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Extraction of ions from hydrogen plasma is useful for several applications such as ion sources for high energy linear
particle accelerators, neutron generation, tandem accelerator, accelerator based mass spectrometry, plasma thrusters
for space application, microelectronics etching and most importantly in fusion science for heating and diagnosis of
thermonuclear fusion plasmas. A few important desirable characteristics of the plasma source are high plasma density
(~10' - 10'2 cm™), good plasma uniformity (1-5%), high system efficiencies in terms of energy consumption and in
some cases moderately large volume (~m?®) plasmas. Plasma Lab, IIT Delhi developed a large volume plasma source
which could produce uniform plasma of density ~ 10'® cm™ over an area of diameter ~ Im at a distance of ~ 37.5 cm
from the source mouth. This paper reports the further investigations carried out in this system to augment the hydrogen
plasma density under various magnetic cusp topologies and find a conducive condition for H- generation. The plasma
was produced using a compact ECR microwave plasma source (cylindrical, diameter @ = 91 mm and length, / = 110
mm) mounted onto the top dome of the chamber and was allowed to expand into a cylindrical expansion chamber
having height as well as diameter of 1m. The magnetic field generated from the permanent NdFeB magnets used in
the source section has its field strength decaying exponentially into the plasma expansion chamber. In addition to the
source magnets, additional permanent ring magnets (4 Nos) were mounted onto the periphery of the cylindrical surface
to aid better confinement of plasma in the central region of the chamber reducing plasma loss to the chamber wall. Two
different configurations were explored, Configuration A: Adjacent magnets with opposite polarity & Configuration B: All
magnets with same polarity as that of the top source facing the plasma. The plasma was characterized using Langmuir
probes fabricated in house. Results at 1-3 mTorr gas pressure and microwave power (300-600W) indicate similar
plasma density with reduced uniformity in configuration A, whereas enhanced plasma density (1; ~ 10'" cm™) with low
electron temperature (1-2 eV) was obtained for configuration B. However, the plasma uniformity was affected due to the
disturbed azimuthal symmetry of the system imposed by sidewall magnets. © Anita Publications. All rights reserved.
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1 Introduction

Hydrogen plasmas are rich in various active species, including molecular hydrogen (H,), atomic
hydrogen (H), protons (H"), molecular ions (H,"), triatomic hydrogen ions (H;"), and even negative hydrogen
ions (H") along with hydrogen radicals (H, 2H). The presence of these species endows hydrogen plasma with
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unique physical and chemical properties, allowing it to be used effectively across numerous applications
promoting research and developments in the field of hydrogen plasmas worldwide. Two major utilizations
of hydrogen plasmas are found in the area of plasma based material processing and production of ion beams
(H', H") for various applications. Hydrogen plasmas are utilized for the removal of impurities from metals
or semiconductor surfaces where impurities get removed in the form of water or hydrocarbons or oxides
which are produced after chemical reactions with hydrogen atoms supplied by plasma [1,2]. They are also
used in the passivation of semiconductor material to stabilize it from damage and to enhance the electronic
properties of the material [3]. Hydrogen activation technology based on electron attachment for fluxless
soldering at ambient pressure and normal soldering temperature using mixtures of hydrogen in nitrogen has
advantages over conventional techniques [4]. It has also been established that high quality diamond films
are grown in hydrogen diluted plasma, and that the atomic hydrogen present in these plasmas is essential
for the quality of the films [5]. Atomic hydrogen sources are also being utilized for surface treatment of
archaeological artefacts to protect them from post corrosion without inducing any surface damage [6].
Plasma based ion beam production and its extraction is a continually evolving field due wide range of
applications of the extracted ion beams. Hydrogen plasma is a source to both positive (H", H,", H;") and
negative (H") ions which are utilized in the field of particle accelerators [7], ion implanters, focused ion
beams [8], ion projection lithography [9], accelerator based mass spectrometry [10], plasma thrusters for
space application | | 1], microelectronics etching [ 12] and most importantly in fusion science for heating and
diagnosis of thermonuclear fusion plasmas [13]. In thermonuclear fusion, H- ions produced in hydrogen
plasma are extracted for the production of high energy neutral beams that are injected into the plasma core
where they deposit their energy to the plasma species raising their temperature and helping to achieve the
condition required for significant thermonuclear fusion reactions [14]. Hydrogen ion beams are also used
as diagnostic neutral beam (DNB) for the measurement of helium ash density in the core of fusion plasma
chamber [15]. Figure | summarizes all these aforementioned applications of hydrogen plasmas.

