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Abstract

The work is dedicated to the theoretical and experimental investigation of the intensive H
volume-plasma generation in cesium-hydrogen discharge. A low-voltage (LV) mode of the
discharge, a LV arc with a heated cathode, is studied. Theory of the discharge was created. It was

shown theoretically that very high H™ concentration ( NH_ ~ 10" cm®) may be achieved in the
discharge plasma. A comparison between the discharge theory and the experiments was fulfilled.
The main plasma parameters were measured by probe method. The H™ concentration in plasma
was determined from the experimentally measured absorption of laser radiation due to the
photodetachment of electrons from H™ ions. The existence of a very high H™ concentration ¢
10" cm®) in plasma was proved experimentally. Theoretical modeling shows that, with a high
electron emission from the cathode (O 10 A/cnf), the maximum H ™ density is located in plasma

near the anode. It allows extraction of narrow and bright H™ beam through a small opening in the
anode.

1. Introduction

H™ ions are used in accelerators, fusion research, plasma technology etc. The volume-
plasma (VP) sources are widely used for H' generation, H™ ions being created in plasma due to
dissociative attachment (DA) of electrons to rovibrationally excited H, molecules in the
ground electronic state Xlsg+(v) [1,2]. At present, in H VP sources, Xlsg+(v) molecules are
created, to a marked degree, because of radiative deexcitation of the singlet electronically
excited states B'S," , C*P * etc. [3]. The excitation cross-sections of these states by electrons
have noticeable values if the electron energy E > 40 eV [4]. Therefore, comparatively high
voltage discharges, where 50 eV £ E £ 150 eV, are used for H generation. It leads to
diminution of H, concentration and undesirable increase of H atom concentration due to H
dissociation by fast electrons. Because fast electrons destroy H ions [5], the VP H sources
consist usualy of two chambers [6]. In the first chamber, where excited molecules are
generated, the beams of fast electrons exist. In the second chamber, where H ions are created
by DA, the fast electrons are absent. Therefore the H source represents a complicated device
(e.g. see [7,8]) with complex plasma composition because severa kinds of positive hydrogen
ions and electronically excited H, molecules penetrate in the volume, where DA occurs.

The present communication is dedicated to H generation in low-voltage cesium-hydrogen
discharge. Such VP H" source was proposed in [9], where it was shown that, in this kind of the
discharge, a high concentration of vibrationaly excited molecules and heated thermal
electrons, needed for DA, may be obtained by a simple method in a single discharge volume.



2. The main peculiarities of LV cesium-hydrogen dischar ge.

In the beginning, a theory of LV cesium-hydrogen discharge was created [9-13]. A typical
potential distribution in the discharge consists of a potential well for thermal electrons. The
well is separated from the electrodes by very narrow near-electrode Langmuir layers, which
dimensions Lo ~ 103 L [14], where L is an interelectrode gap. A cathode voltage drop j 1 is
limited by the condition j 1 < EJe , where B @8.8 €V is a threshold of H direct dissociation
by electron impact from the ground electronic and vibrational state X'Sy*(v=0). At such j 1
values, the processes of H, direct dissociation are ailmost eliminated in plasma as well as the
processes of H, or H stepped ionization via electronicaly excited states. It leads to a
comparatively small contamination of the discharge by atomic hydrogen and therefore
improves significantly the vibrational distribution function (VDF) of H, molecules, because
the rates of v-t relaxation between H» and H [15] exceed the corresponding rates for pure H
[16] up to three orders of magnitude. It also prevents a formation of atomic or molecular
hydrogen ions. Therefore the discharge plasma contains only Cs' ions, electrons and H ions,
the thermal electron concentration n. being very large (n ~ (10* - 10') cm® ). n. exceeds a
concentration n? of cathode beam electrons up to two or three orders of magnitude.
Therefore electron-vibration kinetics depends only on thermal plasma electrons.

Two modes of the discharge were considered theoretically: a discharge in a dense plasma
[9-11] and discharge in arare plasma [12-13]. In the dense plasma, free paths of charged and
neutral particles are significantly less than the gap L and the energy relaxation length Le =
(Dot V2 of cathode electronsis also smaller than L. Here Dy and t ¢ are a diffusion coefficient
and a time of fast (beam) electron energy relaxation due to pair Coulomb collisions. In the
discharge considered, where n/Ni2 3 102 and j 1 < Ege , this relaxation occurs due to
collisions between fast and thermal electrons [14,17]. In thiskind of the discharge the electron
energy distribution function (EEDF) is very close to Maxwellian one, and the plasma is
described by the set of hydrodynamic equations (continuity equations, egquations of motion
and energy equations for electrons and heavy particles) and corresponding boundary
conditions [11,14]. The mechanism of thermal electron heating is Coulomb pair collisions
between fast and thermal electrons in near-electrode plasma region. In rare plasma, free paths
of the thermal particlesin the mgjority of cases are larger thanthegap L. Also, Le > L, i.e the
length of fast electron maxwellization is greater than the gap. In this case, the EEDF is non
Maxwellian, and thermal electrons cannot be heating by pair Coulomb collisions between
them and beam electrons. In this case, the main mechanism of thermal electron heating is a
collisona damping of Langmuir waves excited in plasma by means of plasma-beam
instability. Because of this mechanism, a significant part of initial beam energy is transferred
to thermal electrons[14,18].

