefficient [m3s−1] Reference
2.31 NH+ + N2→ N2H+ + N 6.5×10−16 Anicich [6][7]
2.32 NH+

2 + NH3→ NH+
3 + NH2 1.2×10−15 Anicich [6][7]

2.33 NH+
2 + NH3→ NH+

4 + NH 1.2×10−15 Anicich [6][7]
2.34 ND+

3 + D2→ ND+
4 + ND2 1.0×10−19 Anicich [6][7]

2.35 ND+
3 + ND3→ ND+

4 + ND2 1.7×10−15 Anicich [6][7]
2.36 N+

2 + NH3→ NH+
3 + N2 2.0×10−15 Anicich [6][7]

2.37 N2H+ + H2→ H+
3 + N2 5.1×10−24 Anicich [6][7]

2.38 N2H+ + NH3→ NH+
4 + N2 2.3×10−15 Anicich [6][7]

2.39 Ar+ + NH3→ NH+
3 + Ar 1.6×10−15 Anicich [6][7]

2.40 ArH+ + NH3→ NH+
3 + H + Ar 5.3×10−16 Anicich [6][7]

2.41 ArH+ + NH3→ NH+
4 + Ar 1.6×10−15 Anicich [6][7]

2.42 ArH+ + N2→ N2H+ + Ar 8.0×10−16 Anicich [6][7]
2.43 N+ + H→ H+ + N 2.0×10−15 Arakoni [8]
2.44 H+

2 + NH3→ NH+
4 + H 5.0×10−17 Arakoni [8]

2.45 H+
2 + NH2→ NH+

3 + H 5.0×10−17 Arakoni [8]
2.46 H+

2 + NH→ NH+
2 + H 5.0×10−17 Arakoni [8]

2.47 NH+ + NH2→ NH+
2 + NH 1.8×10−15 Arakoni [8]

2.48 Ar+ + NH3→ NH+
2 + H + Ar 5.5×10−17 Arakoni [8]

2.49 Ar+ + NH3→ ArH+ + NH2 9.2×10−17 Arakoni [8]
2.50 H+

2 + H→ H2 + H+ 10−16× (8.7−1.3Te Pigarov [84]
+1.0×10−1T 2

e −3.3×10−3T 3
e )

2.51 H+ + H2→ H+
2 + H −4.3×10−17 +4.9×10−17Te Pigarov [84]

−1.8×10−19T 2
e
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Table 2.4: Rate coefficients for electron collision and molecule-excited species reactions.

k Reaction Rate coefficient [s−1] Reference

3.1 e− + Ar→ Ar(m) + e− 5.0×10−15× e−12.64/Te Kimura [53]
3.2 e− + Ar→ Ar(4p) + e− 2.1×10−14× e−13.13/Te Kimura [53]
4.1 e− + N2→ N2(A) + e− 1.2×10−14× e−7.34/Te Kimura [52]
4.2 e− + N2→ N2(B) + e− 5.6×10−15× e−6.81/Te Kimura [52]
4.3 e− + N2→ N2(C) + e− 6.4×10−15× e−9.87/Te Kimura [52]
4.4 e− + N2→ N2(a) + e− 5.1×10−15× e−11.69/Te Kimura [52]
4.5 e− + N2(A)→ N+

2 + 2e− 8.3×10−15× e−12.84/Te Kimura [52]
4.6 e− + N2(B)→ N+

2 + 2e− 2.1×10−14× e−11.0/Te Kimura [52]
4.7 e− + N2(a)→ N+

2 + 2e− 4.3×10−14× e−10.32/Te Kimura [52]
4.8 e− + N→ N(D) + e− 2.7×10−14T−0.4

e × e−3.35/Te Kimura [52]
4.9 e− + N→ N(P) + e− 9.1×10−14T−0.45

e × e−4.80/Te Kimura [52]
4.10 e− + N(D)→ N+ + 2e− 1.7×10−14T−0.5

e × e−13.07/Te Kimura [52]
4.11 e− + N(P)→ N+ + 2e− 9.4×10−15T−0.67

e × e−11.25/Te Kimura [52]
4.12 N2(a) + N2(A)→ N+

2 + e− 9.0×10−18 Kimura [52]
4.13 2N2(a)→ N+

2 + e− 2.5×10−17 Kimura [52]
4.14 N2(A) + N→ N(P) + N+

2 5.0×10−16 Kimura [52]
4.15 N2(A) + N2→ 2N2 4.0×10−17 Kimura [52]
4.16 N(P) + N(D)→ N+

2 + e− 3.0×10−18 Kimura [52]
5.1 Ar(m) + H2→ 2H + Ar 1.1×10−16 Kimura [53]
5.2 Ar(r) + H2→ 2H + Ar 1.1×10−16 Kimura [53]
5.3 Ar(m) + N2→ N2(C) + Ar 3.0×10−17 Kimura [52]
5.4 N2(A) + H→ N2 + H 5.0×10−17 Tatarova [104]
5.5 N2(A) + H2→ N2 + 2H 2.0×10−16 Tatarova [104]
5.6 N2(A) + NH3→ N2 + NH3 1.6×10−16 Tatarova [104]
5.7 N2(B) + H2→ N2(A) + H2 2.5×10−17 Tatarova [104]
5.8 N2(a) + H→ N2(A) + H2 1.5×10−17 Tatarova [104]
5.9 N2(a) + H2→ N2 + 2H 2.6×10−17 Tatarova [104]
5.10 N(D) + H2→ NH + H 2.3×10−18 Tatarova [104]
5.11 N(D) + NH3→ NH2 + NH 1.1×10−16 Tatarova [104]
5.12 N(P) + H2→ NH + H 2.5×10−20 Tatarova [104]
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Table 2.5: Rate coefficients for radiative process.

k Reaction Rate coefficient [s−1] Reference
3.3 Ar(r)→ Ar + hν 1.0×105 Kimura [53]
3.4 Ar(4p)→ Ar(r) + hν 3.0×107 Kimura [53]
3.5 Ar(4p)→ Ar(m) + hν 3.0×107 Kimura [53]
4.17 N2(B)→ N2(A) + hν 2.0×105 Kimura [52]
4.18 N2(C)→ N2(B) + hν 2.7×107 Kimura [52]

Table 2.6: Rate coefficients for wall loss process.

k Reaction Rate coefficient [m3s−1] Reference
3.6 Ar(m) + wall→ Ar KwAr(m)(βAr(m) = 1) Hjartarson [38]
4.19 N2(A) + wall→ N2 KwN2(A)(βN2(A) = 1) Thorsteinsson [106]
4.20 N2(a) + wall→ N2 KwN2(a)(βN2(a) = 1) Kimura [52]
4.21 N(D) + wall→ 0.5N2 KwN(D)(βN(D) = 0.99)
4.22 N(P) + wall→ 0.5N2 KwN(P)(βN(P) = 0.99)
4.23 N(D) + wall→ N KwN(D)(βN(D) = 0.01)
4.24 N(P) + wall→ N KwN(P)(βN(P) = 0.01)
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Table 2.7: Rate coefficients for electron ion recombination reactions.

k Reaction Rate coefficient [m3s−1] Reference
6.1 e− + H+

2 → 2H 10−16× (7.5×10−1.1×10Te Méndez [70]
+1.0T 2

e −4.2×10−2T 3
e

+5.9×10−4T 4
e )

6.2 e− + H+
3 → 3H 1016× (4.2×10+1.5×10Te ”

6.3 e− + H+
3 → H2 + H −1.9T 2

e +6.5×10−2T 3
e

+1.2×10−3T 4
e −1.2×10−4T 5

e
+1.8×10−6T 6

e )
6.4 e− + N+

2 → 2N 2.8×10−13× (0.026/Te)
0.5 Kossyi [54]

6.5 e− + NH+→ N + H 4.3×10−14× (0.026/Te)
0.5 Mitchell [72]

6.6 e− + NH+
2 → NH + H 1.0×10−13× (0.026/Te)

0.4 Vikor [109]
6.7 e− + NH+

2 → N + 2H 2.0×10−13× (0.026/Te)
0.4 Vikor [109]

6.8 e− + NH+
3 → NH + 2H 1.6×10−13× (0.026/Te)

0.5 Mitchell [72]
6.9 e− + NH+

3 → NH2 + H 1.6×10−13× (0.026/Te)
0.5 Mitchell [72]

6.10 e− + NH+
4 → NH3 + H 8.01×10−13× (0.026/Te)

0.605 Vikor [109]
6.11 e− + NH+

4 → NH2 + 2H 1.23×10−13× (0.026/Te)
0.605 Vikor [109]

6.12 e− + N2H+→ N2 + H 7.1×10−13× (0.026/Te)
0.72 Amano [5]

6.13 e− + Ar+→ Ar 10−16× (−1.3+2.5Te−1.0T 2
e Kato [49]

+2.2×10−1T 3
e −2.6×10−2T 4

e
+1.6×10−3T 5

e −3.8×10−5T 6
e )

6.14 e− + ArH+→ Ar + H 10−16× (−1.5+1.3×10Te Mitchell [71]
−1.6×10T 2

e +8.4T 3
e −1.9T 4

e
+2.0×10−1T 5

e −8.2×10−3T 6
e )

6.15 e− + N2H+→ NH + N 8.9×10−15× (1/Te)
0.5 ”
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Chapter 3

Experimental methods and data analysis

3.1 PISCES-E RF plasma device

Fig. 3.1 shows schematic drawing of the plasma device, denoted here as PISCES-E, that is

used in this work [108][107]. The device has a cylindrical anodized aluminum reaction chamber,

with a 350 mm diameter and, depending on the chamber in use, with a height of either 300 mm

or 400 mm. Because the volume-to-surface ratio, V/A, of this chamber is about 10-50 times

larger than used in previous research [20][97], if the plasma density was high enough, we could

operate in a regime dominated by volumetric reactions. The plasma source is located on top of the

reaction chamber. An inductively coupled plasma is created in a 100 mm diameter Pyrex bell-jar

surrounded by a double loop m = 0 antenna driven at 13.56 MHz by a radio frequency power

supply unit connected to the antenna via a matching network. The input power is varied from

500 W to 3300 W in this experiment while the reflected power is less than 1% of input power.

The experimental configurations are slightly different for 3 ranges of plasma densities

such as [A] ne ∼ 1016 m−3, [B] ne ∼ 4× 1015− 3× 1017 m−3, and [C] ne ∼ 1× 1017− 2×

1018 m−3. Table 3.1 lists the operational settings and device specifications of each of these

three configurations. The double loop antennas have diameter of 110 mm and are axially spaced
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Figure 3.1: Schematic drawing of the Etcher plasma machine consisting of parts: (a) reaction
chamber, (b) bell jar surrounded by double loop antennas, (c) RF power supply, (d) matching unit,
(e) magnetic coils (f) mass flow controllers connected to D2 and N2 gas cylinders, (g) Baratron
gauge, (h) Langmuir probe, (i) EQP analyzer, (j) water cooled heat shield, (k) collimation
lens with optical fiber transporting lights to the 1.3 m spectrometer and the low dispersion
spectrometer, and (l) residual gas analyzer.

Table 3.1: Experimental configurations for 3 ranges of electron densities: [A] ne ∼ 1016 m−3,
[B] ne ∼ 4×1015−3×1017 m−3, and [C] ne ∼ 1×1017−2×1018 m−3. z = 0 mm at the source
exit.

ne [m−3]
Discharge

power
Gas

species
Chamber

height
Source

coil
A ∼ 1016 500 W D2, N2 400 mm 50 A [Out]

B 4×1015

−3×1017 500-3300 W D2, ND3, Ar 400 mm 50 A [In/Out]

C 1×1017

−2×1018 500-3300 W D2, N2, Ar 300 mm 20 A [In/Out]

Target
coil

B-field
at EQP

EQP
entrance

Probe
tip Collimator

A none ∼ 2 G z = 350 mm z = 300 z = 190
B 120 A ∼ 30 G z = 350 mm z = 130 z = 170
C 120 A ∼ 40 G z = 250 mm z = 78 z = 58
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Figure 3.2: A photo of the PISCES-E RF plasma device.

