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Expanding Plasma Region of an Inductively Driven
Hydrogen Discharge

Zhivko Kiss’ovski, Stanimir Kolev, Antonia Shivarova, and Tsanko Tsankov

Abstract—The spatial distribution of the plasma parameters—
electron density and temperature as well as plasma and floating
potentials—in the region of plasma expansion of an inductively
driven low-pressure discharge in hydrogen is studied by probe
diagnostics. Electron cooling and a decrease of the electron den-
sity with formation of regions with different axial gradients are
outlined as basic features of the expanding plasmas. Thermal con-
ductivity and electron energy flux from the driver are considered
to be responsible for the plasma behavior at its expansion. The role
of the thermal diffusion in the formation of the axial profile of the
plasma density is also shown.

Index Terms—Hydrogen discharges, inductive discharges, low-
pressure discharges, plasma expansion, probe diagnostics.

I. INTRODUCTION

S TUDIES ON plasma expansion regions in different types
of plasma sources (helicon sources [1]–[9], electron

cyclotron resonance plasma reactors [10]–[12], and inductively
coupled plasmas [13]–[18]) based on low-pressure discharges
form an area of increasing recent and current activity. The con-
struction of the plasma sources used in the plasma processing
technology [19] basically involving a process chamber with
expanding plasmas motivates such studies in discharges in
different types of gases (Ar [1], [3], [5], [6], [8]–[12], [14]–[18],
He [2], [13], H2 [4], [7], [20], N2 [11], O2 [13], SF6 [9], and
Ar : SF6 [14] and He−SiH4 [13] mixtures). In particular, in-
terest in studying hydrogen discharges is initiated also by
their application as ion beam sources [21]–[24] of the neutral
beam injectors of fusion machines. However, understanding the
mechanisms that ensure plasma existence and determine the
plasma behavior in expansion volumes is, no doubt, a complex
problem that is attractive also for basic research.

Certainly, the process of plasma expansion depends on many
parameters, such as the geometry and dimensions of both
the driver and the expansion chamber, gas pressure, gas flow,
RF power applied for the discharge production, and magnetic
fields. This leads to complicated discharge behavior. For ex-
ample, the pressure range between parts of militorrs and tens
of militorrs appears to be split into two regions with different
types of behavior of the axial profiles of the plasma parameters
[5], [16].
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Results for a rapid decrease of the plasma potential at the
transition from the driver to the expansion-plasma volume and,
respectively, registration of hot ions accelerated in the potential
drop obtained at about and below 1 mtorr call for mechanisms
of plasma expansion based on double-layer formation [5], [7],
[9], [16], [25]–[29]. The current-free double layers discovered
in this pressure range attract attention that motivates active
research, both experimental and theoretical, on the conditions
of their existence. Since the appearance of the double layers
correlates with a large mean free path of the ions, compared
to the characteristic lengths of the spatial variations of the dc
potential, of the plasma density, and of the magnetic field (in
discharges in an external magnetic field), threshold values with
respect to the gas pressure (and to the magnetic field) as well as
the influence of the type of the gas have been discussed. Due to
the many factors determining the double-layer formation, they
do not always appear [1], [12], even when the pressure is within
the limits of (0.2–2) mtorr, which is usually considered [29] as
a gas-pressure range of their existence.

The absence of abrupt jumps of the dc potential and, respec-
tively, of double layers when the gas pressure is more than
3 mtorr has created the view [5] that the plasma expansion
in this pressure range, when an external magnetic field is not
applied to the expanding plasma volume, is well understood:
The ion distribution is isotropic, and the electron density, as a
whole, is considered to obey Boltzmann’s law [1], [5], [12].
Complicated ion dynamics and ion temperature anisotropy
(higher perpendicular ion temperature than the parallel one,
with both being defined with respect to the magnetic field)
arise when the plasma expands into a volume with a strong-
enough external magnetic field [8], [30]–[32]. In addition,
results from recent experiments [17] on plasma expansion in
an inductively driven source in argon gas show that the higher
pressure range—about 10 mtorr—possesses a peculiar behavior
even when an external magnetic field is not applied to the
plasma expansion volume: The electron temperature drops fast
away from the driver, and regions of different rates of the axial
decrease of the plasma density are formed in the expanding
plasma volume. This brings up the question of whether such a
behavior is a general characteristic—for discharges in different
gases—of the expanding plasmas when the gas pressure is in
the range of tens of militorrs.