In this report, a comparatively high H pressures (P42 2 1 Torr) are considered, and the
plasma is dense enough. Because of high nn and Ry, values, VDF of H, molecules is mainly
created due to the volume-plasma processes, the vibrational deexcitation on the electrode
surface being almost inessential. Therefore the VDF does not depend on unknown
probabilities of the vibrational deactivation of molecules on cesium-coated surfaces. It allows
to compare experimental and theoretical data without fitting parameters.

Experimental investigation of LV cesium-hydrogen discharge was performed in [14,19-24].
In the initial experimental works (e.g. see [14,19-21]) the probe method of plasma diagnostics
was developed and local parameters (n., Te, j ) were measured. It was shown experimentally
that all the plasma parameters, which are needed for intensive H generation, were really
obtained in the discharge plasma. In particular, just in the first experimental works (e.g. see
[14,19-21]), it was shown that high electron concentration ne and optimum electron



temperature T for H generation by means of DA were redly achieved in the discharge
plasma

3. H™ volume-plasma concentration in LV cesium-hydrogen dischar ge.

In the recent works [22-24] the H™ concentration, Ny, in plasma was measured
experimentaly. The diode with paralel-sided electrodes and interelectrode distance 3 mm
was used in the experiment. The face ends of the cylinders 12 mm in diameter were used as
the electrodes. A platinum foil, which was welded to the face end of the cathode cylinder, was
used as an emitter in cesium vapor. A cylindrical probe was inserted into the gap through a
hole in the center of the anode. The probe axis was parallel to electrode surfaces. The probe
diameter and length were 0.1 mm and 2mm respectively. The probe was placed in the center
of the gap. Ny~ was determined from the experimentally measured absorption of laser
radiation due to the photodetachment of electrons from H ions. A semiconductor laser of a
continuos operation and a power P @0.1 W was used. A spectral width of the radiation was
approximately DI @2 nm, and the maximum of the intensity was at | o =816 nm (hno = 1.52
eV). Concentration of the excited Cs atoms were measured experimentally and calculated by
theoretical methods. It was shown that real absorption of laser radiation, which was observed
in the experiment, is larger than photoabsorption by excited Cs atoms by two or three orders
of magnitude. The laser wavelength corresponds to the flat maximum of H photoionization
cross-section 6o @440’ cnf). As a result, the values of eectron concentration ne ,
temperature Te and potential | were determined by probe method in the center of the gap, and
H™ concentration was measured by the absorption of laser radiation in the near-cathode
plasma. Simultaneously the distributions of all plasma parameters in the gap, including the H,
VDF and densities of excited Cs atoms, were determined by the selfconsisted discharge
theory. The following processes were taken into account in caculations of VDF. ev
exchange, which was calculated according to the method of [25] (the cross section Gp:1 of
excitation Of thev = 0 0 v = 1 transition by electron impact was borrowed from [26]) ; v-v
and v-t exchange between H, molecules [27] (the corresponding rate constants were borrowed
from [16, 28]); v-t exchange between H, molecules and H atoms, which was taken into
account according [15, 29] and the processes of DA, which were considered according to [2,
25]. The severa other processes were also taken into account as it was done in [30]. The
experimental electron temperature in the center of the gap was taken as an initia value for
theoretical calculations. Because, in experimental conditions, a Cs concentration Ngs in the
gap is significantly less than concentration Ncs (Tcs) just above the surface of liquid cesium,
the theoretical parameter Ned®, which is equal to total Cs concentration averaged over the
discharge gap, was found from the additional condition, namely by equating the theoretical
and experimental Cs™ concentration in the gap center. The maximum deviation of

experimental N, vaues from corresponding points of the theoretical N . (x) curves, which

was obtained in the present experiments, was less or equal to 40 % . H™ concentrations up to
N, @(0.5-0.6)40" cni® were obtained experimentally near cathode at cathode electron

current density js @(3-4) Alent and hydrogen pressure Ry, @(1 —2) Torr. According to the
last theoretical caculations, the H™ concentrationupto N,. ~ 10" cm® may be obtained in

plasma near anode. These results were obtained for comparatively high cathode emission
current density js =10 A/cnf. Such f value cannot be obtained in stable mode of operation
from the platinum cathode at optimum Cs pressure Rss @102 Torr, which was used in the
present experiments, but may be easily obtained from LaBs flat cathode.
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