150 mm apart. The RF currents in the two antennas are 180◦ out of phase. A matching unit

(RFPP AM-30 PMT/AMNPS-2A) couples the RF power to the antenna. The two magnetic coils

surround the double loop antennas. The 215 mm diameter (inner) coil has 40 turns, while the

315 mm diameter (outer) coil has 20 turns. Both magnets are connected in series. Two other

magnet coils are located on the bottom of the chamber. Both coils are also connected in series, and

make a magnetic field in the same direction with the source coils. When only the outer coil at the

source part is used (configuration [A]), current of 50 A through the outer coil creates a magnetic

field of 10 gauss at the center of the belljar. In this case, the magnetic field decays rapidly along

the axial direction so that magnetic field in the reaction chamber is supposed to be negligible
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so that the plasma in the reaction chamber is considered as un-magnetized [114]. The magnetic

fields at the EQP entrance orifice for other cases are listed in table 3.1 with configurations of

other diagnostics devices. A Langmuir probe with cylindrical tip, 0.6 mm diameter and 2.2 mm

length, is used to measure the electron temperatures and densities. The probe tip is located at the

chamber center and different axial positions for each configuration. The rotational temperatures

of N2 and D2 molecules are determined by measuring spectral line intensities with a 1.33 m

Czerny-Turner monochromator (McPHERSON, Model 209) equipped with an intensified CCD

camera (Princeton Instruments PI-MAX). The monochromator has a 2400 grooves/mm grating

giving a resolution of 0.055 nm (FWHM) at λ = 365 nm. The density of D atom is determined

by measuring emission line from D and Ar atoms with a low dispersion spectrometer (Ocean

Optics, USB4000). Those spectrometers are calibrated with an integration sphere (Gooch &

Housego, Model 455-12-1). A collimation lens collects light from the line-of-sight across the

plasma column radially through a quartz viewing window and transmits it via an optical fiber

to the spectrometer. The neutral gas pressures are measured by a Baratron gauge installed on

the reaction chamber. An Electrostatic Quadrupole Plasma [EQP] analyzer (HIDEN Analytical

Inc.) is used to take direct measurements of the ion densities. The inside of the EQP system is

differentially pumped so that the pressure within the measurement is kept under 4×10−8 Torr.

The probe head of the EQP is inserted in the chamber along the radial direction. A water cooled

cylindrical heat shield (stainless steal) covers the probe head to prevent over heating of EQP due

to the heat flux from the plasmas. The heat shield has an orifice, 1.5 mm or 3.0 mm diameter, on

the flat side facing the center of the chamber. The shield also provides magnetic-field free region

within the instrument. The entrance orifice of the EQP analyzer is located 7 mm behind from the

heat shields orifice part. A differentially pumped Residual Gas Analyzer (RGA), i.g. quadrupole

mass spectrometer, is used to determined partial gas pressures. The RGA is connected to the

chamber via a right angle valve (Vacuum Generators Ltd, Model CR38). The particle density in

RGA is proportional to the pressure in the chamber. Therefore, the RGA is calibrated with the
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pressure of each neutral gas species in the chamber measured by the Baratron gauge.

3.2 EQP Analyzer

3.2.1 Acceptance angle

The definition of the acceptance angle δ of the EQP is as the maximum entrance angle

with respect to the ion optical axis at which an incoming ion is able to enter the ESA [35].

Hamers et al. [35], O’Connell et al. [78] and others reported that the acceptance angle varies as

a function of the incoming ion energy because of the chromatic aberration effects which is the

change of focal length of the ion optics with ion energy. However, in this experiment, the ion

optics is defocused by setting all electrodes the same potential, −40 V. Therefore, the acceptance

angle can be estimated by the possible trajectories for each ion species, which only depends on

geometry inside of the EQP (fig. 2.6). The diameters of the entrance orifice and the diaphragm of

the ESA entrance are 50 µm and 2 mm, respectively, separated by 310 mm which is the length of

the drift tube. For this geometry, the estimated acceptance angle is then 0.2◦.

3.2.2 Resolution of ESA

The resolution of the ESA was determined by measuring neutral Ar gas which was then

ionized within the EQP instrument at position (B) in fig. 2.6 and transmitted to (C) while the

reference potential of the electrodes, was scanned so as to vary the energy of the detected ions.

During this procedure, the gas was held at room temperature, 0.03 eV. Its energy broadening was

small enough to be negligible comparing to the typical energy resolution of the ESA. Therefore,

the width of obtained energy scan profile then corresponds to the energy resolution of ESA

(fig. 3.3). The measurement shows the ESA resolution in our configuration is ∆E = 1.0 eV (full

width at half maximum [FWHM]). Knowing this value is important to apply the interpretation
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model in Section 2.4.1.

3.2.3 Calibration of EQP

The measured neutral gas temperatures in our plasmas are less than 0.1 eV (see Chapter 5).

It has been reported that the calculated ion temperatures at the PISCES-E chamber center are less

than 0.1 eV for Ar-N2 plasma [94]. Those neutral and ion temperatures are much less than 1.0 eV,

which is the FWHM of our EQP’s transmission factor P. Therefore, eq. (2.40) can be applied to

our case. When the ions follow the Maxwell-Boltzmann distribution, eq. (2.40) becomes

jA = n j
〈
v j
〉
/4 (3.1)

where 〈
v j
〉
=
√

8kBTj/πm j. (3.2)

Figure 3.3: The energy scan profile of Ar gas in room temperature (300 K) by RGA mode with
defocused ion optics. [1]
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By assuming thermal equilibrium between ion species, the transmission factor P is derived from

eq. (2.39) as

Pm j(Va) =
ID, j(E ′kin)

jAA
=

√
2πm jID, j(qVa)

n j
√

kBTjA
. (3.3)

Pm j can therefore be determined experimentally by measuring ID for each gas species mass m j

by using the relation n j = σ j,70 eVN j where σ j,70 eV is the cross sections of the electron impact

ionization with electron energy of 70 eV for species j [101][111], and N j is the neutral gas

density. Fig. 3.4 shows the measured transmission factors Pm j for different SEM multiplier

setting normalized by P40(Ar). During experiments, the electron energy of the electron impact

ionizer was kept constant as 70 eV, and the chamber was filled with Ar gas. The partial pressures

were monitored by RGA. For multiplier = 1900 V case (fig. 3.4(a)), the measured value of P

does not show strong dependence on species (ion mass). On the other hand, fig. 3.4(b) for

multiplier = 2500 V case shows a profile as a function of the ion mass. As a result, in the

following work those determined P is used for each experimental configuration ([A][B] multiplier

= 1900 V, [C] 2500 V).

3.2.4 Conversion of EQP signals to density fractions

When the measured ion species has Maxwell-Bolzman distribution having the peak at

potential Va, the ion density can be obtained from the EQP signal ID, j by using equation 3.3,

n j =

√
2π√

kBTjA
√

m jID, j(qVa). (3.4)

When the thermal equilibrium between ion species is assumed, the former fraction part of the

right hand side of the equation does not depend on ion species. Therefore, the ion density fraction

can be obtained as

f j =
n j

∑i ni
=

√m jID, j(Va)

∑i
√

miID,i(Va)
(3.5)
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Figure 3.4: Transmission factors measured by RGA mode for different multiplier setting. Each
transmission factor Pm is normalized by Pm of Ar. Pm does not show strong dependence on the
ion mass when multiplier = 1900 V (a), while it does when multiplier = 2500 V (b). In (b), Pm

is fitted by a quadratic function which is used to estimate Pm of other species.

When the energy scanned profile does not obey Gaussian distribution, we need another

conversion method. Expressed as a summation, eq. (2.38) is given as

I j(ε,Va) =−

(
2πqA

m2
j

)
δ
′2

∆E ′kin ∑
E ′kin

P(E ′kin−Va,m j)E ′kin fv(E ′kin). (3.6)
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Thus, the matrix form of the equation is


I j,Va=0 V

...

I j,Va=20 V

=−

(
2πqA

m2
j

)
δ
′2

∆E ′kinU(E ′kin−Va,m j) ·G(E ′kin). (3.7)

The matrix

U = (ui j) (3.8)

where

ui j = E j pi j (3.9)

which is a product of elements of the vector

E =
(
0, · · · ,E ′kin, · · · ,20

)
V, (3.10)

and the matrix

(pi j) =


P(E ′kin−Va = 0 V,m j) · · · P(20 V,m j)

... . . . ...

P(−20 V,m j) . . . P(0 V,m j)

 . (3.11)

The vector form of the distribution function

G =


fv(E ′kin = 0 V)

...

fv(20 V)

 . (3.12)

Therefore, the distribution function fv(E ′kin) can be obtained from G by calculating the inverse

matrix of U . The transmission function P is measured by experiments using the defocused ion
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optics for neutral gas species. The measured P for Ar as a function of Va is well fitted by Gaussian

function with 1.0 eV (FWHM) as shown in fig. 3.3. The ion density fraction is then calculated by

integrating the obtained function fv.

3.3 Optical Spectroscopy

We used a high resolution 1.33 m Czerny-Turner monochromator (McPHERSON, Model

209) equipped with an intensified CCD camera (Princeton Instruments PI-MAX) and a low

dispersion spectrometer (Ocean Optics, USB4000) to determine D2 and N2 rotational temperature

and the density of D atom. The monochromator has a 2400 grooves/mm grating giving a resolution

of 0.055 nm (FWHM) at λ= 365 nm. The density of D atom is determined by measuring emission

line from D and Ar atoms with a low dispersion spectrometer (Ocean Optics, USB4000).

3.3.1 Calibration

Those spectrometers are calibrated with an integrating sphere (Gooch & Housego, Model

455-12-1). The integrating sphere is a combination of a tungsten halogen lamp and spherical

cavity which inside covered with a diffuse white reflective coating. The radiance distribution

of the integration sphere given by the manufacture is shown in fig. 3.5. The distribution is fit

by the polynomial function (degree 8) in a range 350-900 nm where lines in our interest exist.

Because in this research we only use intensity ratio of spectral lines, relative intensity calibration

is performed for both spectrometers by using the integrating sphere.

3.3.2 Neutral gas temperature measurement

In this work, the neutral gas temperatures Tg is determined by measuring the rotational

temperatures of D2 molecules. T0, the rotational temperature of the ground vibrational state is

considered equal to Ttrans ∼ Tg [10][94], as is common practice in unmagnetized and weakly

48



Figure 3.5: Radiance distribution of the integration sphere given by the manufacture and its
fitting by the polynomial function (degree 8).

ionized plasmas. The rotational temperature of N2 was also measured to confirm the thermal

equilibrium between D2 and N2 molecules. Rotational temperatures of D2 and N2 are measured

by spectroscopy of the Fulcher-α diagonal band [ν′ = ν′′ = 2] of deuterium molecules and the

second-positive band from nitrogen molecules using the 1.3 m spectrometer.

For D2 molecules, only the Q-branches of Fulcher-α band emission (d3Π−u → a3Σ+
g )

existing around 614-617 nm are used because of its strong line intensities. Fig. 3.6 shows typical

spectrum of Fulcher-α band emission lines measured by the 1.3 m monochromator. To determine

line intensity by excluding background intensities, the lines are fitted with a gaussian function.