Application

of Hydrogen
Plasma

Fig 1. Applications of hydrogen plasma.

In the field of plasma based material processing, the desired properties of hydrogen plasma include
high ion densities for process efficiency, tailored ion energies for precision control and minimizing damage,
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controlled electron temperature for consistent plasma behaviour and controlled reactivity, presence of reactive
species, low impurity levels, uniform plasma distribution for even processing, low-pressure operation and
controlled plasma potential influencing particle flux onto the substrate. These properties enable hydrogen
plasma to be versatile in material processing applications. Although plasma systems for each application
have to meet specifications that are peculiar to the latter, few important things desirable are high plasma
density (~10'°-10"> cm™), good plasma uniformity (1-5%), high system efficiencies and in some cases
moderately large volume (~m?) plasmas. Hydrogen plasma production for fusion applications have even
more challenging requirements of plasma parameters. To realize thermonuclear fusion, an International
Thermonuclear Experimental Reactor (ITER) is currently being built at Cadarache, France. ITER, with the
aim of achieving a power amplification factor (Q) of 10, comprising of a set of two Neutral Beam Injectors
with 17 MW input power per beam line and a pulse length of 3600 sec. These NBI systems are based on
neutralization of H- ion beams which has beam current of ~ 45 A accelerated up to 1 MeV energy. In order
to extract H- current densities ~ 30 - 35 mA/cm?, one requires plasma density, n ~10'2cm™ and 7, ~ 1 eV
in front of the extraction grid with ~ 5 - 10 % uniformity across a large area (~ 2.0 m x 0.6 m) [14]. ITER
will also feature a DNB system based on H ™ ions, operating at a current of 60 A and 100 keV energy [15].

If one talks about hydrogen plasma sources and the desired plasma parameters for the above
mentioned applications, one of the most important factors comes out to be the plasma production
mechanism in these sources which greatly influences the produced plasma parameters. Electron Cyclotron
Resonance (ECR) mechanism is known to be one of the most efficient methods for production of plasmas
as they incorporate collision less heating leading to significant plasma parameters with expense of very
less power when compared to other conventional plasma sources like DC & RF discharges. Some of the
characteristics of ECR plasmas are high plasma density, low working pressure, low plasma potential and
high ionization efficiency [16]. ECR sources are generally operated at low gas pressures that results in
reduced ion collisionality in the substrate sheaths necessary for anisotropic etching. Higher plasma density
implies higher ion fluxes onto the substrate important for higher processing rate and also advantageous for
operating with nonpassivating chemistries. Low plasma potential helps in reducing physical damage to the
substrates from ion bombardment as well as reducing unwanted sputtering of deposited materials. They also
provide independent control of ion energy and ion flux with localized microwave power absorption which
have significant advantages in processing applications. Talking about fusion applications of hydrogen plasma
produced ion beams, current technologies utilized by the fusion community involve radio frequency (rf)
input power ~ 1 MW in inductively coupled plasma (ICP) mode [17]. It can be presumed that the power
coupling efficiency in rf plasma systems are collision-based, which is not so efficient as compared to plasma
systems with resonant power coupling. In this regard, ECR mechanism is known to be a more efficient
mechanism in terms of power coupling than ICPs but has remained relatively unexplored for such large area,
high current sources due to various scientific and technological complexities associated with it. Plasma Lab
IIT Delhi (PL: IITD) has been actively pursuing research in the field of ECR-based large-volume plasma
sources and their characterization for the past few decades. These efforts were initiated with the development
of a light-weight Compact ECR Plasma Source (CEPS) [ 18], weighing only 14 kg including the magnets,
magnetron, triple stub tuner and plasma source chamber. Past results achieved utilizing a single CEPS, are
in moderately good range with uniformity (An/n) = 10 %, hydrogen plasma density (12,) ~ (1 — 5)x10'* m™
and bulk electron temperature (7,) ~1 — 2 eV across 0.3 — 0.5 m radius in the pressure range ~ 2 — 3 mTorr
with input microwave power of ~ 0.5 — 1 kW [19]. This paper reports the further investigations carried out
in a large volume plasma system to augment the hydrogen plasma density under various magnetic cusp
topologies for utilizations in earlier mentioned applications and large area uniform H-production.

