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Radial distribution of hydrogen atoms in H2 plasma
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Faculty of Physics,
University of Montenegro,
81000 Podgorica, Serbia and Montenegro

Received 9 March 2006; accepted 2 May 2006

Abstract: The radial intensities of the Hα and H2 Fulcher α (d3Πu − a3Σg) system spectral
lines were used to obtain the radial distribution of hydrogen atoms in H2 plasma discharge. We
have obtained new equations in order to describe the distribution of atoms in molecule discharges.
Abel’s integral equation has been solved by Tikhonov’s regularization procedure. Model functions
have been introduced to examine the limitations in the applicability of this method. An estimation
of the degree of dissociation in the radial direction has been obtained.
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1 Introduction

The complexity of connections between measured quantities and plasma parameters rep-

resents the major source of difficulties in plasma diagnostics. To obtain these connections,

it is necessary to choose some model of plasma, which preferably should be formulated

a priori. The method of plasma diagnostics is developed in accordance with this model.

The validity of the model can be checked by an interpretation of the results.

An additional difficulty in plasma diagnostics is due to non-local properties of most

methods. As a rule of thumb, the average value of a quantity q(x, y, z) is measured across

volume ΔV

G =
∫
ΔV

q(x, y, z)dV, (1)

where ΔV is usually a volume, limited by a small space angle, a narrow layer etc. [1]. To

obtain the local values q(x, y, z), the measurements along different directions are needed.
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Fig. 1 Abel transformation.

In cases of a simple geometry (spherical, cylindrical, elliptical etc.), it is enough to measure

G along parallel cross sections or at different angles from one point.

There are many possibilities of employing the Abel transformation for solving some di-

agnostic problems in spectroscopy, such as obtaining radial profile of the electron concen-

tration, a local electron energy distribution, atomic and molecular radial density distribu-

tions of components in mixture discharges, etc. Spectral lines, continuum and molecular

bands, detected in plasma, offer numerous information about plasma characteristics. Very

often, radial profiles of the atomic density n(r), are connected with the radial intensities

of their spectral lines I(r), in the simplest way. A radial separation of the components in

mixture discharges could be obtained by measuring the radial intensity of spectral lines.

This has been well developed for the mixtures of noble atoms and vapors of alkali metals

[2–5].

The lateral intensity of a spectral line I(y), obtained in an experiment, is related to

the local values I(r), in plasma with a cylindrical symmetry, in the following manner:

I(y) = 2
∫ R

y

I(r)rdr√
r2 − y2

, (2)

where r is a distance of some point in plasma to the axis, (see Fig. 1). Unfortunately,

Eq. 2 presents an ill-posed problem, i.e. unstable to the experimental errors [6]. It means

that unavoidable errors in measuring I(y), could produce significant errors in determining

I(r).

The separation of components in pure molecular plasmas, between molecules and

atoms, due to process of dissociation is an extremely interesting issue. Sometimes, the

collision processes between atoms and molecules are the most important in describing

plasma behavior [7]. This work is an attempt at obtaining the radial distribution of

hydrogen atoms in the H2 plasma by using Abel transformation.
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2 Method

In our experiment the separation between atoms and molecules in the hydrogen discharge

was studied. Several components exist in this plasma: neutral molecules and atoms, pos-

itive molecular ions H+
2 , positive atomic ions H+, negative atomic ions H− etc. [8].

There are several mechanisms that produce axial and radial separations of mixture com-

ponents: cathoforesis, ’ion wind’, thermodiffusion , mechanisms due to mass difference,

differences in cross-sections of momentum exchange among particles [9]. Momentum ex-

changes among electrons, atoms and molecules in two-component mixtures result in the

appearance of an axial and radial gradient of the density. It leads to a change in the

density ratio of mixture components, comparing with a case without discharge.

There are two main reasons for this change. In collisions between atoms and molecules

with electrons inside a gas mixture, the atoms gain greater momentum than the molecules.

As a result, the density of atoms is higher near the anode while the density of molecules is

higher near the cathode. In a gas mixture the concentration of a component with higher

cross-section of momentum exchange, should be greater near the anode. On the other

hand, drifting of ions increases the concentration of a component with smaller ionization

potential near the cathode and the walls of the tube. The concentration of the component

with lower ionization potential is small, leading to a decrease in the electron temperature

(Penning effect), and the electron energy is not sufficient for an intensive ionization of the

higher-ionization component. Thus, the ions of low-ionization components are dominant

in ion current, flowing to the cathode (walls). This process of separation of the mixture

components is cathoforesis. An increase in a concentration of low-ionization atoms near

the cathode and around the walls is a result of the process of neutralization. The ions

are neutralized in the cathode’s (wall’s) area, thus leading eventually to the separation

of mixture components. Since the difference of ionization potentials for hydrogen atoms

and molecules is small (VH2 = 15.43eV ), (VH = 13.6eV ), the separation due to effect of

cathoforesis should not be decisive. The main mechanisms for the separation of atoms

from molecules could be due to the difference in their momentum exchanging cross-

sections and ’ion wind’.