In the notations of the electronic state, first alphabetic letter corresponds to excited state of

electrons. X denotes the ground state, and then a,b,c, · · · denote the 1st, 2nd, 3rd... excited

states. The number on the first alphabets shoulder is spin multiplicity = 2S+1. Next Greek

character corresponding to the molecular term is used to refer to each value: Σ,Π,∆,Φ, · · · are

0,1,2,3, · · · . +/- symbol is the reflections symmetry. u/g represents the symmetric/antisymmetric

with respect to the inversion operator i. By supposing the relative population of rotational states

obeys Boltzmann distribution, the rotational temperature T dν′
rot of the excited state is estimated by
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linear fitting to the function of the term value Fd(J′,ν′) [cm−1]

ln

 Idν′J′
aν′′J′′λ

dν′J′
aν′′J′′

4

gJ′
asSJ′J′′

= const.−
En′,ν′,N′

kBT dv′
rot

(3.13)

where Idν′J′
aν′′J′′ is the intensity of a line with a wave length λdν′J′

aν′′J′′ ; gJ′
as is the statistical weight of the

n′,ν′,N′ ro-vibrational level; SJ′J′′ is the Hönl-London (HL) factors [64][55]. In our case (Λ = 1,

Q branch (J′− J′′ = 0)),

SJ′J′′ =
2J′+1

4
, (3.14)

and

En′,ν′,N′ = Tn′+Gν′+FN′ (3.15)

Figure 3.6: Typical Q-branch Fulcher-α band emission lines measured by 1.3 m monochromator.
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Table 3.2: Molecular constants for deuterium ground state and a Fulcher-α electronic state. [64]

State Te [cm−1] ωe [cm−1] ωeχe [cm−1] Be [cm−1] αe [cm−1]

d3Πu 112707 1678.22 32.94 15.200 0.5520
a3Σ+

g 0 3118.4 64.09 30.429 1.0492

where

Tn′ = Te, (3.16)

Gν′ = ωe

(
ν+

1
2

)
−ωeχe

(
ν+

1
2

)2

+ · · · , (3.17)

FJ′ = BJ′(J′+1). (3.18)

Here,

B = Be−αe

(
ν+

1
2

)
. (3.19)

The molecular constants used in this research are listed on table 3.2. Using the relation

T0

BX0
=

Trot(n′ν′)
Bn′ν′

, (3.20)

the rotational temperature of the ground state, T0, can be estimated from the measured rotational

temperature of the excited state, Trot.

For N2 molecules, we measure lines from the vibrational transition ν′ = 0→ ν′′ = 2

of the electronic transition of C3Πu→ B3Πg of the N2 spectrum of the second positive system

(SPS) corresponding to the wavelength range between 377.24 nm and 380.75 nm with Z = 70

(number of considered wavelength channels of the measured spectrum) [85][14]. The rotational

distribution of the X1Σg ground state is unchanged even after electron impact excitation since the

electron is too light to change the rotational momentum. Therefore, the line intensity from the
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Table 3.3: Molecular constants of nitrogen excited states [Krames:1999]

p Be [cm−1] α [cm−1] De [cm−1]

B3Πg 1.63772 0.01816 0.00000584
C3Πu 1.82677 0.024 0.00000511

excited state C3Πu keeping the rotational distribution is given as

Ip′ν′J′

p′′ν′′J′′ ∝

(
λ

p′ν′J′

p′′ν′′J′′

)−3
SJ′

J′′ exp

(
− EJ′

rot

kBT ν′
rot(C3Πu)

)
≡ IJ′

J′′ (3.21)

where SJ′
J′′ is the HL factor for N2 [91],

SJ′
J′′=J′+1 = 6(J′+1)−10/(J′+1) (P branch) (3.22)

SJ′
J′′=J′ = 10/J′+10/(J′+1) (Q branch) (3.23)

SJ′
J′′=J′−1 = 6J′−10/J′ (R branch) (3.24)

and

EJ′
rot = BνJ′(J′+1)−DeJ′2(J′+1)2. (3.25)

Here,

Bν = Be−α(ν+1/2). (3.26)

Table 3.3 shows molecular constants of nitrogen excited states used to determine the N2 rotational

temperature. The calculated spectrum (P, Q, R branches for J′ = 1−70) which would be observed

by the monochromator as

Ic
x (λx) = ∑

P,Q,R

70

∑
J′=1

f
(

w,λx,λ
J′
0,J′′

)
IJ′
J′′

(
λ

J′
0,J′′ ,T

N2
rot

)
(3.27)
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where the mathematical description of line broadening caused by the spectrometer,

f
(

w,λx,λ
J′
0,J′′

)
=

√
4ln2
πw

exp
[
−4ln2

w2

(
λx−λ

J′
0,J′′

)2
]
, (3.28)

w is the line width in FWHM, λx is the spectrometer wavelength, λJ′
0,J′′ is the theoretical wave-

length position of the observed rotational line. Therefore, eq. (3.27) includes three free parameters

T N2
rot (C

3Πu), w, and λJ′
0,J′′ which could be determined by fitting the observed spectrum with the

calculated spectrum (eq. (3.27)). For fitting, the least-squares method is used to minimize the

function

χ
2
(

T N2
rot ,w,λ

J′
0,J′′

)
=

Z

∑
x=1

[
Im
x /Im

max− Ic
x/Ic

max

(
T N2

rot ,w,λ
J′
0,J′′

)]2

Im
x /Im

max
, (3.29)

where ‘m’ denotes the measured experimental value and Imax is the maximum value of the

spectrum so that Ix/Imax is the normalized intensity. Using a similar relation with eq. (3.20),

T ν=0
rot (X1

Σ
+
g ) =

Bν=0(X1Σ+
g )

Bν′=0(C3Πu)
T ν′=0

rot (C3
Πu), (3.30)

we can finally determine the rotational temperature of the N2 ground state.

3.3.3 Wall loss probability β determination

In the global model, the wall loss probability β for radicals except D are supposed to

be 0.99. Yet in some articles, it is suggested that this assumption is not always true [4]. For

example, Singh et al. [95] found that the loss probability β of the N radical is 0.14. However,

this difference of β does not change the calculation results significantly for the conditions of our

experiments because the radical species densities are small enough to ignore their contributions

in the volumetric reactions. On the other hand, the density of deuterium atom is relatively high so

that β of D, βD, can affect calculation results. Therefore, the D wall loss probability, βD, for our

experimental configuration was experimentally determined. The possible dominant source and
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loss processes of D atom are the electron impact dissociative ionization of D2 molecules and the

wall loss, respectively. Thus, the rate equation of the D density is given by

∂nD

∂t
= 2nD2neKdiss(Te)−nDνwD. (3.31)

By supposing steady state, the equation can be solved for the wall frequency

νwD =

(
nD

nD2

)−1

2neKdiss(Te). (3.32)

Hence, by substituting eq. (2.20), βD can be determined using the measured dissociation degree

nDnD2 and electron density ne. It should be noted that nD2 is for the plasma OFF phase and nD is

for the plasma ON phase. The dissociation degree of D can be determined by actinometry [99]. In

this technique the spontaneous emissions line intensity of D (486 nm (Dβ)) and another actinomer

species are measured. In this research, He (501 nm) is used as another actinomer. This method

assumes the corona equilibrium where the collisional excitation is balanced by radiative decay.

Under this assumption, the line intensity can be expressed as a function of the ground state

population density n1

Ii j = n1nek1i
Ai j

∑l<i Ail
= n1nekeff

1i (3.33)

where k1j is the electron impact excitation rate coefficient, Aij is Einstein A coefficient, and keff
1i is

effective the effective rate coefficient. Then, the density of deuterium atom is represented as

nD =
IDβ

nekeff
Dβ

=
IDβ

nekeff
Dβ

nHenekeff
He

IHe501

(3.34)

=
IDβ

IHe501

keff
He

keff
Dβ

nHe. (3.35)

Therefore, by measuring the line intensities of D and He atoms, IDβ
and IHe501 , the dissociation

degree can be estimated.

54



3.3.4 Actinometry

An actinometry method is used to determine the partial pressure of D atom, PD, as an

input parameter of the rate equation model. In this technique, the spontaneous emission line

intensities of D [486 nm (Dβ)] and Ar [750 nm] are measured [100]. The model employed in

this method assumes corona equilibrium where collisional excitation is balanced by radiative

decay because due to low electron density the probability of electron impact de-excitation

processes is much lower than by spontaneous emission. The maximum in our experiment is

ne ∼ 1018 m−3 ∼ 10−2× n0 in which the corona equilibrium can still be assumed. Under this

assumption, the line intensity can be expressed as a function of the ground state population density

n1

Iij = n1neK1i
Ai j

∑l<i Ail
= n1neKeff

1i , (3.36)

where K1i the electron impact excitation rate coefficient, and Ai j is Einstein A coefficient. There-

fore, the ratio of the ground state atom density nD/nAr is obtained by measuring the line intensities

of D and Ar, IDβ
and IAr750 . By measuring nAr (RGA), nD can then be determined. The direct

excitation rate coefficient of D and Ar are taken from [46][23], respectively. A coefficients for

each species are taken from NIST Atomic Spectra Database [76].

3.4 Calibration of RGA

The neutral gas pressure is measured by the differentially pumped residual gas analyzer

[RGA]. The RGA is connected to the chamber via a right angle valve. While a right angle valve

is fully closed, there was still flux into the RGA from the chamber due to slight leak of the valve.

We use this setting during the experiment to keep the pressure in RGA lower than 10−5 Torr.

Because the RGA pressure is proportional to the pressure in the chamber, the calibration factor

can be obtained by comparing RGA pressure and the chamber pressure measured by Baratron
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Figure 3.7: Typical I-V characteristic measured by the single tip probe.

gauge. In equation, the calibration factor

fRGA = PBaratron/PRGA. (3.37)

3.5 Langmuir Probe

The single-tip Langmuir probe is used to measure the electron density and temperature.

The probe tip is cylindrical shape, 0.6 mm diameter and 2.2 mm length. While the probe tip is

inserted into the probe, the input voltage is swept with 5 Hz and the output current is measured.

Using the I-V characteristics obtained, plasmas parameters can be determined. Figure 3.7 shows

a typical I-V profile obtained by the single tip probe. This I-V profile can be categorized to 3

sections. The ion saturation region is the first range below Vf, the potential at which an isolated

probe that cannot draw a current will sit. When the probe bias voltage V � Vf, the negatively

biased probe repels electrons and attracts ion so that the probe current is dominated by the ions.

As the bias voltage is raised above Vf, the probe current changes sign due to the collection of
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plasma electrons and reaches the plasma potential Vs at which the probe has the same potential

with the plasma. This range between Vf and Vs, is called the electron repelling region in where

Ip is mainly determined by the electrons because of their high mobility. In the range Vp > Vs,

the probe current begins to saturate. This range is called the electron saturation current. In this

research, Vs is defined as the intersection of strait lines drawn tangent to the electron repelling

region and tangent to electron saturation region.

In the electron repelling region, the probe current can be given as

Ip = Ies exp

(
e
(
Vp−Vs

)
kBTe

)
(3.38)

where the Ies is the electron saturation current. Taking logarithm and derivative to eq. (3.38),

d ln
(
Ip
(
Vp
))

dVp
=

e
kBTe

(3.39)

Therefore, fitting a linear function to Ip plotted on a natural log scale, the electron temperature

Te can then obtained by the slope. However, Ip includes ion current even if it is tiny amount

compared to the electron current. Then the extrapolated ion current, which is fitted with the ion

current in the ion saturation current, is subtracted from Ip during analysis.

On the other hand, in the ion saturation current region, supposing ions follow the Maxwell-

Boltzmann distribution, the current is given by

Iis = exp(−1/2)neeACs = 0.61neeA

√
kBTe

meff
(3.40)

where A is the surface area of the probe tip. Thus, by substituting Te determined by eq. (3.39), the

electron density ne is also determined. The effective ion mass meff is determined by using the ion
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species density measured by the EQP into the following equation

meff =

[
∑ j
√m j jPM, j,rel

∑ j jPM, j,rel

]2

(3.41)

where jrel is the ion current fraction measured by the calibrated EQP.
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Chapter 4

Molecular Assisted Recombination in H-N

plasmas

4.1 Hydronitrogen Molecular Assisted Recombination

In the divertor region with nitrogen seeding, a MAR process mediated by the ammonia

molecules can occur via a process similar to that of the hydrocarbon-enhanced MAR [HC-MAR]

(Chapter 2). The new MAR process enhanced by the ammonia was originally proposed, and

named Hydronitrogen Molecular Assisted Recombination [HN-MAR] in our first paper [1].

