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Hydrogen Degree of Dissociation in a Low
Pressure Tandem Plasma Source

S. lordanova,

I. Koleva, ABSTRACT Hydrogen dissociation degree in an inductively-driven tandem
and T. Paunska plasma source, operating at low pressure, is measured by applying optical
Faculty of Physics, Sofia actinometry method with an argon gas as actinometer. The gas temperature,

University, Sofia, Bulgaria a parameter in the investigations, is obtained from the rotational tempera-

ture, analyzing the intensity distribution of the Fulcher-a band. Several
actinometric pairs are used for examining the dissociation degree and its
pressure dependence. The influence—on the results—of the difference in
the excitation cross sections for argon, commonly accepted, is analyzed.
Two suitable actinometric pairs are proposed, one of which can also be
applied for fast monitoring of the dissociation degree.

KEYWORDS actinometry, degree of dissociation, emission spectroscopy, gas
temperature, inductively-driven discharge, tandem plasma source

INTRODUCTION

Radio frequency (rf) inductively driven discharges in molecular gases at
low pressure are widely used in the field of plasma technology," for a
variety of plasma processes. They have been also deeply involved recently
into the problem of the neutral beam injection for plasma heating in fusion
reactors.” The development of inductively driven tandem plasma source for
negative hydrogen ions (H™) was stimulated since the volume production[s]
of H™ generation has been discovered. This source consists of two regions
(chambers) with high- and low-energetic electrons, separated by a magnetic
filter. In the first region high vibrationally excited hydrogen molecules are
created, whereas dissociative attachment of slow plasma electrons to the
excited molecules is ensured in the second region. Optimization of the
discharge conditions in the first chamber of tandem plasma sources for
H™ production in the second chamber is important task. In this aspect the
hydrogen atom density in the ground states and respectively dissociation
degree of molecules are crucial.

Among the variety of diagnostic methods, the spectroscopy of emission

Received 7 September 2009; induced by plasma is widespread method,**' due to its no interference in
accepted 5 October 2009. the plasma behavior, easy implementation and ensuring enough accuracy.
Address correspondence to |. Koleva, In spite of all advantages of optical emission spectroscopy methods, a

Faculty of Physics, 5 James Bourchier . . .
BIvd };ofia 1){64 Bulgaria. E-mail: common disadvantage is that they can be used to measure particle concen-

koleva@phys.uni-sofia.bg tration directly only in the excited states. With optical actinometry method is
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possible to determine, the particle concentration in
their ground states (molecules, atoms and radicals).
The actinometry is based on seeding the plasma with
a small, known amount of noble gas (actinometer)
and monitoring the noble gas emissions concurrently
with those of the reactive particles. This method,
firstly proposed by Coburn and Chen' is continu-

d’[7710] d[l],]z] and

ously develope critically reviewe
extended lately*!'" for obtaining electron tempera-
ture (7,) and electron energy distribution function
(EEDF).

The study is focused on optical emission spec-
troscopy diagnostics of a low pressure inductively
driven tandem plasma source. The goal of investi-
gation is determination of hydrogen atom ground
state density and degree of dissociation, under vari-
ous gas discharge conditions, by using actinometry
method. With respect to optimization of the negative
hydrogen ion production, improvement of the meth-
ods for tracking the neutral component densities in
the plasma is of current interest'>'® in the literature
for these type of sources.

EXPERIMENTS
Experimental Setup

The plasma studied is of a tf inductively-driven
discharge in tandem type plasma source. The experi-
mental set-up (Fig. 1 is as described by Kiss'ovski
et al."”® The vacuum vessel consists of two parts:
a dielectric chamber where the plasma is produced
(a driver region) and a metal chamber providing
space for plasma expansion (expansion region). A

z=12cm

nine turn copper coil is positioned tightly over the
quartz cylindrical tube, which is with internal and
external diameters 4.5cm and 4.9 cm, respectively,
and length of 25 cm. A metal cylinder around the dri-
ver ensures its electromagnetic shielding. The plasma
produced in the gas discharge tube expands and fills
the second chamber of the source: a metal stainless
steel cylinder with internal diameter 22cm and
length of 47 cm. In the experiment, the discharge is
maintained at a frequency of f=27 MHz and power
of P=700W in a H,:Ar gas mixture at pressures
p=0.8, 1.1, 1.3, 3.3, and 5.3 Pa. The magnetic filter
is inserted in the expanding plasma chamber (Fig. 1)
and the value of field is 100 G. The probe measure-
ments included in the study are performed by a
Smart-Probe™ system (Scientific systems, Dublin,
Ireland) with a probe movable in the axial direction.