The results presented here are from probe diagnostics of the
expansion-plasma region of an inductively driven discharge in
hydrogen. The gas-pressure range covered in the experiment
is p = (10 − 50) mtorr. The applied RF power (at 27 MHz)
is the other external parameter that is varied. Both radial and
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Fig. 1. Experimental setup.

axial variations of the plasma parameters have been studied
by using two movable Langmuir probes. The difficulties in
obtaining the plasma parameters from probe characteristics
that were recorded from hydrogen discharges stem from the
complexity of the ion composition in the discharge (three types
of positive ions H+, H+

2 , and H+
3 as well as negative ions H−).

In this connection, the electron density is determined from the
electron energy distribution function (EEDF) and not from the
ion saturation current of the probe characteristics, as has been
done before [16], [17] in argon discharges. Spatial variation of
the plasma parameters—electron temperature and density as
well as plasma and floating potentials—completes the set of
obtained results. The discussion is concentrated mainly on the
axial decrease of the electron density and temperature showing
formation of regions with different axial gradients in hydrogen
discharges, as has been observed before in discharges in argon
gas. Estimations based on solutions of the electron energy
balance and of the momentum equation of the electrons show
that: 1) nonlocal heating due to the electron energy flux from
the driver is responsible for the formation of the axial profile
of the electron temperature and, in general, for the behavior
of the expanding plasmas in the pressure range considered
and 2) the axial decrease of the electron temperature drives
the mechanism of thermal diffusion, which determines the
experimentally obtained structuring of the axial profile of the
plasma density and its strong deviation from the Boltzmann’s
law relation.

II. EXPERIMENTAL SETUP AND DIAGNOSTIC PROCEDURE

The experimental setup (Fig. 1) is the same as has been
described before [17], [18]: an inductively driven plasma source
with two parts of the discharge vessel. The active part of the
discharge (its driver region) is a cylindrical type of inductive
discharge produced by the RF current in a coil positioned
around a quartz tube (with internal and external diameters
d1 = 4.5 cm and d2 = 4.9 cm, respectively, and a length
of l = 30 cm). A stainless steel cylinder (D1 = 22 cm and
D2 = 23 cm are its internal and external diameters, respec-
tively, and L = 47 cm is the length) connected to the tube
provides the volume for plasma expansion from the driver. The
RF power input to the coil (a nine-turn water-cooled copper

tube) is from an ICOM IC-718 RF generator and ACOM 2000A
linear amplifier, through a matching box. The discharge is in
hydrogen gas at pressure p = (10 − 50) mtorr. The RF power
sustaining the discharge is at 27 MHz and varied up to 700 W;
the reflected power (deduced from the forward power) is less
than 10%.

The measurements are carried out in the volume of the
expanding plasma by using two movable probes: 1) a probe
positioned at the axis of the chamber (the end of the quartz tube
is the zero axial position in the presentation of the results) and
2) a radial probe positioned at z = 12 cm. The cylindrical probe
tips are tungsten wires with a diameter of 0.5 mm and lengths
of 5.6 and 5.8 mm, respectively, of the axial and radial probes.
The nonactive parts of the probe wires are protected from the
plasma by ceramic tubes. Although the driver region has not
been studied, the probe design is according to the requirements
[33] for probe diagnostics of RF discharges: The passive com-
pensation [34], [35] used for avoiding the RF distortions of
the probe characteristics is implemented by choke filters, at the
fundamental frequency and its second harmonics, and floating
electrodes that are connected through capacitors to the probes.
The data acquisition system [36] for recording the probe char-
acteristics includes a ramp generator (at a frequency of 130 Hz)
for biasing the probe (with respect to the grounded chamber),
a sensing resistor for the probe current measurements, a digital
two-channel oscilloscope HP5410B, and a personal computer.
The probe characteristics for each position of the probes is
obtained after averaging over 256 traces.

The computer processing of the probe characteristics (800
data points per characteristics) includes [36] the following:
1) numerical smoothing of the characteristics by Savitzky–
Golay filter and 2) numerical differentiation for obtaining the
second derivative of the probe current (three-point differentia-
tion with an adaptive step is applied).

The numerical code for calculation of the plasma parameters
provides results for the following: 1) the plasma potential
obtained from the crossing point of the second derivative of
the probe current with the abscissa (the voltage axis); 2) the
EEDF F (ε) obtained from the Druyvesteyn formula [37];
3) the electron density determined after integration of F (ε); and
4) the electron temperature obtained from the slope of the semi-
logarithmic plot of Fp(ε) = F (ε)/

√
ε, which is considered as

more reliable—compared to integration over F (ε)—when the
EEDF is close to a Maxwellian one. Fig. 2 shows that, under
the conditions of the experiment presented here, the body of the
EEDF, excluding its high-energy tail, is very well approximated
by a Maxwellian distribution. In addition, the directed velocity
of the plasma flow is very low, i.e., smaller than both the
thermal electron velocity and the ion sound velocity, thus not
influencing the applicability of the probe diagnostics procedure.