The HN-MAR process is initiated with charge exchange (CX) reactions forming NH+
3

H++NH3 → H+NH+
3 (4.1)

H+
2 +NH3 → H2 +NH+

3 , (4.2)

or H+ exchange reactions forming NH+
4

H+
3 +NH3→ H2 +NH+

4 , (4.3)
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These CX reactions are then followed by the dissociative recombination (DR) process of NH+
3

with electrons

NH+
3 + e− → NH+2H, (4.4)

NH+
3 + e− → NH2 +H. (4.5)

or the DR process of NH+
4 with electrons

NH+
4 + e− → NH3 +H, (4.6)

NH+
4 + e− → NH2 +2H. (4.7)

Fig. 4.1 shows rate coefficient data related to the reactions above (eqs. (4.1)-(4.7)) as a function of

electron temperature. The rate coefficients for CX reactions (4.1) and (4.2), and the H+ exchange

reaction (4.3) are taken from a compilation by Anicich [6][7], which summarizes a collection

of experimentally determined rate coefficients for ion-molecular reactions. We have to note

that, because these coefficients were measured only in room temperature and those electron

temperature dependence have not been studied, the profiles shown are flat. Higher electron

temperature would enhance the charge exchange reaction, because it excites electron state in

molecules. The experimental error of these coefficients are within 10%. Then coefficients

could be higher than shown values in this electron temperature range. The rate coefficients of

DR processes (4.4)-(4.7) were also experimentally obtained [17][25][109]. Those experimental

methods were summarized briefly in Chapter 3; descriptions of these techniques have been given

in the cited articles.

Fig. 4.1 also shows the reactions for the electron impact ionization of NH3, and EIR

of hydrogen atoms/molecules. In fig. 4.1(a), the direct electron-ion recombination process of

NH+
3 (eq. (4.4)) is 5-10 times faster than the charge exchange process of H+ and H+

2 with NH3
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Figure 4.1: Rate coefficients related to neutralization process of H+, H+
2 , and H+

3 , and recombi-
nation processes of NH+

3 and NH+
4 with electrons as a function of electron temperature. [1]

(eqs. (4.1)-(4.7)), which is supposed to initiate the reaction above. Therefore, when there is an

abundance of electrons, NH+
3 ions immediately recombine with electrons after its formation by

CX reactions. In other words, the CX reactions determine the rate of reactions (4.1), (4.2), (4.4),

and (4.5). The rate of the H+
2 recombination process with electrons is lower than CX reaction

rate of (4.2) for the range of Te shown in the figure. The intersection of the rate coefficient of

the direct electron impact ionization of NH3 with CH reaction (4.1) and (4.2) occurs at 7−8 eV.
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Therefore, the processes described by reactions (4.1), (4.2), (4.4), and (4.5) dominate the NH+
3

and NH+
4 kinetics for Te up to 7−8 eV. Fig. 4.1(b) shows the dissociative recombination of NH+

4

(eqs. (4.6) and (4.7)) which is 5−10 times faster than the H+ charge exchange reaction (4.3) of

H+
3 with NH3. The rate of the direct recombination process of H+

3 with electrons shown in the

figure becomes faster than the reaction (4.3) when Te is larger than 3 eV, H+ exchange reaction

is probably comparable with DR reaction in a higher Te range because NH3 density is usually

higher than electron density in a weakly-ionized plasma. Thus, the DR reactions (4.6) and (4.7)

occur consequently after the reaction (4.3) in the Te range of few eV.

4.2 Efficiency of HN-MAR in Tokamak divertor plasmas

The calculated loss rates are shown in fig. 4.2 for the rate determining step of those MAR

processes, D+ or H+ due to HN-MAR, H-MAR for D+, and EIR for H+, so accordingly it

represents the efficiency of those MAR processes. Here we show rates of deuterium because it

is fusion relevant species. Those rates are given for ITER-relevant plasma parameters such as a

plasma density of ne = 1019 m−3 supposing ne = nD+ = 0.1n0 for several density fractions of ND3

and D2 as a function of the electron temperature. The equations for the loss rates of HN-MAR,

H-MAR, and EIR(H+) are nD+nD2kH−MAR [59], nD+nND3kHN−MAR [7], and nH+nekEIR [30],

respectively. It has been reported that D/(D+N) ratio is in the range 90-99% in the ITER

divertor [105]. The partial pressure fraction of ammonia observed in the ASDEX-Upgrade

tokamak is up to 8% of the injected nitrogen [75]. Using the ITER-relevant parameters, we then

estimate that for an ND3 fraction fND3 = 1%, the loss rate of HN-MAR exceeds the loss rate

of H-MAR in a range Te < 1.5 eV and 4 eV < Te. In the case where fND3 = 5%, the HN-MAR

loss rate becomes larger than the H-MAR loss rate in the entire range of Te. We note that a

ND3 fraction of larger than 5% could be achieved by directly injecting ND3, instead of injecting

N2 and then relying on subsequent reactions within the divertor region to produce ND3. These
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estimates then show that the HN-MAR processes should be relevant and perhaps even dominate

the recombination in detached divertor plasmas that use N injection.

4.3 Investigation of HN-MAR in PISCES-E device

The HN-MAR process i.e. reactions in eqs. (4.1)-(4.7) are investigated using PISCES-E

RF discharges using fusion relevant species D instead of H. Besides general arguments about

hydrogen isotopes, notation D is used to discuss experimental and calculation results in further

chapters. Direct measurement of signatures from those reactions (line emission etc.) is not

practical. Therefore, the reactions in the plasmas are studied by comparing molecular ion density

fractions measured by the EQP (Chapter 3) with results from the global model (Chapter 2) for

a wide range of plasma conditions. Chapter 5 provides initial experimental results obtained for

Figure 4.2: Loss rates of D(H)+ due to HN-MAR, H-MAR for D+, and EIR for H+. Rates are
given for a plasma density of ne = 1019 m−3 supposing ne = nD+ = 0.1n0 for several density
fractions of ND3 and D2 as a function of the electron temperature. [1]
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relatively low plasma densities and provides the first evidence for the first step in the HN-MAR

reaction sequence. Those results also then provide a testable prediction: If the plasma density

can be raised to high enough values, then volumetric recombination will begin to dominate wall

losses in the overall particle balance. Chapters 6 and 7 then describe follow-on experiments in

which we produced sufficiently high plasma densities. The results then provide support for the

onset of recombination mediated by the HN-MAR processes. Chapter 8 then provides a summary

of the main findings, and provides suggestions for future work.
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Chapter 5

Neutralization processes of

atomic/molecular deuterium ions assisted

by ND3 in low density D2-N2 plasmas

5.1 Introduction

The foregoing discussion in Chapter 4 proposed that N injection into D plasmas can

lead to recombination via a two-step process. In the first step, ammonia molecules formed as a

consequence of the N injection interact with the plasma to form ammonia-based molecular ions.

Then, in the second step these molecular ions recombine with plasma electrons, resulting in the

release of an ammonia molecular back into the plasma (i.e. the ammonia is recycled and thus

is a catalyst), and the elimination of a free electron. The net result is then a loss of D ions and

free plasma electrons. In this chapter, the first step in this process, i.e. the formation processes

of ND+
3 and ND+

4 are investigated in D-N plasmas as the initial step of this new recombination

process in plasma discharges. In this chapter, the plasmas were formed with the PISCES-E device

setup with configuration [A] (Chapter 3) and systematic scans of the neutral gas pressure ratio,
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D2/N2 were carried out at fixed plasma power input and total fill pressure. The partial pressure

fractions of neutral and ionized molecular fractions were measured by a calibrated electrostatic

quadrupole plasma analyzer inserted into the D-N plasma using the techniques described in

previous chapters. The results show the formation of ND3 in a discharge fueled by a combination

D2 and N2. The total neutral pressure is kept constant as 10 mTorr while the partial pressure

of the D2/N2 mixture is changed. A low-power (500 W) RF discharge is used to create the low

density, low temperature plasma. The typical plasma parameters are ne ∼ 1016 m−3 and Te ∼ 3

eV while the background gas temperature Tg = 390−470 K. Ion density fractions calculated by

a rate equation model including source and loss processes of each ion species are compared to

these experimental results. We find that the model can reproduce the observed ion densities in

the plasma. Model calculations suggests that the dominant neutralization processes of D+, D+
2 ,

and D+
3 are electron charge exchange or D+ exchange process forming ND+

3 or ND+
4 as final

products, and confirm the chemical kinetics of the first step in the HN-MAR process.

5.2 Results

5.2.1 Thermal equilibrium between D2 and N2

Both D2 and N2 rotational temperatures are measured to make sure that there is thermal

equilibrium between both for a plasma ( fN2 = 43%, Ptotal = 3 mTorr) discharged in configuration

[A] (Chapter 3). As described in Chapter 3, the rotational temperature of D2 molecules was

determined by using Q-branches of Fulcher-α band emission (d3Πu→ a3Σ+
g ) existing around

614− 617 nm. The resulting Boltzman plot is shown in fig. 5.1, which is a logarithm plot of

d-state populations divided by the nuclear-spin and rotational statistical weights as a function

of the total energy. The linear fit to the plot gives T0 = 360 K. Fig. 5.2 shows measured and

calculated spectrum of the transition of the second positive system (ν′ = 0→ ν′′ = 2) of N2

normalized by the peak intensity at λ = 380.66 nm. The fitted spectrum, reproducing a kink at
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Figure 5.1: Boltzman plot - logarithm plot of d-state (excited state) populations divided by the
nuclear-spin and rotational statistical weights as a function of the total energy for fN2 = 43%
(Ptotal = 3 mTorr) plasma using configuration [A] (table 3.1). [1]

Figure 5.2: Measured and calculated spectrum of the transition ν′ = 0→ ν′′ = 2 of the second
positive system (d3Πu→ a3Σ+

g ) of N2 normalized by the peak intensity at λ = 380.66 nm for
fN2 = 43% (Ptotal = 3mTorr) plasma using configuration [A]. The fitted spectrum reproduces a
kink at 380.4 nm and a tail shape in lower wavelength range. [1]
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380.4 nm and a tail shape in lower wavelength range, gives T0 = 370 K. Those temperatures

of D2 and N2 show quite good agreement. Therefore, in this research, a thermal equilibrium

between both gas species is assumed so that the rotational temperature T0 of D2 is used as an

input parameter, Tg, in the model.

5.2.2 Wall loss probability

The wall loss coefficient for D atom, βD, is determined by spectroscopy method mentioned

in Chapter 3 for the plasma [Te = 3.9 eV, ne = 5.1×1015 m−3, Tg = 410 K] using the configura-

tion [A] with special input gas setting PD2 = 9 mTorr and PHe = 1 mTorr. Estimated dissociation

degree by spectroscopy was nD/nD2(off) = 0.035. By substituting this value to eq. (2.20), we found

βD = 0.14. This value has been used in our global chemical kinetics modeling. In an article [100],

determined βH for aluminum wall with Tg = 450 K was βH = 0.07± 0.03. However, we note

that the anodized aluminum used in our vacuum vessel has microscopic pores on its surface

(fig. 5.3). This structure can make actual surface area larger than the flat surface case. Therefore,

the determined wall loss coefficient, i.e. sticking coefficient, βD = 0.14, which is larger than pure

aluminum wall case, seems reasonable.