The emission spectra from the driver region are
detected by using Ocean Optics HR4000 spec-
trometer with a 25 um entrance slit. The spectrometer
system shown in Fig. 2(a) provides real time CCD
detection in a wavelength range A of 200 to
1100 nm. Registration of H, Fulcher-a molecular band
as well as of the atomic hydrogen and argon lines
with higher resolution are achieved with the second
spectrometer system shown in Fig. 2(b), by using a
0.6m focal length Fasti MDR-2-23 (Lomo-Russia)
monochromator, equipped with a PMT-79 and a
grating with 1200 grooves/mm for detection in
the region A= (400-900) nm. The entrance and exit
slits of the monochromator are fixed at 50 pm assur-
ing wavelength resolution of about 0.1 nm. A PC pro-
vides the wavelength tuning and calibration, spectra
observation and data acquisitions. Lock-in amplifier

Balzers Optical waveguide
vacuumeter | Y Magnetic filter
: Quartz tube
PC % 2
1 ]
= Induction coil MKS | %
, nduction coi Mass-Flo | &
SMART || ((Quatz (b7 Controller <=
Probe ! K
\ :
' z=0cm L
— d'/ B Matching L Rohde&Schwartz
Metallic chamber | | EM shiel box NRT power meter
|
TurboCube RF generator | | ACOM 2000A
TSU 521 ACOMIC-718 linear amplifier

FIGURE 1 Scheme of the experimental set-up.
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FIGURE 2 Arrangements for the optical emission spectroscopy diagnostics.

detection is used for measuring the light signal. The
spectral detection efficiency is calibrated with a
standard tungsten-ribbon lamp. The ambient gas is
hydrogen with a high purity (99.99%). Argon gas
is added as an actinometer. In all the experiments
the maintained flow rates of hydrogen and argon
58.58sccm  and  1.41scem, respectively, ensure
2.4% Ar gas admixture.

Analysis of Optical Emission Spectra

Emission spectra of H, and H,:Ar gas mixture
taken from the driver region near the end of the
inductive coil, are recorded over A= (350-850) nm.
The spectra analyses show that the ratios of the
atomic line intensities as well as the ratios of atomic
to molecular line intensities are of the same order, in
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FIGURE 3 Emission spectra of H,:Ar inductive discharge at
p=1.1Pa.
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both cases (H, discharge and H;:Ar discharge). This
implies that the value of selected argon gas admix-
ture does not influence the conditions of hydrogen
discharge maintenance. In H,:Ar discharges (Fig. 3),
besides intensive H, bands, the atomic H,, Hg, H,
and the argon lines with 4=750.4nm and
A=811.5nm are clearly observed. The Balmer line
intensities are linearly sensitive to the changes of
the discharge-operation conditions, whereas the
argon line intensities remain almost the same.

The molecular spectra provide information for the
excitation processes as well as for the vibrational and
rotational populations of the excited states. As it is
known, Fulcher-o radiative transition (d°TI, — a’X)
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FIGURE 4 Hydrogen Fulcher-a rovibrational band at
p = 5.3Pa. The Q-branch lines are labeled.
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is suitable for diagnostics of H, discharges, since this
band is intense and can be identified clearly over
A=(600-625) nm. The observed rotational lines
(Fig. 4) belonging to the Q-branch of the diagonal states
of the (0-0), (1-1), and (2-2) transitions in the Fulcher-a
spectrum are well separated.