III. SPATIAL DISTRIBUTION OF THE PLASMA

PARAMETERS: RESULTS AND DISCUSSIONS

The obtained results are for the spatial distribution of the
plasma parameters—electron density and temperature as well
as floating and plasma potentials—in the expanding plasma
volume of the source operation in a hydrogen gas. The structure
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Fig. 2. Example of measured Fp(ε) = F (ε)/
√

ε (solid curve) and its
approximation (dashed curve) by a Maxwellian distribution.

of the discharge is presented by axial and radial profiles of
the plasma parameters for three values of the gas pressure
p = 14, 26, and 40 mtorr and of the applied RF power P =
300, 500, and 700 W.

A. Axial Profiles of the Plasma Parameters

The axial structure of the expanding plasma region is pre-
sented by the results for the axial variation of the electron
density (Fig. 3) and temperature (Fig. 4), and of the plasma
(Fig. 5) and floating (Fig. 6) potentials measured at the axis
of the metallic chamber.

Electron density ne decreases away from the driver (Fig. 3),
however, with changing gradient along the length of the ex-
panding plasma volume. Three regions complete the axial pro-
file of the density: 1) a fast drop of ne in the region (z ≤ 2 cm)
close to the driver; 2) a plateau region for 2 cm ≤ z ≤ 6 cm;
and 3) a slow decrease for z ≥ 6 cm. Similar structuring of
the axial profile of the electron density has also been observed
before in argon discharges [16], [17]. Increasing applied power
leads to a density increase by keeping the trends of the axial
variation. The plateau region of the ne(z) profile is better
pronounced when the applied power is higher. The pressure
dependence is more complicated. For a given applied power,
the electron density close to the driver is higher when the
gas pressure is higher, and the axial density gradient for z ≥
6 cm is also higher. The former is in accordance [38], [39]
with the expectation for the pressure dependence of ne in the
driver: lower losses due to charged particle fluxes to the walls
for higher pressure, resulting in higher density for a constant
applied power. However, this is not the case in the region away
from the driver, e.g., at z ≥ 12 cm, the electron density is
lower when the gas pressure is higher. This could be associated
with a strong coupling of the expansion-plasma region with the
driver and, thus, an importance of the charged particle flux from
the driver for the plasma existence in the expanding plasma
volume: A lower charged particle flux from the driver for higher
gas pressure should result in a lower plasma density, as the
measurements show. Charge-exchange collisions limiting the
ion motion from the driver is excluded as an explanation for
the reduced electron density at higher neutral pressure since
the threshold value of the ion energy [40] for collisions of H+

3

Fig. 3. Axial profiles of the electron density for different values of the applied
RF power (as marked on the figures) at the three values of gas pressure:
(a) p = 14 mtorr, (b) 26 mtorr, and (c) 40 mtorr.

Fig. 4. Axial profiles of the electron temperature for the three values of gas
pressure (p = 14, 26, and 40 mtorr) and P = 500 W. Experimental data are
presented by symbols and fitting curves.
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Fig. 5. Axial profiles of the plasma potential for the three values of gas
pressure (p = 14, 26, and 40 mtorr) and P = 700 W.

Fig. 6. Same as in Fig. 5 but for the floating potential Ufl.

ions with hydrogen molecules H2 is high and not possible to
be reached in the dc field measured (Fig. 5). H+

3 and H2 are
involved in the estimations of the charge-exchange collisions
since, in the range of the measured values of the electron
density, these are the ion and neutral species with the highest
densities [41].

The axial decrease of the electron density is accompanied
by an axial decrease of the electron temperature Te (Fig. 4).
However, here, the regions of different rates of axial variation
are two: 1) a region of a faster drop of Te close to the driver
(z ≤ 6 cm), which covers the first two regions of the z-variation
of ne (the fast drop of ne and the ne(z)-plateau region), and
2) a slower decrease of Te away from the driver (z ≥ 6 cm).
The electron temperature increases with the decrease of the
gas pressure, and it does not depend on the applied RF power,
both in accordance with the general trends of the gas-discharge
behavior. The values of the electron temperature at z = 0 are
in agreement with the results for the electron temperature from
the model [42] of low-pressure hydrogen discharges.