This paper is divided into four sections for the accessibility of the reader. Section 2 gives the
description of the experimental system along with the compact ECR plasma source (CEPS). The inhouse
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fabrication and working principle of the Langmuir probe is also presented in this section. Since magnetic
field plays an important role in plasma confinement, the CEPS source and different chamber magnetic
field configurations employed are explained in Section 3. Results obtained in terms of Langmuir probe
measurements under various operating experimental conditions are presented in Section 4. Finally, in Section
5 the paper concludes with significant outcomes of the work in terms of characterizations of ECR produced
hydrogen plasma which can be explored further to utilize this compact source as a potential candidate for

large area H- production for fusion applications.

2 Experimental Setup and Diagnostics

The schematic diagram of the experimental setup used for the study is shown in Fig 2. It consists
of a cylindrical stainless steel chamber (Diameter/Height ~ 1 m) made up of a no. of cylindrical sections
with necessary ports for mounting plasma sources and diagnostics that are stacked one upon the other. The
top dome of the chamber is equipped with seven ports (ID =~ 91 mm) with a central one and the remaining
six placed symmetrically on a circle. It is also provided with additional ISO KF type ports for plasma
diagnostics. The bottom dome is supplied with a central port to which a diffusion pump (Varian Make,
VHS-6 with standard cold cap) is adapted and is backed by a mechanical rotary vane pump (Varian Make,
DS 1002) that evacuates the chamber down to a base pressure of 5x10° Torr that is monitored with the
help of an ionization gauge (Agilent make, inverted magnetron type XGS 800). Grade 1 Hydrogen gas (IS
1090) introduced into the chamber is controlled via a precession needle valve. The working pressure which
ranges typically 1-3 mTorr in this study is monitored with the help of an MKS Baratron type 626 pressure
transducer with a full range of 0.01 Torr and MKS series 600 pressure controllers. The plasma is sustained
by the plasma source CEPS, a patented product of Plasma Lab: IIT Delhi [20] is mounted onto the central
port of the top dome. This indigenously developed compact plasma source consists of a SS cylindrical
plasma source chamber of length 110 mm and diameter 91 mm which is water cooled. The source assembly
consists of a cavity magnetron for microwave generation, a waveguide section, a triple stub tuner for load
matching, rectangular to circular waveguide transition along with a coaxially mounted three concentric
NdFeB permanent ring magnets (Brown in Fig 2) providing an exponentially decaying diverging field into
the larger expansion chamber that helps plasma flow. The ECR surface (B ~ 875 G, corresponding to 2.45
GHz) lies inside the source chamber and is quite complex. Detailed explanation of the CEPS can be found
elsewhere [18]. The source is operated by a microwave power supply (2.45 GHz) with a power range of
0.3-1.0 kW and are air cooled. The impedance matching through triple stub tuner is manually optimized
to reduce reflected microwave power that is monitored with the help of a power sensor (Agilent Make,
U2000A). A more comprehensive description of the source and chamber magnetic field under different
configurations are presented in the next section.