IMPLEMENTED METHODS
Optical Actinometry Method

The actinometry is a straightforward technique for
determining concentration of neutral species in the
plasma, but certain conditions must be satisfied in
order to obtain reliable results. If the emitting states
of the actinometer and of the examined gas are
excited by direct electron impact from the ground
state and deactivates spontaneously, and if they have
similar excitation potentials, then the same group of
electrons will take part in populating these states.
Consequently, the rate constants of excitation of
the emitting states should depend in the same man-
ner on the plasma parameters. As a result, the density
of the hydrogen atoms in the ground state Ny is
determined from the corresponding spectral line
intensity ratio I;;/14, of excited hydrogen () and
argon (i) states, and the density of argon atoms
Ny4,, which is known:

N = KN, (1)

]Ar

where K=(c-4-t-v-5),,/(c-4-7-v-§),; and
presented as K=("*-C-A-1-v-5),,/
("™ C-A-t-v-S)y is a constant that depends
only on the properties of the specific atoms, A are
radiative transition probabilities of the respective
spectral lines with frequencies v, generated by
transition from the upper excited states with radiative
lifetimes 7, ¢ are the electron impact excitation cross
sections with maximum values oj7* and op™, §
contains spectral and geometrical factors of the
detection system, C is related to the behavior of the
cross sections, near to the threshold region. In this
way the method of actinometry is very attractive for
fast monitoring of Ny and consequently dissociation
degree.

In all cases, when the contributions of the
dissociative channel, quenching by heavy particle
collisions as well as other processes, taking place

in the population kinetics of the excited states, the
ratio Ny /N4, depends nonlinearly on I;/14,.

To obtain hydrogen atom density in the first
chamber of tandem plasma source by the method
of actinometry, the contribution of the molecules
(dissociation excitation and deexcitation by heavy
particle collisions) in the excited state kinetic balance
is included. That requires EEDF and 7, to be known.

The kinetic processes, considered in the study, are
given in Table 1. In this case the stationary rate
balance equations for the excited hydrogen and
argon states, Ny; and N,; are expressed as:

ANy . .
—d;{] = neNHocIdf + 1.Ny, oc,df’
—1
— Nyt — NNy gy, = 0, (2)
dNAm’ dir 1
p = neNArocAl,z - NAr‘l’TAm‘ - NAﬂNquﬁlz - 07 (3)
where o and a®*** are the rate coefficients for direct

and dissociative excitation; gy, , ¢;;, are the quench-
ing coefficients for the excited hydrogen and argon
levels, by H, molecules and N, is the density of
hydrogen molecules. From the expressions (2) and
(3), the density of hydrogen atoms is deduced as:

, di
]HS(/LA;»)aAlrrAAr;uHTAﬂ

N = Ny - —
Ly S(Ap) 0 Ay oy T

R R
x + dir —1 N, Ar *
Np gy Tari + Ne, 4,

(4)

This form of the equation has clear physical mean-
ing. The first term is similar to expression (1) as the

TABLE 1 Kinetic Processes, Cross Sections o, Rate
Coefficients «, Einstein Coefficients A, Radiative Lifetimes =,
and Corresponding References

No Kinetic processes Reference

Direct excitation:
1 H+e—H'(n=3,4,5+e o190l
2 Ar+e—>Ar*(4p)+e O.[21,22,23]
Radiative decay:
3 H*(n=3, 4, 5) - H*(n=2)+hv A, 724
4 Ar*(4p) — Ar*(4s) + hv A, 1%
Dissociative electron excitation of Hy:

’

5 Hy+e—H'(n=3,4,5+HnNn=1)+e o192
Quenching of excited atoms:

6 H*(n=3, 4, 5)+H, — H+H>+ AE ol?7!

7 Ar*(4p) + H, — Ar + H, + AE ol?7!

1 Hydrogen Degree of Dissociation in a Low Pressure Tandem Plasma Source
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cross sections are replaced by the rate coefficients.
The second term accounts for the relative contri-
bution of dissociative excitation with respect to those
of direct excitation. The third term reveals to the
process of quenching of excited hydrogen or argon
atoms by H, molecules. The references used for
cross-sections, radiative transition probabilities,
lifetimes of excited states as well as for quenching
coefficients data are also given in Table 1. The
quenching coefficient of 2p, (Paschen notation)
argon excited level (spectral line A=811.5nm) by
H, is unknown and thus is not taken into account.
Then dissociation degree D of the hydrogen mole-
cules in the plasma is given by the relationship:

N,
po_Nu__
Ny + N,

(5)

Determination of the Gas and
Electron Temperatures

In order to obtain the gas temperature (7y), the
rotational temperature of the excited state H,(a’TI,,)
is determined by analyzing the intensity distribution
of the spectral lines belonging to the hydrogen
Fulcher-a band. Usually the rotational temperature
is assumed to coincide with the translational gas tem-
perature.”® When the radiative lifetimes of some
excited electronic-vibrational (vibronic) states is
shorter than the characteristic time of the rotational
relaxation, especially in low pressure plasmas, then
the relation between rotational and gas temperatures
requires special attention. The method applied in the
study is described in details by Iordanova' and
involves the assumption that under the given
gas-discharge conditions the hydrogen molecular
state Hz(d*%l_[u) is excited from the ground molecular
state Hy(X'E;) by electron impact and decays to
H,(a’Xy) spontaneously. The calculations indicate
that the characteristic time between the heavy par-
ticle collisions (HZ(Xlzg') — Hy(d’T1,)), being of
the order of 107’s (with a total cross section
0=23x10""m?*" is much longer than the radi-
ation lifetime t,,,=31 ns?? of the hydrogen mole-
cules in the Hz(dSHu) state. Then the Boltzmann
rotational distribution in the ground electronic state
images to a Boltzmann rotational distribution in the
excited electronic states®"*?' and the relation
between the rotational temperatures of the ground

S. lordanova et al.

TO

H *
e and  excited T,

~, states is expresses as
79, /7%, = B°/B" where B’=60.809cm™" and
B =30.364cm™ ' are rotational constants of the
ground and excited state, respectively. That gives
Ty = T;%t = 2T

For determining the rotational and gas tempera-
tures of H, plasmas in the driver region, the line
intensities of Q1 to Q4 belonging to the Q-branch
of the first three diagonal vibrational state of the
(0—0), (1—1), and (2—2) transitions in the Fulcher-o
spectrum (Fig. 4) have been measured. The
Boltzmann plots for these series, obtained at
p=5.3Pa and P=700W are presented in Fig. 5.
The rotational temperatures obtained from the differ-
ent diagonal vibrational state transitions coincide
quite well. The relative uncertainties in the determi-
nation of 77y, are smaller than 20%. The obtained
dependence of the gas temperature on the gas press-
ure is presented in Fig. 6.

The data for 7,, carried out from probe diagnostics
in the driver region of the plasma source, correspond
well to those determined at similar plasma
sources.'®333% The probe is positioned on the dis-
charge axis at the axial position of the cross section
from which the spectra emission is collected. The
electron temperature is determined from the tran-
sition region of the probe characteristics as it is
described in.®>3% The obtained pressure depen-
dence of the electron temperature is given in Fig. 6.
The probe measurements indicate also that in the
studied gas pressure range, the EEDF could be
approximated with a Maxwellian distribution.

T T T T T

Q(2-2); T =340K

0 150 300 450 600
B J'(J'+1), cm’’
FIGURE 5 Boltzmann plot of the first lines of the Q-branch in
the (0-0)(m), (1—1)(e), and (2—2)(a) rotational bands of the

Fulcher-a system of H,. Experimental conditions: driver region,
p=53 Pa.
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FIGURE 6 Temperature dependences on the gas pressure.