Figure 5.3: Schematic figure of surface structure of the anodized aluminum surface with pores.
Typical pore diameter is 0.01−0.03 µm. [27]
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Figure 5.4: Partial pressure fractions of neutral gas measured by the RGA during plasma on
(solid) and off (dashed) phase as a function of fN2 for plasma off phase. [1]

5.2.3 Ammonia formation

Fig. 5.4 shows the partial pressure fractions f j of D2, N2 and ND3 measured by the RGA,

where j corresponds to each species, during plasma ON and OFF phase as a function of the N2

partial pressure fraction fN2 measured when the plasma is off phase. Note that the horizontal axis

is logarithmic in scale. N2 partial pressure fraction is varied from 0.2% to 29% during plasma

OFF phase. The figure clearly shows the evidence of formation of ND3 during the plasma ON

phase. fND3 increases from 0.3% to 8.3% as the input fN2 gas is increased from 0.2% to 29%.
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5.2.4 Ion concentration

Fig. 5.5 shows measured and calculated ion density fractions as a function of partial

pressure fN2 . The ion fractions of ND+, ND+
2 , and N+ are not plotted in the figure, due to the

observed very small fractions (< 0.01) for these species across the range of conditions of this

experiment. As the N2 partial pressure during plasma OFF phase, pD2(off), varied from 0.02 to

2.9 mTorr (ptotal = 10 mTorr), when the discharge was then ignited the plasma density increased

from 1.1×1016 to 3.9×1016 m−3. The gas temperature also increased from 390 to 470 K. The

modeled molecular concentrations show good quantitative and qualitative agreement with the

measurements especially for the dominant ion species D+
3 , ND+

3 , and ND+
4 . In fig. 5.5(a), the ion

species, D+
3 , is shown to be the dominant D-containing ion species for a D partial pressure in the

range of 0.02≤ pD2 ≤ 0.23 mTorr, while the total pressure was kept 10 mTorr. The main creation

process of D+
3 would be D+

2 +D2→ D+
3 +D which is also the main volumetric loss channel of

D+
2 . The possible creation process of D+

2 is the electron impact ionization of the background gas

D2. The main loss channel of D+
3 would be the D+ exchange reaction with N2/ND3 as well as

wall losses. Therefore, the fraction of D+
2 and D+

3 is expected to decrease when the D2 partial

pressure decreases. This trend can be seen in fig. 5.5(a). For the dominant molecular ion species

D+
3 , ND+

3 , and ND+
4 the model also shows quantitative agreement with the EQP measurements.

The calculated electron temperatures Te ∼ 3 eV is in reasonable agreement with the measured

electron temperature Te,exp ∼ 3.8± 0.5 eV (fig. 5.6). Thus the model accurately predicts the

density of ND+
3 , and ND+

4 , which are the two species that are thought to play a key role in causing

plasma recombination in mixed D2-N2 plasmas.
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Figure 5.5: Measured and calculated ion density fractions as a function of the N2 partial pressure
fraction for (a) D+, D+

2 , D+
3 , (b) ND+

3 , ND+
4 , and N2D+. [1]

71



Figure 5.6: Electron temperatures and its densities as a function of fN2 for plasma off phase. The
error bar ±0.5 eV of the electron temperature measured by the Langmuir probe is empirically
obtained. [1]

5.3 Model calculation results about formation process of ND+
3

and ND+
4

In this section, the global chemical kinetics model (global model) is used to examine

the formation process of ND+
3 and ND+

4 . The calculated rates of processes showing minor

contribution for production are excluded from the figures for clarity.

5.3.1 Loss processes of D+, D+
2 , and D+

3

Fig. 5.7 shows the calculated loss processes of the deuterium atomic/molecular ions.

According to fig. 5.7(a), the main D+ loss path for pN2/ptot > 3% is the charge exchange reaction

with ND3,

D++ND3→ D+ND+
3 (5.1)
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Figure 5.7: Calculated loss processes of (a) D+, (b) D+
2 , and (c) D+

3 [1]
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which is identical with the reaction eq. (4.1). Fig. 5.7(b) shows

D+
2 +D2→ D+

3 +D (5.2)

as the main loss process for D+
2 . The charge and D+ exchange reaction with ND3 and N2 are

listed as the second and third loss processes respectively,

D+
2 +ND3 → D2 +ND+

3 , (5.3)

D+
2 +N2 → D+N2D+. (5.4)

Eq. (5.3) is identical with the reaction eq. (4.2). The model calculations predict that the latter

reaction (eq. (5.4)) becomes dominant when fN2 > 25%. For D+
3 (fig. 5.7(c)), the main loss

channel for pN2/ptot > 0.5% is the D+ exchange with ND3

D+
3 +ND3→ D2 +ND+

4 (5.5)

which is identical with the reaction eq. (4.3). Another significant loss process with N2 is

D+
3 +N2→ D2 +N2D+ (5.6)

which becomes a dominant process when fN2 > 5%. Therefore, the dominant volumetric loss

processes, i.e. neutralization processes of D+, D+
2 , and D+

3 , form ND+
3 , ND+

4 , and N2D+.

5.3.2 Loss process of N2D+

Fig. 5.8 shows calculated loss frequencies of N2D+. The wall loss reaction is the main

loss process in low N2 partial pressure condition. However, the D+ exchange reaction with ND3,
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N2D++ND3→ N2 +ND+
4 (5.7)

is the dominant loss process when fN2 > 2%. It means that neutralization processes of D+
2 and

D+
3 mainly forms ND+

3 and ND+
4 as a consequence.

5.3.3 Formation processes of ND+
3 and ND+

4

Fig. 5.9 shows the calculated formation rates of ND+
3 and ND+

4 . In fig. 5.9(a), we see that

the dominant creation process of ND+
3 is the direct electron impact ionization process,

ND3 + e−→ ND+
3 +2e−. (5.8)

The charge exchange reaction (eq. (5.3)) also contributes 20−30% of the total ND+
3 production

rate. The charge exchange reaction (eq. (5.1)) is also the third channel (∼ 10%) of the ND+
3

production. On the other hand, in fig. 5.9(b), we see that the main creation process of ND+
4 is the

Figure 5.8: Calculated loss frequency of N2D+. When fN2 > 2%, the main loss process is the
D+ exchange reaction with ND3. [1]
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Figure 5.9: Calculated production rate of (a) ND+
3 and (b) ND+

4 as a function of N2 partial
pressure fraction. [1]

D+ exchange reaction (eq. (5.5)) in the range where fN2 < 10%. In this range, the D+ exchange

reaction of N2D+, eq. (5.7) and

ND+
3 +ND3→ ND2 +ND+

4 (5.9)

are the secondary production paths. When fN2 > 10%, those two reactions become dominant

source reaction. Therefore, for the condition fN2 < 10%, it can be said that formation amount of
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ND+
4 would mainly dependent on D+

3 while ND+
3 would be formed through complex path ways

not only related to D+ and D+
2 species.

5.4 Evidence of HN-MAR 1st step

The above results provide a testable prediction. In particular, the results shown in fig. 5.9(b)

suggest that the formation process of ND+
4 is dominated by eq. (5.5) and so the density of ND+

4

should be positively correlated to the density of D+
3 when the density of ND3 is kept constant.

In order to test this expectation, we carried out an experiment in which ammonia was directly

injected into D2 fueled discharges where the total pressure, ammonia partial pressure and ne were

kept constant at Ptotal = 10 mTorr, PND3 = 0.3 mTorr and ne = 2×1016 m−3 respectively. In this

experiment PN2 = 0.04 mTorr was an order-of-magnitude lower than PND3 , and so the reactions

involving N2 can be neglected. During this experiment the measured Te only increased from 4.4

to 4.8 eV as the input power increased from 1500 to 3000 W. According to eq. (2.11), the density

of ions is inversely proportional to the wall loss which is proportional to the square root of Te

(eq. (2.21)) and so the estimated ion wall loss rate due to increased Te only changes by a factor√
Te,3000 W/Te,1500 W ∼ 1.04. Thus in this low plasma density configuration, ND+

3 and ND+
4 are

mainly lost onto the wall at a rate that does not change appreciably with heating power, and so

the loss frequency of ND+
3 and ND+

4 can be considered nearly constant. Figure 5.10 shows the

experimentally measured ion density fractions of ND+
4 for D2 plasmas with a fixed ND3 seeding

plotted vs. the RF power input.The results show that the fraction of D+
3 density decreases from

63% to 50% with increasing of input power as the fraction of ND+
4 also decreases more than half,

from 12% to 5% - and thus the two are positively correlated as predicted. On the other hand,

according to the results in fig. 5.9, the formation process of ND+
3 includes several reactions. In

particular, while the direct electron impact ionization is the dominant source, other processes

show comparable contributions to ND+
3 production. As a result, the fraction of ND+

3 in fig. 5.10

77



Figure 5.10: Measured ion density fractions of ND+
4 as a function of the fractions of D+

3 under
Ptot = 10 mTorr, ne = 2×1016 m−3, Te = 4.5 eV, and PND3 = 0.3 mTorr. [1]

does not show positive correlation with the fractions of D+ and D+
2 , which increasingly can

form ND+
3 through eq. (5.1) and (5.3) as the input power is increased. This experimental result

qualitatively supports the proposed ND+
3 and ND+

4 formation processes outlined in fig. 5.9.

5.5 Conclusion

In conclusion, the neutralization process of the deuterium atomic and molecular ions

is thought to occur by the formation of ND+
3 and ND+

4 molecular ions via charge exchange

reactions with ND3. Fig. 5.11 shows a comprehensive cartoon model diagram of the dominant

loss reactions of ions for the D2-N2 plasmas, based on the results from our modeling. The direct

wall loss reactions of D+, D+
2 , and D+

3 are excluded. For the range of fN2 explored in this work,

D+ are mainly lost by neutralization processes throughout the electron and D+ charge exchange

reactions with ND3 (see fig. 5.7(a)). For fN2 < 10% configuration, D+
2 is mainly converted to

D+
3 due to charge exchange reaction with D2. D+

3 is subsequently converted to ND+
4 through

two dominant paths. First, the D+ exchange process of D+
3 with ND3 produces ND+

4 , and the

78



Figure 5.11: Schematic description of loss processes of D+, D+
2 , and D+

3 for fN2 < 10% (solid)
and > 10% (dashed). The direct wall loss reactions of D+, D+

2 , and D+
3 are not shown here.

Arrows correspond to a path having rates larger than 10% of the total loss rate of each species. [1]

evidence of this process is observed experimentally (Section 5.4). Second, D+
3 is neutralized by

D+ exchange reaction with N2. The resulting N2D+ ion undergoes another D+ exchange reaction

again with ND3, and finally ND+
4 is produced. For fN2 > 10% configuration, D+

2 is also converted

to N2D+ by D+ exchange with N2 besides forming D+
3 . D+

3 is neutralized by a dominant path to

N2D+.

Summarizing this chapter, we found that the main neutralization process of D+, D+
2 ,

and D+
3 involves CX with ammonia, ND3, producing ND+

3 and ND+
4 in the weakly ionized

D-N plasma. This process is the first step of the new HN-MAR process (eqs. (4.1)-(4.3)). In

this experiment, electrons are mainly lost onto the chamber wall due to low density electrons.