Plasma is characterized with the help of inhouse fabricated Langmuir probes (LP) that are introduced
from the top and sidewall of the chamber. Each probe is made up of a tungsten tip of diameter ~0.25 mm
with a length of few mm. In the current study the L-shaped Langmuir probe (LP-1) is used for both axial as
well as radial measurements and is inserted from the top dome with a tip length of 5.1 mm. The tip of the
probe is oriented radially i. e. perpendicular to the z- axis of the chamber, z = 0 being the centre of the top
dome inner surface. For radial measurements, two LP was inserted at z = 37.5 cm, one along the sidewall
magnets (RLP-1) and the other in between two magnets (RLP-2) as can be seen in Fig 2. Talking about
the construction of the probe, the tungsten tip is inserted into a needle for electrical connection which at
the other end is connected to a conducting wire placed inside ceramic tube for heat insulation. The needle
is housed inside a thin ceramic tube (ID 0.58 mm) which is again placed inside a thicker tube (ID 1.58
mm) with a constriction for proper alignment of the assembly. The gaps between the tubes is filled with
ceramic paste with repeated baking at 300 °C. The whole assembly is placed inside an SS tube (OD 6.35
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mm) designed accordingly. Figure 3 shows the schematic and the assembled Langmuir probe. Electrical
biasing to the probe is applied with the help of an electrical circuit which also helps in data measurement
when connected to LabVIEW through data acquisition card (DAC). The LP data thus obtained was analyzed
with the help of a MATLAB code to determine plasma parameters: the bulk electron density (n,) and its
temperature (7;), the plasma potential (7,) and the warm electron density and its temperature (n,,, T,,).

U- Shaped RFEA

CEPS Magnets on /

Source Chamber Sidewall.

Radial Langmuir
Probe (RLP-2)

Axial Langmuir
Probe (LP-4)

Probe (RLP-1)

Expa.usio{l Chamber

To Pump

Fig 2. Schematic of vertical cross section (Left) & top view (Right) of the experimental setup.

Fig 3. Schematic of Langmuir probe components (Left), Fabricated probe assembly (Right).

3 Source and chamber magnetic field configuration

As stated earlier, the CEPS source magnetic field is obtained with the help of three concentric rings
magnets placed coaxially around the source chamber. In addition to it, four sets of CEPS magnets were
also attached to the periphery of the expansion chamber symmetrically with different polarity giving rise
to a complex magnetic field configuration inside the expansion chamber. Two different chamber magnetic
field configuration is reported in this work. The simulated field configuration is presented in this section
which are obtained using COMSOL Multiphysics software. Figure 4 shows the contour plot of the source
magnetic field configuration which shows a single ECR layer (White contour) inside the plasma source
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section corresponding to a field strength of 875 G where microwave power is coupled to the electrons
through magnetic mirror action . The electrons gain sufficient energy while crossing the layer repeatedly
and escape the field when they collide with the background gas by ionizing them thereby producing plasma.
The axial field profile shows an exponentially decaying diverging field that helps plasma flow into the
expansion chamber . The four magnets are placed in the sidewall at axial distance of 37.5 cm in such a
way that in configuration A, the adjacent magnets are opposite in polarity and magnets with same polarity
face each other . In the second configuration B, all the magnets have the same polarity facing the plasma
as that of the top source (South) as can be seen in . It should be noted that the microwave power is
fed only to the top source. The sidewall magnets forms a cusp field at the central region of the expansion
chamber that reduces plasma wall losses leading to the enhancement in the plasma density. The simulated
vertical cross-section and horizontal cross-section of the magnetic field configuration at z = 37.5 cm of the
expansion chamber is shown in the . Detailed experimental results in terms of plasma parameters are
described in the next section.
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. Contour plot of magnetic field intensity showing a single ECR layers inside the source section (Left),
Axial variation of source magnetic field configuration (Right).

4 Results and Discussion

As can be seen in the , in configuration A, where two out of four sidewall magnets facing
each other has opposite polarity with respect to the magnets of the top source. So, the magnetic field lines
emerging from the top magnet terminate in one of the sidewall magnet pairs, yielding in splitting of the
plasma as it expands. As a result, radial non-uniformity is observed in plasma parameters. However, in
second case B, due to the same polarity of the magnets facing the plasma at the sidewall, the magnetic
field lines emerging from the top source are pushed towards the centre which can result in better plasma
confinement and reduced plasma wall losses. Detailed experimental results under these two configurations
are explained in this section. The experiments are conducted with hydrogen with the two field configurations
mentioned in the previous section at 1-3 mTorr gas pressure with variable microwave power (400-600W)
and the results are compared with the earlier configuration without any sidewall cusping magnets present.
Axial variation of plasma parameters are measured along with the radial variations at different z planes with
the help of an L-shaped LP (LP4). Radial measurements at z = 37.5 cm were carried out with the help of
two radial LPs, RLP-1 & RLP-2, as stated earlier. Axial LP profiles were taken starting from 12.5 cm from
the source mouth going up to z = 67.5 cm with a step of 5 cm for configuration A and a step of 2.5 cm for
configuration-B. Radial profiles at three axial locations (z =27.5 cm, 37.5 cm, 47.5 cm) were also obtained
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with the same probe by rotating the probe through different angles for configuration A. The experimental
results are discussed below.