RESULTS FOR HYDROGEN ATOM
DENSITY AND DEGREE OF
DISSOCIATION

The results for the density of ground states hydro-
gen atoms Ny as well as for the degree of dis-
sociation D are obtained as a solution of Eq. (4)
employing four actinometric pairs (H,, Arsso), (Hy,
Argyp), (Hp, Arsso), (H,, Arsso), commonly used in
the literature (Table 2). Emission cross sections of
direct and dissociative excitation of the H, and Hg
lines by electron impact, with account for the fine

91 and  for

structure of hydrogen atom levels,
direct® and dissociative®® excitation of the H, line
are used. The excitation cross sections of the argon
lines are those given in the literature.” ! According
to our previous investigationsBmg] the argon excited
2p; and 2py (Pashen notation) levels (Table 2) are
mainly populated by direct and metastable electron
excitation, respectively. The contribution of popu-
lation processes of 2pg level is estimated and pre-
sented in Fig. 7 in the typical for inductively driven
hydrogen discharges electron density range
(1. = (10" — 10" em ™). Since, according to probe

TABLE 2 Spectral Data Relevant to the Investigated Emission
Lines

Emission line H, Hp H, Arsso Argqq

v

Upper state (u) n=3 n=4 n=5 3p°4p2p, 3p>4p2ps

Lower state () n'=2 n'=2 n'=2 3p°4sls, 3p°4siss

E, (eV) 12.08 12.75 13.05 13.48 13.08

E, (eV) 10.20 10.20 10.20 11.82 11.55

Wavelength 656.3 486.1 434.0 750.4 811.5
(nm)

100} =op=0.8Pa |

2 _ 80 ]
8 S~
o — L J
g @ 60 direct excitation
§ =, 40
o o L J
&
26 20t ]
8. metastable excitation

O 1 1 1

1010 1011 1012

n,cm®
e

FIGURE 7 Dependence of direct (full symbol) and step (open
symbol) excitations of 2pg level on electron density in the press-
ure range p = (0.8 — 5.3) Pa.

measurements the electron density in the driver
region of plasma source is of the order of 10" cm™,
the contribution of metastable pooling of 2py level
even at the highest pressure is less then 10% thus it
is neglected in the modelling.

The contribution of the processes listed in Table 1
is examined in the calculations of Ny and D by using
the excitation cross sections for the argon lines.”"
Fig. 8 shows the density of the hydrogen atoms in
the ground state (dash curves), calculated taking into
account the processes ((1) to (5)) in Table 1. At the
same figure, with full curves, are presented the
results obtained by accounting only the direct exci-
tation and radiative decay (Table 1, processes (1)
to (4)) of the hydrogen and argon atoms. In accord-
ance with Eq. (4) the dissociative excitation leads to a
reduction of the ground state hydrogen atom density.

R (Ha’ A 811)

IS +;——o——(Hy, Ar750).
10"} o ——j o (H, Ang)3
1 2 3 4 56

p, Pa

FIGURE 8 Dependence of density of hydrogen atoms in
ground state on pressure.
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The effect is pronounced at pressure p<1.3Pa
especially in the results obtained from for the pairs
(H,, Argyy) and (H,, Ar,so), whereas at p>3Pa, for
the whole actinometric pairs, the contribution of
dissociative excitation is negligible with respect to
those of direct excitation. The obtained pressure
dependence of the influence of the dissociative exci-
tation is also according to equation (4, second term)
since, (as it is shown in Fig. 9), the impact frequency
ratios of dissociative to direct excitations depends
strongly on the pressure and have higher values at
low gas pressure. The results of Ny obtained
through the line intensity ratios I(H,)/I(Arg;;) and
I(Hp) /I(Ar5s0) coincide quite well, whereas those
from I(H,)/I(Arss0) and I(H,)/I(Arss0) give, respect-
ively, at about two times higher/lower values.

Dependence of the dissociation degree on the
pressure, presented in Fig. 10, is calculated with
the complete set of processes (1) to (7) in Table 1
(open symbols) and without (full symbols) account-
ing for the quenching of the excited hydrogen and
argon atoms by H, (processes (1)-(5) in Table 1).
The results reveal that the contribution of the
quenching process is negligible in the pressure range
studied. The degree of dissociation depends linearly
upon the pressure, and it changes from 3% (at
p=0.8Pa) to 20% (at p=5.3Pa), as it follows from
the results obtained through the actinometic pairs
(H,, Argyp), (Hp, Arssp).