However, model calculations suggest that the electron-ion recombination process of ND+
3 and

ND+
4 (eqs. (4.4)-(4.7)) will exceeds the wall loss when high density plasma, namely, ne >

1017 m−3. Therefore, to observe this second step in the HN-MAR recombination process, the

high density plasma has to be used. In next chapter, the results about these experiments are

reported.
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Chapter 6

Hydronitrogen Molecular Assisted

Recombination (HN-MAR) processes in

ammonia seeded deuterium plasmas

6.1 Introduction

The previous chapter provided experimental and modeling results that focused on the

formation processes of ND+
3 and ND+

4 , which form the first step in the HN-MAR two-step

recombination process. Those experiments were intentionally carried out at a low densities,

ne < 1016 m−3 in order to avoid the second step in the HN-MAR process. That study provided

evidence that ammonia molecules formed upon injection of N into D-containing plasmas play

the key role in the HN-MAR process. This finding then suggested the question: What happens if

we simply directly inject ammonia into D-containing plasmas, and thereby skip the formation

of ammonia within the discharge? In this chapter, we use higher plasma density of up to

ne ∼ 3×1017 m−3 to investigate the volumetric recombination scheme of the HN-MAR for ITER

relevant plasma detachment operation. Working at this higher plasma density allows us to see the
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importance of the electron impact recombination reactions which is negligible compared with the

wall loss reaction in low density plasmas. The formation and destruction processes of intermediate

products of HN-MAR, namely ND+
3 and ND+

4 , are investigated in plasmas formed in D-ND3-Ar

mixtures. The ion density fractions measured by a calibrated electrostatic quadrupole plasma

analyzer is compared with a rate equation model to obtain detailed chemical processes in the

plasmas. The flow rates of injected gasses, D2, ND3, and Ar are kept constant while the density of

neutral gas species is measured by a residual gas analyzer. When the RF input power is scanned

from PRF = 500− 3300 W, the plasma parameters vary from ne ∼ 4× 1015− 3× 1017 m−3,

Te ∼ 2.5 eV, and Tg = 390−910 K. An actinometry method using D and Ar emission lines gives

the deuterium dissociation degree nD/(2nD2 +nD) = 4−19%. As increasing the plasma density

above ne > 1017 m−3, the EQP measured decreasing of ND+
4 density fraction. We found this

phenomenon would be the evidence for the dissociative recombination reactions in the HN-MAR

process.

6.2 Description of Experiment

The PISCES-E device was put into configuration [B] (Chapter 3) for these experiments

in this chapter. The input power is scanned from 500 W to 3300 W in this experiment while

the reflected power is less than 1% of input power. Ar is additionally injected with D2 and ND3

to realize the high density plasmas up to ne ∼ 1017 m−3. Partial pressures of each gas species

during plasma OFF phase are pD2 = 10 mTorr, pND3 = 0.2 mTorr, pAr = 10 mTorr. The two

magnetic coils are centered on and surround the double loop antennas. Two other magnet coils

are located directly below and centered on the chamber. Those coils make a magnetic field in the

same direction. Operating the top coils with the current 50 A and the bottom coils with 120 A

creates a magnetic field of 25 gauss at the center of the belljar, and 30-40 gauss at the entrance

orifice of the EQP (fig. 6.1). The density of D atom is determined by measuring emission line
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Figure 6.1: Calculated magnetic field for configuration [B] along z axis.

from D and Ar atoms with a low dispersion spectrometer. The heat shield used to protect the

mass spectrometer head from these higher density plasmas had a 1.5 mm diameter orifice.

6.3 Rate equation model

The model used in this paper is identical with one used in previous Chapter 5 [1] with

the addition of equations to describe the chemical kinetics of Ar-containing species (including

meta-stable argon species). Those coefficients are listed in tables 2.1-2.7. The coefficients for the

most of the Ar species are taken from [97] except for the recombination processes,

Ar++ e−→ Ar (6.1)

taken from [49] and

ArH++ e−→ Ar+H (6.2)
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Figure 6.2: Radial profile of plasma parameters Te and ne of 1500 W plasma at z = 130 mm.
Both parameters drop for r = 100 mm, and ne around chamber wall becomes less than a half of
the centeral location parameters

taken from [17].

6.4 Parameter measurements

6.4.1 Radial plasma profiles

Fig. 6.2 shows a radial profile of plasmas parameters Te and ne of 1500 W plasma at

z = 130 mm. It is seen that both parameters drop for r > 100 mm, and become less than a

half of the central location parameters around the chamber wall. The effective wall loss rate

X i
loss = nb,iνwi is used in the model instead of eq. (2.14), where nb,i is the ion density near the

chamber wall region and

νwi =
A
V

ub, (6.3)

the wall loss frequency, in which ions are assumed to enter the sheath region with the Bohm

velocity ub. As it can also be seen in fig. 6.2, the plasma density around the chamber wall is
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Figure 6.3: Energy scan profiles of D+
3 , ND+

4 , and ArD+ in a plasma discharged by 3300 W
input power. The profiles show broad and bi-modal function especially for light species.

about 1/3 of the center value. Therefore, we assume nb,i = nc,i/3 in the model to estimate the wall

loss rate where c notes a parameter at center. It should be noted that the rate coefficients of ion-

molecular reactions are mainly obtained by experiments at room temperature while the Tg range

is 390−910 K in experiments. However, this will not affect the rate coefficients significantly

because almost of those coefficients are not function of Tg (see Section 2.3 and tables 2.1-2.7).

6.4.2 EQP signals

Fig. 6.3 shows energy scan profiles of I j for different ion species in a high power plasma

(Pinput = 3300 W). In our apparatus, for high power plasmas > 1500 W, a broad and bi-modal

profile is observed, similar to results reported elsewhere [11]. This type of profile can be explained

by recognizing that the EQP is measuring the time-averaged potential, while the instantaneous

plasma potential likely experiences a sinusoidal oscillation of about 6-8 V due to weak capacitive

coupling between the RF antenna and the plasma discharge. The actual instantaneous distribution

function is most certainly a Maxwell-Boltzmann distribution with an ion temperature in the range
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Figure 6.4: Density of neutral gas measured by a calibrated RGA and actinometry during
plasma ON phase as a function of the electron density.

of 0.1− 1.0 eV. This type of scanned profiles can be converted to the ion density using the

method mentioned in Section 3.2.4.

6.4.3 Densities of neutral gasses

The flow rates of input gas species, D2, ND3, and Ar, are kept constant. Fig. 6.4 shows

the measured density of D2, D, N2, ND3, and Ar. Density of D is measured by the actinometry

method. Densities of other species are measured by the calibrated RGA. The density of ND3 and

N2 is not strongly dependent on the input power. On the other hand, the density of D depends on

input power, i.e. the dissociation degree, pD/(2pD2 + pD) = 4−19% while input power increases

from 500 to 3300 W. Those measured densities are used as input parameters in the rate equation.
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Figure 6.5: Ion density fractions measured by the EQP analyzer for the high density ne =
2.5×1017 m−3 plasma when Pinput = 3300 W .

6.5 Ion concentration and formation/destruction processes

6.5.1 Ion fractions of ND+
3 and ND+

4

Fig. 6.5 shows measured ion density fractions for each species in the 3300 W discharged

plasma. In this chapter, we focus on the dominant ion species which fraction > 0.1 such as D+
3 ,

ND+
3 , ND+

4 , ArD+ to investigate the formation and destruction process of the ion species ND+
3

and ND+
4 because those are the intermediate products during the HN-MAR process. Fig. 6.6

shows the ion density fractions of ND+
3 and ND+

4 as a function of the electron density. Two

types of model calculation results are shown. The first includes the electron-ion recombination

terms (model A), while the second neglects the recombination terms (model B). In fig. 6.6(a)

for ND+
3 , the both model A and B show comparable results for the entire electron density range.

Although both calculation results shows discrepancy with the experimental results in a lower

density range ne < 1017 m−3, in a higher density region ne ∼ 1017 m−3 the calculations approach

the experimental value in a factor of 2. The reason of discrepancy might be due to plentiful Ar+
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Figure 6.6: Ion density fraction of ND+
3 and ND+

4 in an electron density range 4× 1016 <
ne < 3×1017. For ND+

4 , the experimental result well follows the calculation result in the case
including the e-i recombination terms.

ions in the source legion do charge exchange with ND3 and it forms ND+
3 which may drift to the

main reaction chamber (Ar++ND3→ Ar+ND+
3 ) (in Section 7.7.2). On the other hand, in high

power discharge the ND3 might be dissociated by high energy electron collisions in source region

so our measurement could reflect reactions mainly in the main chamber region. While there is the

discrepancy, the model calculation would still give us a hint of understanding formation process
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of ND+
3 . Fig. 6.6(b) shows ND+

4 ion density fractions from calculations and experiments. While

both calculation shows similar results in ne < 1017 m−3, model A becomes to show reduction

to 20% when ne becomes higher while model B calculation still shows 30% of concentration

(constant for ne). In low density range (ne < 1016 m−3), model calculations show discrepancy

with the model for a factor of 2. It can also be due to plentiful Ar+ in the source region as well as

ND+
3 case. Ar+ reacts with D2 molecules via an ion exchange reaction Ar++D2→ ArD++D.

Then, ND+
4 would be formed ArD++ND3→ND+

4 +Ar. This reaction also includes ND3 which

could be dissociated in high power discharges around source region. This can be why the model

A well follows the experimental results in higher density region. Why can this reduction be

observed when the electron density is increased? The answer can be suggested by examining its

formation/destruction processes from the model calculation.

6.5.2 ND+
3 formation/destruction process

Fig. 6.7(a) shows the production rates of ND+
3 for the dominant reactions as estimated by

model A. We find that the rates of these five formation reactions are in the same order. Fig. 6.7(b)

shows the loss frequencies of ND+
3 for dominant reactions. For the plasmas used here, the

wall loss reaction rate is dominant in loss process and does not change much while the electron

density is changes by a factor of 50 because the wall loss is assumed to be proportional to Bohm

velocity
√

kBTe/mi where kB is Boltzmann constant. The ion exchange reaction with ND3 is also

significant loss process for these low density plasmas which rates are about 25% of the wall loss

rates. The rate of this reaction decreases as the ND3 density decreases because Tg increases from

390 to 910 K as the discharge power input is increased. The e-i recombination rate increases

with plasma density but it is still relevant with another loss reaction, ion exchange with ND3,

even in the high electron density plasma (ne = 2.5×1017 m−3). Those reactions having relevant

production rates and loss frequencies make the quantitative prediction of ND+
3 difficult.
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Figure 6.7: Production rates (a) and loss frequencies (b) of ND+
3 estimated by the model A.

Reactions which contributes less than 10% of the highest rate/frequency are excluded.

6.5.3 ND+
4 formation/destruction process

Examining the results in fig. 6.6(b), we find that the predicted ND+
4 density agrees with

the measured value when HN-MAR is included in the model in ne > 1016 m−3, while the model

does not show good agreement when recombination is neglected; the largest discrepancy is seen

in the highest density plasma which is when the volumetric recombination rate would be highest.

Fig. 6.8(a) shows the production rates of ND+
4 for dominant processes. The most dominant

90



Figure 6.8: Production rates (a) and loss frequencies (b) of ND+
4 calculated by the model.

Reactions which contributes less than 10% of the highest rate/frequency are excluded. D+
3

and ArD+ are the dominant source species to form ND+
4 . The volumetric recombination term

increases proportionally as a function of electron density while the wall loss rate is almost
constant. Around ne ∼ 2×1017 m−3, the recombination frequency becomes comparable to the
wall loss.

formation process is the ion exchange reaction between D+
3 and ND3 which is the first step of

HN-MAR (eq. (1.3)). The rate of the secondary formation process, the ion exchange between

ArD+ and ND3, is 1/3 of the eq. (1.3) reaction. While the formation process of ND+
3 includes

many competing paths, the main formation scheme of ND+
4 is relatively simple. Fig. 6.8(b) shows
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the dominant loss process of ND+
4 . Though the wall loss reaction is the most effective loss process

in lower density condition as well as ND+
3 , the recombination frequency, which is proportional to

the electron density, becomes relevant to the wall loss rate around ne ∼ 2×1017 m−3. Therefore,

possible paths to form and destroy ND+
4 are represented by only two source and two loss reactions.

In the rate equation form we then have a balance given as

RS
IX(D+

3 )
+RS

IX(ArD+) = XL
wloss +RL

DR (6.4)

where RS
IX, XL

wloss, and RL
DR are the rate of the ion exchange reaction with ND3, wall loss, and

dissociative recombination, respectively. Here,

RS
IX(A+) = nA+nND3kIX(Te). (6.5)

The ion density fraction of a source species D+
3 is shown in fig. 6.9(a) and follows the exper-

imental results quantitatively and qualitatively in the electron density range, ne > 1016 m−3.