Plasma potential U (Fig. 5) decreases along the axis of the
expanding plasma region, in accordance with the axial variation
of Te. The axial electric field is of the order of that registered
before [5], [12] in expanding plasmas without double-layer
formation in argon discharges. The axial variation of the float-
ing potential Ufl (Fig. 6) is nonmonotonic. With the obtained
weaker axial variation of U compared with that of Te, the
nonmonotonic axial changes of Ufl are in accordance with

Fig. 7. Comparison of the experimental data (by symbols) for the axial
decrease of the electron temperature for p = 26 mtorr (P = 500 W) with the
theoretical result (solid curve) for the axial profile of Te obtained as a solution
of (1).

the well-known relation Ufl = U − (κTe/e) ln(
√

mi/me) be-
tween Ufl and U , which was checked to be fulfilled for the
experimental data in Figs. 4–6; here, κ is the Boltzmann’s
constant, e is the electron charge, and me and mi are the masses
of electrons and ions, respectively. The comparatively weak
axial changes of the plasma potential is also an indication of the
strong coupling between the driver and the expansion-plasma
volume that was already mentioned regarding the axial profile
of the electron density.

Electron cooling at the plasma expansion (Fig. 4) is the main
conclusion from the experiment that was also made before but
for argon discharges [17]. The very weak axial variation of Te

away from the driver calls for the importance of nonlocality
that is associated with thermal conductivity effects. This is
confirmed by Fig. 7 where experimental data for Te(z) are
compared with an axial profile of the electron temperature
obtained by solving (in cylindrical coordinates r, ϕ, and z, and
with an azimuthal symmetry) the equation

1
r

∂

∂r

(
r
∂Ψ
∂r

)
+

∂2Ψ
∂z2

= 0 (1)

for the potential

Ψ(Te) =

Te∫
0

χe (T ′
e) dT ′

e (2)

of the thermal flux

Je = −χe∇Te (3)

of the electrons. Here, χe = (5/2)neDe, with De being the
diffusion coefficient of the electrons, is the thermal conductivity
coefficient. In obtaining the solution Ψ(r, z) of (1), the spatial
variation of the plasma density is disregarded. The values of
Ψ(r, z) at the boundaries z = 0, z = L, and r = R = D1/2
are calculated from the experimental results for Te according to
the relation Ψ(Te) = (β/2)T 2

e between Te and Ψ(Te) obtained
from (2); β = (5/2)(ne/meνe−n) and νe−n = νe−H + νe−H2

is the electron-neutral elastic collision frequency. The very
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Fig. 8. Comparison of the experimental data (symbols and solid curve) for the
axial variation of the electron density for p = 14 mtorr (P = 500 W) with the
theoretical result [(4) (dashed curve)]. The Boltzmann’s law distribution (6) also
shown (dotted curve) is taken with the averaged value of Te = 2.9 eV obtained
under the given gas-discharge conditions in the expanding plasma region.

good agreement between the experimental and theoretical re-
sults for the axial profile of Te shows that the electron energy
input carried by the particle flux from the driver and the spatial
distribution of this energy input through thermal conductivity
are the main mechanisms ensuring plasma maintenance in the
expansion volume.

The structuring of the axial profile of the electron density,
with a formation of a plateau region between the regions of the
fast drop of ne close to the driver and the slow decrease away
from it, is the other conclusion from the experiment. Such a
behavior of the axial variation of ne is in agreement (Fig. 8)
with the solution

ne(z)= ne(z = 0)
Te(z = 0)

Te(z)
exp




z∫
0

e

κTe(z′)
dU

dz′
dz′


 (4)

of the momentum equation of the electrons

ene
dU

dz
− d

dz
(neκTe) = 0 (5)

obtained by accounting not only for the axial changes of the
potential U but also for the axial variation of Te. In plotting
(4) in Fig. 8, the experimental data for the U(z) and Te(z) de-
pendences have been employed. An assumption for a constant
value of the electron temperature reduces (4) to the Boltzmann’s
law relation

ne(z) = ne(z = 0) exp
{

e

κTe
[U(z) − U(z = 0)]

}
(6)

between ne(z) and U(z) that was considered before [1],
[5], [12] as a characteristic of the expanding plasmas in the
pressure range above a few millitorrs. The obtained (Fig. 8)
strong deviation from the Boltzmann’s law and the good agree-
ment of the experimental results for ne(z) with (4) show the
important role of the thermal diffusion—disregarded in the
derivation of (6)—in the formation of the axial profile of ne.

Thus, the axial drop of Te (Figs. 4 and 7) at the plasma
expansion strongly affects the axial variation of the plasma
density, through the mechanism of the thermal diffusion.

