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Abstract

The current thesis focuses on the detailed characterization of Hydrogen plasmas in a large-
volume chamber aiming toward the production of highly dense and uniform plasma over a large
area. Hydrogen plasmas contain multi-variant species, e.g., H, H*, H2", H etc., and hence are well
suited for diverse applications ranging from plasma-based material processing to the production
of ion beams (both positive and negative), which are further applied for proton radiotherapy and
high energy neutral beam production for heating of fusion plasma. The prerequisites of many of
these applications are the generation of uniform dense (10! — 10'2 cm™) plasma over a large cross-
section (~ 1 m x 1 m) along with low temperatures (Te ~ 1 eV). It is also desirable for the source
to be energy-efficient and maintenance-free under the operating conditions. Accordingly, in this
work, a large volume cylindrical (dia and height ~ 1 m) plasma system was configured vertically
and optimized, using plasma source(s) mounted onto the top dome of the chamber to generate
uniform, high-density, low-temperature downstream plasma, over a large cross-section. The
Electron Cyclotron Resonance (ECR) mechanism was utilized to produce the plasma inside a small
plasma source, viz. the Compact ECR Plasma Source (CEPS), which could be attached in single
or multiple units (up to seven) on the top dome of the large chamber. Six of the sources are placed
in a circular pattern (radius rpca = 0.59 m) on the top dome, and one source is placed at the center
of the dome. Axially poled permanent ring magnets provide the magnetic field for each CEPS, and
the total field in the chamber is the combined field of all mounted CEPSs. Separate experiments
were conducted with three different source configurations, viz.: (i) Configuration A: Six CEPS
with opposite polarity on adjacent magnets are mounted circularly (radius rpca =~ 0.59 m) on the top

dome. A cusp field is formed between adjacent sources. The plasma in this configuration follows
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the cusped field lines, penetrating adjacent sources, thereby generating severe crosstalk and
feedback between adjacent sources and causing strong instabilities and fluctuations in microwave
power and plasma. (ii) Configuration B: Seven CEPS (six placed on a circle with rpcg ~ 0.59 m
and one at the center) are mounted on the top dome with identical polarity on all magnets. Field
lines from the adjacent peripheral sources bunch into curved, discrete columns that repel each other
and bend sharply to penetrate the chamber wall (close to its mid-plane). In contrast, the field from
the central source forms a separate column and remains bunched close to the axis all the way to
the chamber bottom. In this configuration, plasma from each of the six peripheral sources flows
out along the curved field lines to form discrete columns of plasma that terminate on the vessel
wall. In contrast, plasma from the centrally placed source follows the central field column, with
very little fanning out all the way downstream. (iii) Configuration C: Only a single CEPS is
placed at the dome center. For this configuration, one obtains a uniform diverging magnetic field
from the central dome region, moving into the downstream region of the system. Using an axially
and radially rotatable single Langmuir probe, one obtains uniform plasma over ~ 35 cm radius (ne
~4 % 10 m3, T, ~1-2 eV) about ~ 60 cm downstream of the source mouth with only 400W power
at ~ 1-3 mTorr pressure. An additional warm population (nw ~ 4 x 10* m3, Ty, ~ 40-60 eV) was
also found to co-exist. While configurations A and B were discarded as being unsuitable for the
plasma requirements for this work, the results from configuration C were identified as ideal for
volume mode H- production over a large area since volume H™ production involves the dissociative
attachment of excited hydrogen molecules, the warm electrons aiding the excitation of the
hydrogen molecules with the colder electrons responsible for the dissociative attachment process.
Hence, among the configurations considered, the single CEPS configuration was found to be the

most efficacious for large-area H™ generation. These results provide one with the motivation to
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examine the axial and radial profiles of the plasma parameters (steady state) at other r-z planes and

along the axis for configuration C.

In the present work, one could detect ions with energy ~ 40 — 45 eV using Retarding Field Energy
Analyzer (RFEA) about ~ 10 cm in front of the source mouth. It is anticipated that the ion energies
are higher closer to the source mouth (~ 100 eV or greater); but due to repeated damage to the
RFEA, measurements could not be undertaken closer to the source. To determine how ions acquire
these high energies, plasma parameters were measured from the source mouth into the chamber.
Measurements at low pressures (~ 1 — 2 mTorr) revealed plasma with moderately high density (ne
~ 2 x 10 m™®), high electron temperature (Te = 50 eV), and high plasma potential (Vp ~ 230 V)
close to the source mouth (z= 0). At z~ 5 cm, outside the plasma source in the expansion chamber,
the plasma jumps into a state with two distinct electron populations: (i) a high-density, low-
temperature bulk electron population (ne ~ 2 — 6 x 10" m3, Te ~ 4 — 6 eV) and (ii) a low density,
high-temperature warm electron population (nw ~ 4 x 10 m™, T, ~ 40-60 eV); concomitant with
this transition, the plasma potential is also seen to drop drastically (Vp ~ 20 V). The large drop in
plasma potential as the plasma passes from a single electron to a two-electron population provides
the energy boost to the ions. Although the plasma in front of the ECR zone is a high Te (= 50 V),
high Vp (= 250 V) plasma, it is difficult to observe this in experiments since, in most cases, the
plasma makes a transition to the two-electron population within the source region where the harsh

plasma precludes measurements. This observation has been found in this work for low pressures.

In front of the source, the axial magnetic field is high enough (~ 300 — 400 G) to provide good
radial confinement. The magnetic field diverges and weakens downstream from the source region,
which could be instrumental for the noticeable improvement in radial uniformity observed as one

moves from the upstream region, i.e., near the CEPS source, to downstream regions, albeit at the
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expense of a fall in plasma density. Power scaling studies in the range of 400 — 800 W show a

slight increase in plasma density as power increases, with no noticeable variation in T, observed.

The indication of optimal conditions for large-area H™ production prevailing in the downstream
region of the chamber motivated the construction of a theoretical model for the estimation of H-
ions in this region. The two-step volumetric dissociative attachment (DA) process was considered.
Accordingly, the experimental system was virtually divided into two zones: one near the CEPS
source (Top - zone 1) with high Te, a preferable condition to produce vibrationally excited H;
molecules- a precursor to the H™ ions, and another one at far downstream (Bottom - zone 2, 35 cm
away from zone 1) with low Te suitable for H- production. H- density of the order of 10*® m= was
found in zone 2 with an input power of 400 W and 2 mTorr of pressure, assuming the precursor

species directly transported from zone 1 to zone 2 without any loss.
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