The experimental results show almost constant value 0.23−0.25 varying within the error bar in

ne > 1016 m−3 while calculation results showing constant value around 0.3. Fig. 6.9(b) shows

the density fraction of ArD+, the other source species of ND+
4 . Although the model prediction

shows good agreement in ne > 5×1016 m−3 with the experimental results. The discrepancy in

the lower density range can be explained by the ion exchange reaction with ammonia in the source

region (Sec. 6.5.1). ArD+ can be dominant in the source region and form ND+
4 immediately. It

might explain why the measured ArD+ concentration is an order smaller than prediction and

ND+
4 concentration is about twice of calculated value in the low power discharges ne < 1016 m−3.

While the plasma density increases from 5× 1016 to 2.5× 1017 m−3, the experimental value

increases from 0.21 to 0.34. Because the densities of those 2 source species show constant or

increasing traits while the plasma density increases from 5×1016 to 2.5×1017 m−3 (fig. 6.9(a)),

those source term cannot be the reason the observed ND+
4 fraction decreases about half. ND3
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Figure 6.9: Ion density fractions of (a) D+
3 and (b) ArD+ which contribute to form ND+

4 by
the D+ exchange reaction with ND3. Both profiles show constant or slightly increasing trait as
increasing ne.

molecules react with those D+
3 or ArD+ ions to form ND+

4 (eq. (6.5)) but, as fig. 6.4 showing,

the ND3 density is also independent of the electron density. The rate coefficients for these ion

change exchange reactions vary as the electron temperature changes. Fig. 6.10 shows measured

and calculated electron temperatures. The electron temperatures experimentally obtained do not
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Figure 6.10: Measured and calculated electron temperatures as a function of the electron
density. The error bar ±0.5 eV of the electron temperature measured by the Langmuir probe is
empirically obtained.

change much in ne > 1016 m−3 within the error bar. The calculated temperatures shows constant

value Te ∼ 2.5 eV. On the other hand, according to the calculation shown in fig. 6.9(b), the

dissociative recombination term makes the loss rates twice in the highest density plasma. This

enhancement of the loss rate due to the recombination can be the plausible reason to make ND+
4

fraction half as the electron density increases in fig. 6.6(b). Thus, those results strongly suggest

the recombination process takes place in our plasmas.

6.6 Conclusion

In this chapter, the whole steps of HN-MAR process is examined by scanning the input

RF power so that the electron density is scanned in the range 4×1016 < ne < 3×1017 by feeding

D2, ND3, and Ar. The ion fraction densities are measured by the calibrated EQP analyzer,

and compared with the calculated fractions by the rate equation model. Two types of models
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were then used and compared against the measured ion composition: the first included the

volumetric electron-ion recombination terms, while the second did not include recombination

terms. In the low density range, both models show similar results because the recombination

reactions are negligible compared with the wall loss reaction at low density. For ND+
4 which is an

intermediate product of the HN-MAR process, however, the recombination frequency becomes

comparable to the wall loss frequency at the highest electron density ne ∼ 2× 1017 m−3 so

that the calculation results from model B (without recombination terms) show discrepancy with

experimental measurements. While the source species of ND+
4 show constant fractions in high

density range in the experiments, a drop in the ND+
4 fractions is observed in the experiment as the

plasma density is increased. It can be explained by existence of the dissociative recombination

reaction ND+
4 + e−→ ND3 +D and ND2 +2D, whose rates become comparable with the wall

loss rate in sufficiently high density plasma. The model calculation including the dissociative

recombination terms reproduces the observed fractions within the expected uncertainties.

These results indicate that if the plasma density could be raised to sufficiently high values

in our experiment, the loss frequency of the recombination terms should come to dominate

the reaction kinetics and pronounced HN-MAR effects should occur. For example, when ne =

1018 m−3, estimated loss frequency ratio of the recombination and wall loss νDR/νwloss > 10

so that the discrepancy between model A and B becomes large enough to clearly exceed the

experimental errors. In the next chapter we present experimental results obtained in such high

density plasmas up to 1018 m−3 , that were achieved by using the shorter chamber bucket. Those

results are then compared against the global model predictions.
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Chapter 7

Dissociative recombination process of

ammonium for HN-MAR process in high

density D-N plasmas

7.1 Introduction

This chapter shows the results obtained by using a higher plasma density up to ne ∼

2× 1018 m−3 to investigate the volumetric recombination scheme of the HN-MAR for ITER

relevant plasma detachment operation. Such high density plasmas can be realized by using a

shorter chamber than one reported in Chapter 6 [3], which results in a higher volumetric power

input into the discharge. Working at this higher plasma density allows us to clearly see the effects

of the electron impact recombination reactions which becomes 20 times faster than the wall loss

reaction in such high density region. The formation and destruction processes of the intermediate

product of HN-MAR, namely ND+
4 , are investigated in plasmas formed in D-N-Ar mixtures.

The ion density fractions measured by a calibrated electrostatic quadrupole plasma analyzer is

compared with a rate equation model to obtain detailed chemical processes in the plasmas. Used
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gases are D2, N2, and Ar while the flow rates are kept constant while the densities of the neutral

gas species are measured by a residual gas analyzer. When the RF input power is scanned from

PRF = 500−3300 W, the plasma parameters vary from ne ∼ 1×1017−2×1018 m−3, Te ∼ 3 eV,

and Tg = 470−700 K. An actinometry method using D and Ar emission lines gives the deuterium

dissociation degree nD/(2nD2 + nD) = 1− 5%. The results show that as the plasma density is

increased to these larger values the ND+
4 density fraction undergoes a drastic decrease from

0.55 to 0.11, in good agreement with the 0-d chemical kinetics model. Because of the existence

of other significant reaction pathways, however, similar studies of the ND+
3 concentration do

not provide clear evidence for dissociative recombination processes mediated by that species.

These results provide evidence and importance of the dissociative recombination reactions of

ammonium (ND+
4 ) ion in the HN-MAR process. The results of our other work together with these

new results suggest that directly injecting ammonia into the divertor plasma instead of nitrogen

might achieve plasma detachment with a lower rate of molecular gas injection.

7.2 Description of Experiment

For the experiments reported in this chapter, the anodized aluminum reaction chamber

350 mm diameter and 300 mm high is used while the chamber used in previous chapters 5-

6 [1][3] had a height of 400 mm. This short chamber helps to make the distance between the

source and sampling orifice closer, so that the high plasma density in the sampling region can be

realized. The input power is varied from 500 to 3300 W in this experiment while the reflected

power is less than 1% of input power. The incoming gas flow rates of D2, N2, and Ar are

kept constant by mass flow controllers. Ar is injected to realize the high density plasmas up

to ne ∼ 1018 m−3 as well as the experiment in Chapter 6 while the maximum density for D-N

mixtures is ne ∼ 5×1017 m−3. Partial pressures of each gas species during plasma OFF phase

are pD2 = 8.6 mTorr, pN2 = 1.0 mTorr, pAr = 1.3 mTorr. Operating the top coils with the current
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20 A and the bottom coils with 120 A creates a magnetic field of 15 gauss at the center of the

bell-jar, and about 40 gauss at the entrance orifice of the Electrostatic Quadrupole Plasma (EQP)

analyzer.

7.3 Rate equation model

The model used in this chapter is almost identical with one used in previous chapters 5-

6 [1][3], the only difference being that we have included the charge exchange reaction,

H2 +H+→ H+
2 +H (7.1)

which was ignored in the model because it was assumed to be cancelled out by its inverse reaction,

H+
2 +H→ H2 +H+ (7.2)

However, the model of Hollmann [40] showed the rate of the exchange reaction, which is the

initiation step of the H-MAR process, may not be negligible for some plasma conditions of

interest. The cross-section data is taken form the collisional-radiative atomic-molecular database

(CRAMD) code [84] as well as the model of Hollmann et al. [40] while the vibrational temperature

of H2 is assumed as Tvib = 3000 K.

7.4 Parameter measurements

7.4.1 Radial plasma profiles

Fig. 7.1 shows a radial profile of electron density ne of 500, 1500, and 3300 W plasma

at z = 78 mm. It is seen that parameters drop for r > 75− 100 mm. The particle loss to the
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Figure 7.1: Radial profile of plasma parameters ne of Pinput = 500,1500,and3300 W plasma at
z = 78 mm. The parameters drop for r > 75−100 mm, and ne around chamber wall becomes
6−20% of the centeral location parameters.

chamber wall is volume averaged while the model predicts species densities in the plasma

center while measurements are performed. The effective wall loss rate X i
loss = nb,iνwi is used

in the equations [1] as well as Chapter 6 experiment (Sec. 6.4.1). In fig. 7.1, the ratio of the

plasma densities at the center and edge changes nb,e/nc,e = 20−6% while PRF = 500−3300 W,

respectively.

7.4.2 Density of neutral gasses

Fig. 7.2 shows the measured density of D2, D, N2, ND3, and Ar for various plasma electron

densities. The D density is measured by the actinometry method [3]. The densities of other

species are measured by the calibrated RGA. The density of ND3 and N2 is not strongly dependent

on the input power, i.e. plasma density. On the other hand, the density of D depends on input

power, i.e. the dissociation degree, nD/(2nD2 +nD) = 1−5% while input power increases from

500 to 3300 W, respectively. Those measured neutral gas densities are used as input parameters

in the rate equation.
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Figure 7.2: Density of neutral gas species measured by a calibrated RGA and actinometry
during plasma ON phase as a function of the electron density.

7.5 Ion concentration and formation/destruction processes

7.5.1 Ion concentration of ammonium ND+
4

Fig. 7.3 shows the ion density fractions of ammonium ND+
4 , which is an intermediate

product of the HN-MAR, as a function of the electron density. The experiments show a drastic

(factor of ∼ 5) reduction in ND+
4 concentration as the plasma density is increased to its highest

value. The question then arises: what changes occur in the discharge chemical kinetics to

cause this result? To begin to address this question, two types of model calculation results

are also shown in fig. 7.3. The first comprehends the electron-ion recombination processes

including the DR reactions shown in eqs. 4.6 and 4.7 (denoted here as model A), while the second

neglects these recombination terms (denoted here as model B). The discrepancy between model

A and B is obvious especially in the high plasma density range. In the highest density plasma

[ne = 1.5× 1018 m−3], model A predicts the ion density fraction fA,ND+
4
= 0.17, close to the
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Figure 7.3: Ion density fraction of ND+
4 in an electron density range 1×1017 < ne < 2×1018.

The experimental result well follows the calculation result in the case including the dissociative
recombination terms.

observed value, while model B predicts fB,ND+
4
= 0.86 (mostly dominated by ND+

4 ). On the

other hand, the experimental result follows the model A prediction well both qualitatively and

quantitatively even though model A predicts about 50% higher fraction than the experiment in a

range [ne > 4×1017 m−3]. These results suggest that volumetric DR processes begin to play a

significant role in the equilibrium density of the ND+
4 species.

7.5.2 Formation/destruction process of ammonium ND+
4

To explore the origin of the results in fig. 7.4 we examine the production and loss rates for

the relevant reactions. Fig. 7.4(a) shows the computed production rates of ND+
4 for the dominant

formation processes. The dominant formation process is the ion exchange reaction between D+
3

and ND3 which is the first step of HN-MAR (eq. (4.3)). The rate of the secondary formation

process, namely D+ ion exchange between ND+
3 and ND3, is about half of the primary reaction.

Another ion exchange reaction of ND3 with N2D+ also contribute to form ND+
4 . Though ArD+
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Figure 7.4: Production rates (a) and loss frequencies (b) of ND+
4 calculated by the model A.