The presence of negative ions in the plasma makes the effect of cathoforesis very

complex. A general theory, dealing with all these processes, including the interaction

among the charged particles, has not been formulated. To overcome this situation, our

main efforts are focused on the experimental investigation.

Fulcher α emission lines of molecules H2 and Hα line of atoms H are suitable for

this kind of observation, i.e. for connecting their intensities with the concentrations of

hydrogen atoms and molecules. In many cases, the intensities of the Fulcher α and Hα

lines can be described by Eq. 3. The emission of the Fulcher α system is due to the

electron excitation from the ground state. There are five processes exciting Hα emission

[10]: (1) dissociative excitation, (2) dissociative ionization from H2, (3) atomic excitation

of H, (4) dissociative recombination, and (5) dissociative excitation from H+
2 . The main

processes are (1) and (3), while (2), (4) and (5) or of negligible importance because the
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density of H+
2 ions is small compared to that of H2 [9].

Three possible different situations were considered. The first: it was assumed that

the dominant process is (1), i.e., dissociative excitation. The intensities of the Fulcher α

and Hα spectral lines can be expressed as

IH2 = Const · nenH2 < σH2v > (3)

and

IHα = Const · nenH2 < σdis
Hα

v >, (4)

where < σH2ve >, < σdis
Hα

ve > are the rate coefficients of excitation d3Πu level in molecule

H2, and dissociative excitation of Hα line by electronic impacts, respectively [8]. Accord-

ing to the previous relations it follows:

IHα(r)

IH2(r)
= C, (5)

where C ≈ <σdis
Hα

v>

<σH2
v>

. As can be seen from the above relation, we do not have sufficient

information about the radial distribution of atoms.

In the second case it was assumed that the dominant process for exciting Hα emission

is (3), i.e., excitation of H atoms. The intensity ratio is proposed as:

IHα(r)

IH2(r)
=

< σdir
Hα

v > nH(r)

< σH2v > nH2

= C ′ nH(r)

nH2(r)
= C ′ nH(r)

nH2(r)
= C ′ 2Kd(r)

1 − Kd(r)
, (6)

where < σdir
Hα

v > is the rate coefficient of direct excitation of Hα line by electronic impacts,

Kd = nH/2no
H2

a degree of dissociation, and no
H2

the initial value of molecule gas density,

respectively. In this case, the ratio IHα

IH2
follows the ratio of the density distribution

nH(r)/nH2(r).

The third case is more realistic. It was assumed that the previous two processes (1)

and (3) occur in parallel. Now, the intensity of the Hα line has form:

IHα = Const · (nenH2 < σdis
Hα

ve > +nenH < σdir
Hα

ve >), (7)

and

IH2 = Const · nenH2 < σH2ve > . (8)

By employing Eq. 7 and 8, the intensity ratio is given by:

IHα

IH2

=
< σdis

Hα
ve >

< σH2ve >
+

nH(r)

nH2(r)

< σdir
Hα

ve >

< σH2ve >
=

< σdis
Hα

ve >

< σH2ve >
+

2Kd

1 − Kd

< σdir
Hα

ve >

< σH2ve >
, (9)

Again, the ratio IHα

IH2
follows the ratio of the density distribution nH(r)/nH2(r), however

in a more complex manner.
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Fig. 2 Schematic diagram of the experiment: A-anode, K- catode, GH-generator of hydro-

gen, IM- ionisation manomether, M- mirrors,L1, L2- lenses, PP- planparallel plate, MN-

monohromator, P-photomultiplayer, VS- voltage source, CP- cylindrical probe, PP ∗-
plate probe, P- printer, DPC- device for measuring a probe characteristic.

3 Experimental set up

The schematic diagram of the experiment is shown in Fig. 2. Hydrogen was produced

from the hydrogen generator (GH) by de-sorption (heating), and entered in the high

evacuated tube. The hydrogen pressures were measured by an ionisation manometer

(IM) in a “static” conditions, i.e. the pump valve was closed. The cathode was heated

indirectly and a stable low voltage arc was obtained. The positive column of the discharge

was slightly stratified. The experimental conditions were: radius and length of the tube,

R = 2cm, L = 40cm, p = (1 − 10)Pa, ne = (109 − 1010)cm−3, Te = (4 − 5)eV , Id =

(50 − 200)mA.