The preceding estimations are in the trends of those made
before [33], [43] regarding experiments, which were in the
same gas-pressure range, on plasma expansion—however, in
a straight tube with the same diameter as of the driver
region—from a helicon discharge in argon gas. The case of the
inductive driving of the discharge, for a zero magnetic field, has
also been considered. Comparison of the results presented here
with the experimental results and the corresponding estimations
in [33] and [43] shows differences that could be attributed to:
1) different ranges of variation of plasma density and, more
importantly, 2) different sizes of the expanding plasma volumes
(respectively, the radius of the expanding plasma region that is
quite larger than that of the driver, as stated here, and the radius
of the expanding plasma region that is equal to that of the driver,
as in [33] and [43]). In both cases, electron cooling and thermal
conductivity effects appear to be responsible for the axial
variation of the electron temperature in the expanding plasma
volume. However, whereas the high electron density in the ex-
periments [33], [43] in helicon discharges drives Spitzer–Härm
type of heat flux [44], involving electron–electron collisions in
the thermal conductivity coefficient, the low electron density
in the experiment presented here determines the importance of
the classical thermal conductivity [38] governed by the elastic
electron-neutral collision frequency. The shapes of the axial
profiles of electron temperature and electron density obtained
before [33], [43] and here are essentially different, and this
may be attributed to the different sizes of the expanding plasma
regions. The plasma expansion in a straight tube, as shown in
the inductive mode operation of a helicon discharge, results in
an abrupt drop of the electron temperature and a monotonic
decrease of the electron density, followed by a long-length
region of almost constant Te and ne. Compared to these results,
the axial profile of Te (Fig. 4) obtained for plasma expansion in
a larger radius volume (than that of the driver) is smoother, and
the axial profile of ne has a complicated behavior. The different
trends of the axial profiles of the plasma parameters obtained
here could be related to the smaller radial losses of charged
particles when the transverse size of the expanding plasma
volume exceeds considerably the radius of the driver. However,
the explanation of the mechanisms of the plasma expansion in
the two cases (of different sizes of expanding plasma volumes)
needs intensive theoretical work based on development of 2-D
models of the discharges.

B. Radial Profiles of the Plasma Parameters

The radial profiles of the plasma parameters are measured
at a distance that is comparatively far from the driver, i.e.,
at z = 12 cm. The radial changes of the electron density and
temperature shown in Fig. 9 are for varying applied power, at a
given gas pressure. The electron temperature is not influenced
by the applied power, and it has almost constant value over the
cross section, with a slight increase toward the walls. The latter
case may be attributed to secondary electrons accelerated in
the high potential drop near the walls, influencing the plasma
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Fig. 9. Radial profiles of the electron density (open symbols) and temperature
(closed symbols) measured at z = 12 cm, with p and P values as marked on
the figure.

characteristics there. The average value of ne increases with
the applied power. The results from measurements at different
values of the gas pressure show the decrease of the plasma
density with the gas pressure increase, already commented in
the discussion on the axial profiles of ne.

IV. CONCLUSION

The results on the radial and axial distribution of the plasma
parameters in the expansion volume of an inductively coupled
plasma source operating in hydrogen, which are presented here,
reveal the spatial structure of the discharge. The low-pressure
discharges that are studied are sustained in the tens-of-millitorr
range. The spatial variation of the electron temperature shows
the cooling of the plasma due to its expansion in a larger
volume. The axial decrease of the electron temperature is
accompanied with complicated structuring of the axial variation
of the electron density. Although a strong decrease of the
electron temperature is shown, the values obtained are not low
enough for ensuring optimum conditions for the volume pro-
duction of negative hydrogen ions via dissociative attachment
of electrons to vibrationally excited hydrogen molecules. This
confirms the necessity of additional cooling of the electrons
by magnetic filters [22], even in the ion beam sources with
expanding plasma regions.

The similarity of the axial profiles of the electron temperature
and density in hydrogen discharges with those in discharges in
argon gas shows that general mechanisms, and not a strong
influence of the nature of the given gas, are responsible for
forming the main trends of the spatial structure of the expanding
plasmas in the pressure range above a few militorrs. The simple
approach to the axial profile of the electron temperature shown
here based on the electron energy flux gives the indication
that the electron energy input from the driver combined with
thermal conductivity effects is the right direction in outlining
the mechanisms of plasma existence in the expansion volume.
This means a strong coupling of the plasma expansion region to
the driver. Moreover, with the axial changes of the electron tem-
perature and the electron cooling at the plasma expansion, the
thermal diffusion becomes important, causing strong deviations
from the Boltzmann’s law distribution of the electron density
and leading to complicated structuring of its axial profile.
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