Reactions which contributes less than 10% of the highest rate/frequency are excluded. D+
3 ,

ND+
3 , and N2D+ are the dominant source species to form ND+

4 . The volumetric recombination
term increases proportionally as a function of electron density while the effective wall loss rate
decreases.

also forms ND+
4 by ion exchange, its contribution is estimated to be an order-of-magnitude

smaller than the dominant D+
3 formation pathway. Therefore, Ar present in the plasma, it does

not appear to significantly affect the plasma molecular kinetics of ND+
4 . Fig. 7.4(b) shows the

dominant loss processes of ND+
4 . The recombination frequency is proportional to the electron

density while the effective wall loss decreases due to decreasing of nb,e/nc,e. Thus, at the highest
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Figure 7.5: Ion density fractions of species dominantly forming ND+
4 due to ion exchange reac-

tion with ND3. Experimental results show agreement with model calculation (w/ recombination
terms) especially in the high density range. [2]

density achieved in our experiment the estimated recombination rate is about 20 times larger than

the wall loss rate and can begin to dominate the ND+
4 losses.

Using these dominant production and loss processes we then have a rate balance given as

RS
IX(D+

3 )
+RS

IX(ND+
3 )
+RS

IX(N2D+)+RS
IX(ArD+) = XL

wloss +RL
DR (7.3)

where RS
IX, XL

wloss, and RL
DR are the rate of the ion exchange reaction with ND3, wall loss,

and dissociative recombination, respectively, and described by equations k2.15,2.35,2.38,2.41,

eq. (2.14), and k3.10− 11 in Chapter 2. The measured and predicted ion density fractions of

the 4 ion species that dominate the production of ND+
4 are shown in fig. 7.5. Fig. 7.5(a) and
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(c) show the D+
3 and N2D+ fractions from experiment and calculations. At higher densities

when DR processes dominate wall losses, the predictions for these concentrations by model A

agree with experimental results within the error bar. In fig. 7.5(b) for ND+
3 , model A follows

the experimental result in the high density range ne > 5× 1017 m−3. In fig. 7.5(d) for ArD+,

while the experimental results show about 4 times larger fraction than the model A prediction

for ne > 5×1017 m−3, model A reproduces the slightly increasing concentration with increasing

electron density. We note that model B predictions, which neglect the DR loss processes, never

follow experimental results quantitatively and qualitatively for any of the species shown in fig. 7.5;

this discrepancy increases with higher density plasmas. The results shown in fig. 7.5 indicate that

the underlying ion density fraction of the ND+
4 precursors experiences very little change across

the range of plasma electron densities studied in these experiments. Thus, the large change in

ND+
4 concentration as the plasma density is increased seen in fig. 7.3 must be due to some other

mechanisms.

In principle the reaction rates could also change as the plasma electron density is changed.

As mentioned in Chapter 2, the rate coefficients ki j are a function of electron temperature and

thus changes there could also perhaps be responsible; however measured and calculated electron

temperatures (fig. 7.6) show almost constant across the whole electron density range. Therefore,

the rate coefficients do not change much while the input power and plasma electron density

changes. Thus one cannot explain the large changes in ND+
4 concentration by appealing to a

change in reaction rates. The only process then left is the sink terms. Fig. 7.4(b) shows the

dissociative recombination term is the dominant sink term in this experimental configuration

[ne > 1017 m−3]. Furthermore, we note that the total loss rate (which will be given by the sum

of the recombination and wall losses) increases by ∼ 4× for the reported density range shown

here. This enhancement of the loss rate due to the recombination can be a plausible reason to

decrease ammonium ND+
4 fraction drastically as the electron density increases. These losses

then allow model A to do a reasonably job of explaining the neutral and ionized molecular
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Figure 7.6: Measured and calculated electron temperatures as a function of the electron density.
The error bar±0.5 eV of the electron temperature measured by the Langmuir probe is empirically
obtained. Both measured and calculated temperatures do not change much in the whole electron
density range.

concentrations for the range of conditions explored here, and provide strong evidence that the

HN-MAR recombination processes are taking place in our plasmas.

7.6 Conclusion

In this chapter, we studied the HN-MAR process by scanning the input RF power so that

the electron density is scanned in the range 1× 1017 < ne < 2× 1018 by feeding D2, N2, and

Ar. The ion fraction densities are measured by the calibrated EQP analyzer, and compared with

the calculated fractions by the rate equation model. The two types of model are used: the first

includes the volumetric electron-ion recombination terms, and the second does not include these

recombination terms. For the ammonium ND+
4 which is an intermediate product of the HN-MAR

process, as the electron density increases, the model including the recombination effects well

follows experiments. The density fractions of source species forming ND+
4 are almost constant
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or show negligible changes, while the ND+
4 fraction drops from 0.55 to 0.11 as the electron

density increases. This drastical reduction of ND+
4 can only be explained by the enhancement of

the recombination rate that proportionally increases as a function of the electron density. The

model calculation including the dissociative recombination terms also reproduces the observed

molecular ion fractions. Thus, this result clearly shows the importance of the recombination

reactions in such a high density plasmas to complete the HN-MAR process.

7.7 Appendix: Calculation results of secondary HN-MAR re-

actions

In this appendix section, slower (or secondary) reactions of the HN-MAR process in the

plasmas are investigated and summarized by using the model calculations.

7.7.1 D+
3 neutralization process supported by ammonia

Fig. 7.7 shows the HN-MAR reaction (eq. (4.3)) as the dominant reaction to deconstruct

D+
3 while the electron impact recombination reaction becomes comparable in high density plasmas.

The secondary loss process is the ion exchange reaction with nitrogen showing about half of

the HN-MAR reaction rate. Although in our nitrogen seeded plasmas the density of N2 is about

twice of ND3 (fig. 7.2), the HN-MAR reaction shows higher loss rate than the reaction related

to nitrogen molecules. Therefore, we suggest the recombination efficiency can be enhanced by

increasing ND3 density rather than N2 in fusion devices. It can be achieved by puffing ammonia

directly instead of nitrogen as proposed in previous reports [1][3].
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Figure 7.7: Loss frequencies of D+
3 as the function of the electron density. Error bars correspond

to rate coefficient measurements.

7.7.2 HN-MAR process in regard to ND+
3

In fig. 7.8(a), the calculated formation rates of ammonia ion ND+
3 , which is the other

intermediate product of HN-MAR, are shown. The figure shows that the charge exchange reaction

D+ and ND3, which is the first step of HN-MAR (eq. (4.1)), becomes the dominant reactions in the

highest density plasma, while the direct electron impact ionization is the dominant source of ND+
3

in an electron density range [ne > 1018 m−3]. It has to be noted that the figure shows the rates of

6 source reactions, which are all of the same order, making it difficult to identify the dominant

formation/destruction process of ND+
3 with the experimental method performed in the ND+

4 case

(Sec. 7.5.2). Although fig. 7.8(a) shows that a complex formation process, it may also help explain

the discrepancy of the model A prediction of ND+
3 ion concentration in a low electron density

range [ne < 5×1017 m−3] (fig. 7.5(b)). As also discussed in Section 6.5.1, in the source region

around the bell-jar, the plasma may be dominated by Ar+ because of the low ionization energy

of Ar. Ar+ ion could then form ND+
3 through the reaction Ar++ND3→ Ar+ND+

3 (shown in

fig. 7.5(a)) in the source region; the resulting ND+
3 ion would drift into the downstream reaction
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Figure 7.8: Production rates (a) and loss frequencies (b) of ND+
3 calculated by the model A.

Reactions which contributes less than 10% of the highest rate/frequency are excluded.

chamber. That could be the reason why the measurement shows about two times higher density

than the model A calculations. On the other hand, in the higher density [ne > 5× 1017 m−3]

i.e. high power discharges, the electron temperature in the source region could be high enough

to directly dissociate a portion of the incoming ammonia formed in the main reaction chamber.
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Figure 7.9: Loss frequencies of D+ calculated by the model A. It suggests that HN-MAR
reaction (eq. (4.1)) is about 2 times more efficient the H-MAR process in our plasmas. Error
bars correspond to rate coefficient measurements.

This would then allow better agreement between the measured ND+
3 density and the model A

calculation for the high density plasmas [ne < 1018 m−3] because ND+
3 would mainly be formed

by reactions in the chamber where we perform measurements. However, these mechanisms also

rely upon spatially dependent effects and thus inherently are not included in our global (i.e. 0-d)

model which assumes uniform kinetics throughout the system.

Fig. 7.8(b) shows the direct electron impact recombination, which is the HN-MAR step 2

process (eqs. (4.4) and (4.4)), that becomes the main loss channel of ND+
3 in the density range

[ne > 1018 m−3]. The ion exchange reaction with ammonia is the other significant loss mechanism

of ND+
3 . This reaction forms ND+

4 , which is subsequently lost by the dissociative recombination

reaction of the HN-MAR process (fig. 7.4). Fig. 7.9 shows taht one of the dominant loss reactions

of D+ is the charge exchange with ND3, which is the HN-MAR step 1 reaction (eq. (4.1)). The

wall loss is also shown as the other primary D+ loss reaction in a range [ne < 1018 m−3]. The

figure also shows the effective rate of the first step of the H-MAR process (eq. (7.1)). The effective

rate means that the rate of inverse reaction (eq. (7.2)) is subtracted from the rate of eq. (7.1)
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reaction. We can see the HN-MAR rates is about 2 times higher than H-MAR rates while the

presence of ammonia is only 5% of deuterium in those experiments. Thus, also in this case as

well as Sec. 7.7.1, it can be suggested that puffing the ammonia gas directly into the divertor

plasmas to increase its density can enhance the recombination of the hydrogen ions.
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Chapter 8

Conclusions and Future Work

8.1 Conclusion and summary

The experiments presented here shows understanding and a proposal of the new recombi-

nation process of hydrogen ions assisted by the ammonia molecules. The key results from this

thesis are narrated below.

• We proposed a new recombination scheme of hydrogen ions supported by ammonia

molecules, called Hydronitrogen Molecular Assisted Recombination [HN-MAR].

• We demonstrated HN-MAR process in D-N plasmas as dominant reactions by showing

results below.

− Ammonia formation was observed by RGA measurement in the D-N plasmas.

− The ion density fractions were calculated by the rate equation model (global model), and

showed good agreement with experimentally measured ion density fractions for dominant

ion species.

− The model explained that CX/IX reactions of HN-MAR produce ND+
3 and ND+

4 as domi-

nant ion species in D-N plasma (low electron density ne ∼ 1016 m−3).
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− The drastic reduction of ND+
4 density was observed experimentally when the electron

density was increased from 1017 to 1018 m−3 due to dissociative recombination reactions

in the volume [HN-MAR step 2] dominating the wall losses.

According to those results, we would like to conclude that there is the Hydronitrogen-enhanced

Molecular Assisted Recombination [HN-MAR] process as dominant reactions in D-N plasmas

and it drastically increases the recombination rate of the hydrogen plasmas. The HN-MAR

process found in this thesis will be enhanced by increasing ammonia molecules in the volume.

Therefore, to increase the ammonia density the direct injection of ammonia instead of nitrogen

gas can be proposed.

To apply the HN-MAR process to actual tokamak divertor system, here some future

research plans are suggested.

• Modifiying the global model to take spatial dependence into account (1D) or integrating

HN-MAR reactions into 2D multi-fluid simulation code such as SOLPS-ITER.

• HN-MAR can also be induced for recombination of helium plasma. In that case, the first

step can be He++NH3→ He+NH+
3−x +Hx=0−2. Those reactions are already integrated

in the global model used in this thesis. The similar experiment demonstrated in this thesis

can be applied.

• Plasma detachment simulation using a linear plasma divertor simulator (ex. CSDX [UCSD])

with actual impurity gas puffing of several gas species such as NH3/N2/Ar/H2/Ne to the

hydrogen plasma in downstream region, can be a strong option.

• Although the ammonia was observed by RGA in our system, here is still a question: For

which parameter range can ammonia survive in the divertor plasma without decomposition?

In a high electron/gas temperature and high density plasma, the ammonia could be directly

dissociated by the electron impact. To certify the existence of ammonia in a part of plasma,
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the spectroscopy method would be useful instead of RGA measurement. Laser-induced

fluorescence (LIF) measurement can be used for the measurement. Ammonia’s resonance

bands exist in a range 170−215 nm [39].
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