The plasma parameters such as ne and Te, were measured by the Langmuir probe

(CP). The measurements of the radial distribution of the intensity of radiation were done

perpendicular to the tube axis. The radiation of optically thin plasmas from the tube was

focused by the system of mirrors (M) and lenses(L) to the slit of the monohromator(MN)

(Fig. 2). In front of the monohromator was suited a plan-parallel plate which was moved

by an engine. The plan-parallel plate was uniformly rotating, thus aiming measurements

of lateral intensities of spectral lines I(y), (see Fig. 1 and 3).The measurements were

conducted along the positive column of the discharge in the “head”, middle and “tail” of

the strata. The signal from the photomultiplier was driven to the printer and the scanned

intensity across the tube was obtained. The width of the slit was not more than 0.02 mm

and heights were up to 0.2 mm. According to these parameters, the space resolution along

the diameter was (1-2) mm. The estimate of errors of the radial intensity measurements
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Fig. 3

Fig. 4 Profiles of the IH2 and IHα lines.

were 10% on the wings and 5% in the center of the measuring profile.

3.1 The experimental results

Typical profiles of the scanned intensities of the IHα and IH2 spectral lines are on the

Fig. 4. The conditions were: Id = 100 mA, p = 5 Pa, ne = 109cm−3, T = 4 eV.

These profiles were normalized by putting the maximum values of the profiles to be unity

and then the radial distribution of hydrogen atoms and molecules along a radius, were

compared. With the space resolution of our method, the difference between the radial

distribution of hydrogen atoms and molecules in the positive column was not detected

(see Fig. 5).
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Fig. 5 The normalized profiles of the IH2 and IHα lines.

Fig. 6 Exact radial model profile (solid line), profile obtained by regularization method

with 1% artificial noise added(∗) and 4% artificial noise added (dashed line).

4 Test and calculation of radial distribution

There are many methods dealing with the problem of how to get the local radial values

I(r) from a measured I(y). All of them need some a priori information and often a

preliminary filtering of the signal [11]. Thus, it is always a question of losing the useful

information of the signal.

One of the methods to determine I(r) from integral relation Eq. 2 is Tikhonov

regularization method [12]. This method requires minimum a priori information such as:

the I(r) is a monotone positive function.

To check applicability limitations of the method, some model functions have been

introduced.
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Fig. 7 Profile of the model line I(y).

Fig. 8 Exact radial model profile (solid line), profile obtained by regularization method

with 1% artificial noise added(∗) and 4% artificial noise added (dashed line).

In the first case, the model function represented in Fig. 6, has been taken. I(y)

(Fig. 7) was calculated from Eq. 2 and after that an artificial noise was added to simulate

experimental results [13]. The profile I(r), obtained by the regularization method, is

represented in Fig. 6. The maximum value of the artificial noise was 1% of the peak

value of I(y). Analyzing the test results, it was found that this method is able to resolve

the “structure” of I(r) for the maximum absolute error lower than 4% of the peak value.

The second test was done for the case when I(r) was constant.The result of this test

is shown in Fig. 8 and Fig. 9.

Gathering our experimental data (Fig. 5) in Eq. 2, together with the estimation

of the experimental errors, and using Tikhonov’s regularization procedure, the radial

distribution of the intensities of both lines is presented in Fig. 10. From Eq. 6 and 9 it
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Fig. 9 Profile of the spectral line I(y) in case of constant radial distribution.

Fig. 10 The obtained distribution of the hydrogen atoms by using Tichonov’s regular-

ization method.

follows that for optically thin plasma, the radial distributions of the hydrogen atoms and

molecules are the same.

5 Discussion and conclusion

From the above results one can conclude that there is no significant radial separation

between hydrogen atoms and molecules in the positive columns of the hydrogen plasma.
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It means that, within the margins of the errors of our methodology (15 %) related to

both the experiment and the calculation, the degree of dissociation of the molecules in

H2 plasmas is practically constant along the radius.

Two test task were chosen in order to “guess”possible radial distributions of hydrogen

atoms. In the first case, a separation was assumed and the distribution has a depression

in the center of the tube. By using our method it is possible “to see ” this depression

when there is a reasonable accurate measurement.

In the second case, no separation between the components is assumed for the following

reasons. The first, the degree of dissociation of the molecules in H2 discharges is rather

low [10]. It means, that molecules of H2 are dominant in a gas mixture. If the gradient of

the gas temperature is low (for the our discharge currents it is a reasonable assumption),

one can assume that nH2 is constant along the radius. The second, in our experiment the

ratio IHα

IH2
was practically the same at every point along a radius. As one can see from

Eq. 6 and Eq. 9, the radial distribution of atoms is constant along the radius as well. The

intensity ratio IHα

IH2
obtained in the test was practically the same as ratio obtained in our

experiment (see Fig. 8 and Fig. 10).

From the above analysis it is possible to obtain the radial distribution of atoms in

hydrogen plasma by measuring the intensity ratio of spectral lines and knowing discharge

conditions and emission cross sections for these lines.
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