Fig 5. Simulated chamber magnetic field configuration (a) Horizontal CS at 37.5 cm, (b) Vertecal CS for configuration
A and (c) Horizontal CS at 37.5 cm, (d) Vertecal CS for configuration B.

4.1 Configuration A (Cusped field at the sidewall)

Figure 6 shows the axial variation of plasma parameters at two different operating conditions for
magnetic field configuration A. Plasma density with sidewall cusping magnetic field configuration appears
to be moderately uniform over a range of 30-35 cm with a dip in density observed for 400 W for z > 50
cm , whereas uniformity goes up to z = 65 cm in case of 500 W with a reduced value. One can observe a
fall in electron temperature as we move away from the source mouth reflecting the phenomenon of plasma
expansion with a sharper fall for 400 W as compared to 500 W and the plot of temperature shows the same
nature with axial distance as that of plasma density for z > 25 cm with a bit higher temperature for 500
W which is understandable. Plasma potential varies in the range of 5-10 V with a higher value for 500 W
for most part of the axial distance. A dip in plasma potential is observed for 400 W for z > 60 cm which
is opposite for 500 W. The experimental results with this configuration is also compared with the results
obtained for a single CEPS source mounted onto the top dome with no additional magnets placed at the
sidewall and are presented in Fig 7. Plasma density shows a fall as we move away from the source with
no sidewall magnets whereas the density remains moderately uniform in the presence of sidewall cusping
magnets with a comparable value.
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Axial Comparison of Plasma Parameters@ imTorr
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Fig 6. Axial variation of plasma parameters with sidewall magnets for configuration A.
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Fig 7. Axial comparison of plasma parameters (Left), Radial comparison of plasma parameters at @ z = 37.5 cm
(Right) for two different magnetic field configurations.

As already mentioned, the axial magnetic field of the CEPS decays exponentially as we move away from
the source and that helps in plasma flow into the expansion chamber which can be attributed to the fall in
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plasma density as we move away from the source mouth axially. However, as can be seen from the vertical
cross sections of the streamline plot of the magnetic field profile for configuration A in Fig 5, magnetic
lines of force emerging away from the top source mouth enter the sidewall magnets placed at z = 37.5 cm
that helps in the plasma flowing out of the source mouth radially which is different than that of the case
with no sidewall magnets. This type of magnetic field profile inside the chamber results in reduced value of
the plasma density close to the source mouth as compared to the case with no magnets and the uniformity
is retained due to the cusped field of the magnets placed at the sidewall. The plasma potential is reduced
significantly in presence of sidewall magnets due to reduced plasma wall losses when compared to the
case without any magnets at the chamber sidewall. The radial comparison of results with two magnetic
field configurations are also presented in Fig 7. From the radial measurements taken at z = 37.5 cm, one
can observe that the uniformity is affected due to the presence of magnets at the sidewall. The azimuthal
symmetry of the expansion chamber is disturbed due to the presence of magnets at the sidewall. However,
when compared with the case having no sidewall magnets, the density is enhanced to some extent due to
reduced plasma loss at the wall with sidewall cusping magnets. The same effect on plasma potential is also
observed radially as seen in axial measurements in the presence of sidewall cusp configuration. In view
of the fact that the density as well as the plasma uniformity is getting reduced under the current sidewall
field configuration, experiments were also carried out with the second configuration B and the results are
presented below.