The next step in the study is to obtain an actino-
metric pair suitable (not depending on the EEDF
and T for fast monitoring. The results for degree
of dissociation D* (obtained according to expression
(1)) and those D (obtained according to expression

1.5} (Ha’ Aren)-
ic;I 1ol ——(H, Ar,) ]
T ——(H, Ar750)

Z Y
5\ 0.9¢ (Ha’ Ar750) ]
5 0.6} ]
T
< 03} ]
0.0 T T T T T
1 2 3 4 56
p, Pa

FIGURE 9 Dependence on pressure of the impact frequency
ratios of dissociative to direct excitations.
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. 04}°° (IHa’ Alleﬂ) | | | ]
Z:EN A2 (Hﬁ’ Ar750) =
+I 0.3fe° (Hy, Ar...) . 1
Z = (H, Arg)
= 02y o
Z
1l 0.1 ot [ i
o .

0.0 T

p, Pa

FIGURE 10 Dependence of dissociation degree on pressure.

(4)) are compared through their ratio (Fig. 11). The
variation of the D*/D value at lower pressure is due
to the influence of the dissociative excitation on
the excited hydrogen atom population, taken into
account in expression (4). The results reveal that
the ratio D*/D depends strongly of the actinometric
pair choice and the requirements for using the acti-
nometry method in its simplified form are ful-
filled—in the pressure range studied—for the
spectral pair (Hg, Ar;sg).

For checking the influence over the results for Vg,
D and D'/D cross section, caused from the discrep-
ancy of the Ar cross section data, calculations are also
conducted. The results, obtained with the line inten-
sity ratios I(H,)/I(Arg11) and I(Hp)/I(Ar;s0), are in
agreement with those, presented in figure 10, but
with values of D higher up to 1.3 times (D~ 4% at
p=0.8Pa, D~24% at p=5.3Pa). As should be
expected the choice of data for the cross sections is

o
o LN
Sz T e Ay
o K
03 . (HiA)
0 1 2 3 4 5 6

p, Pa

FIGURE 11 Dependence on pressure of ratios D*/D.
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crucial for finding a suitable pair for fast actinometric
monitoring. With the use of cross sections for argon
lines**?* such pairs could not be extracted.

CONCLUSIONS

The degree of dissociation in the driver region of
tandem plasma source is measured by applying the
method of optical actinometry. The gas temperature,
an essential parameter in the investigations, is
obtained from the rotational temperature, reflecting
the rotational level distribution of the electronically
excited state Hy(a’IT,). The gas temperature in the
driver region is twice higher than the rotational
temperature. The actinometry method is applied
with 2.4% argon gas admixture, which does not dis-
turb the excitation kinetics of hydrogen plasma. Four
actinometric pairs (H,, Argyq), (Hp, Arsso), (H,, Arsso)
and (H,, Arssy) are examined. The results obtained
by including extended kinetics in the balance equa-
tions of the excited states imply that the contribution
of the dissociative excitation of atomic hydrogen
levels is pronounced and in the same order for actino-
metric pairs (H,, Argy1) and (H,, Ar;s(), at lower press-
ure. The contribution of the excited atoms impact by
H, is negligible with respect to the radiative decay, in
the whole pressure range of investigation. The results
for dissociation degree obtained through actinometric
ratio of spectral line intensities I(H,)/I(Arg;;) and
I(Hp) /I(Ar5s) coincide quite well. They determine a
linear increase of degree of dissociation from 3% to
20% in the pressure range p=(0.8—5.3) Pa. The
influence of argon excitation cross sections on the
obtained results is small, but for practical demands
is essential in finding suitable pair for fast monitoring
of the hydrogen dissociation degree.

In conclusion two actinometric pairs (H,, Arg;q),
(Hp, Arssg) are proposed to examine, hydrogen
dissociation degree of this type of discharge. The
second is suitable also for fast monitoring of
dissociation degree, using the cross sections from
Lavrov and Pipa™® and from Hayashi,*! knowing
only the gas temperature and accounting for spectral
sensitivity of the detecting system.
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