4.2 Configuration B (Magnets with same polarity at the sidewall)

The experimental results obtained with the magnetic configuration — B i.e. all the magnets present
at the sidewall at z = 37.5 cm have the same polarity facing the plasma as that of the top source which is
south under current sets of experiment are presented. Figure 8 shows both the axial and radial variation of
plasma parameters under configuration B and the comparison of the results with the case having no additional
sidewall magnets are also presented. It should be noted that the radial measurements presented under this
configuration B were taken with the help of RLP-1 placed at z = 37.5 cm. As anticipated from the magnetic
field simulations, plasma density is getting enhanced in presence of sidewall magnets when compared to
the case having no additional magnets. Enhancement in density was obtained in both axial as well as radial
directions. Plasma density 7, = 6x10'° cm™ with only top source got enhanced up to 7, = 9x0'* cm™ due
to the presence of magnets with same polarity as that of the top source that help in confining the plasma by
reducing the plasm lost at the wall as in the earlier case. Comparable bulk electron temperature was obtained
in both the field configurations. Reduced plasma potential and floating potential when compared to the case
with no magnets present at the sidewall reflects the same. However, radial uniformity is affected which
can be attributed to the disturbed azimuthal symmetry in presence of these sidewall magnets. So, there is
a tradeoff between density and radial uniformity that needs further investigations. It is worth mentioning
here that plasma characterizations were also performed with RLP-2 placed in between two magnets
radially at z = 37.5 cm. As can be seen from Fig 5(¢), due to same polarity of the magnets, a loss zone is
created at the position where RLP-2 is placed. This resulted in small variations of the plasma parameters
obtained with the RLP-2 probe, however, values were comparable to that of RLP-1. This variations can be
further suppressed using additional magnets at the sidewall which can result in better confinement. As an
alternative step towards improving the plasma uniformity, the CEPS magnets (3 concentric ring magnets)
can be replaced with a single ring magnet at the sidewall. The magnetic field lines emerging from a single
ring magnet penetrate less into the expansion chamber and is expected to improve the radial uniformity by
pushing the cusp region close to the chamber wall. The experiments on this regard have been planned for
near future.
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Fig 8. Axial comparison of plasma parameters (Left), Radial comparison of plasma parameters @ z = 37.5 cm
(Right) for two different magnetic field configurations.

5 Conclusion

The study reports the experimental investigations carried out in a large volume plasma system with
a compact ECR plasma source attached onto the top of it for plasma production, and the results obtained
under two distinct chamber magnetic field configurations are presented. Axial and radial plasma parameters
measured with the help of inhouse developed Langmuir probe are also presented. The results obtained with
the sidewall magnets present at z = 37.5 cm in two different configurations A & B were compared with the
case with no sidewall magnets. Axial variations showed moderately uniform plasma density (n, ~ 5x10'°
cm ) over a range of 30-35 cm at the central region of the expansion chamber with electron temperature,
T, ~ 1-2 eV with sidewall magnets. When compared with the case with no magnets in the sidewall, it was
observed that in configuration A, the axial density close to the source mouth is reduced due to the plasma
flow towards the sidewall magnets having opposite polarity than that of the top source. As a result of this
splitting, a relatively uniform axial plasma density is achieved. Electron temperature shows the same trend
in both the cases with a reduced value in the presence of sidewall magnets. When compared to the case with
no sidewall magnets, plasma potential is found to be reduced significantly reflecting the reduced plasma flow
towards the wall resulting in a better plasma confinement due to the presence of magnets at the sidewall of
the expansion chamber. Radial variation of plasma parameters reflect the enhancement in plasma density at
the expense of radial uniformity which is affected in presence of sidewall magnets. In order to overcome
this issue, configuration B was employed with all magnets having same polarity as that of the top source.
Enhancement in plasma density was observed in both axial as well as radial direction with comparable
electron temperature with slightly reduced radial uniformity were obtained with configuration B. Same effect
on plasma potential and floating potential was observed as in the earlier configuration A. Overall, one can
predict from these experimental results that this compact ECR plasma source can be effectively used as a
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source for large area plasma applications and as an ion beam generator with further optimization. It can be
tuned accordingly to be utilized in a number of applications in the field of plasma based material processing
and production of ion beams for thermonuclear fusion applications.
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