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Effects of cesium vapor injection on H™ production in a tandem volume source are studied
numerically as a function of plasma parameters. Model calculation is performed by solving a set of
particle balance equations for steady-state hydrogen discharge plasmas. Here, the results with a
focus on gas pressure dependence of H™ volume production are presented and discussed.
Considering H™ surface production due to H atoms and positive hydrogen ions, enhancement of H™
production and pressure dependence of H™ production observed experimentally are qualitatively
well reproduced in the model calculation, where stripping loss in the extraction and acceleration
regions is taken into account. For pressure dependence of H™ production with cesium, i.e., decrease
in optimum pressure, H atoms play an important role. For enhancement of H™ production, effect of
so-called electron cooling is also briefly discussed. © 2000 American Institute of Physics.
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I. INTRODUCTION

In pure hydrogen discharge plasmas, most of the H™
ions are produced by the two-step process' ™ which involves
dissociative attachment of slow plasma electrons, ¢ (with
electron temperature, 7,—1 eV) to highly vibrationally ex-
cited hydrogen molecules, Hy(v"). Experimental investiga-
tions have revealed that the addition of cesium (Cs) or
barium to a hydrogen discharge can enhance the H™ output
current by a several factor and cause a substantial reduction
in the electron-to-H™ ratio in the extracted beam.™ It has
also been reported6’7 that the optimum pressure, p o, giving
the highest H™ current for a certain arc current, /,,, is almost
independent of I, and that the value of p,, decreases to
0.8-1.0 Pa when Cs vapor is seeded into a plasma source.
Although these effects have been observed by many re-
searchers, the mechanism of Cs catalysis in H™ production
remains to be clarified.

To date, we have studied Cs effects on enhancement of
H~ yield® and isotope effect.! In modeling Cs effects,
based on some experimental results (for example, correlation
between the H™ current and the work function of the plasma
grid!! and dependence of H™ current on barium washer
voltage),!* we have assumed that the dominant process of
enhancement is surface production, where the surface has a
low work function because of the Cs coverage. Enhancement
of H™ 'yield are qualitatively well reproduced in the model
calculation. In this article, to elucidate further the Cs effects,
we will discuss characteristic features of enhancement of H™
yield as functions of plasma parameters, i.e., electron density
n,, hydrogen gas pressure p, and T, 13 Particularly, pres-
sure dependence of extracted H™ current is explained by the
model calculation. Here, atomic hydrogen H is the key pa-
rameter.
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1l. SIMULATION MODEL

To study H™ production in a tandem two chamber sys-
tem, we use the simulation model as shown in Fig. 1. Details
are reported elsewhere.>>!'>* Two chambers of volume
LXLXL;y (the first) and LXLX L, (the second) are in con-
tact with each other in the region of magnetic filter, where
L=L{+L,=30cm. We assume that fast electrons, ey, are
present only in the first chamber because the magnetic filter
prevents ¢, from entering the second chamber. We consider
four ion species (H™, HT, H;dt~ , and H; ), two electron spe-
cies (e and ey) and three species of neutral particles [H,
Hy(v"), and H,]. Particles other than ¢ and e are assumed to
move freely between the two chambers without being influ-
enced by the filter. The number of particles passing through
the filter is represented by flux nv, when n and v are the
particle density -and velocity, respectively. Besides various
collisional processes in hydrogen plasmas,’ two kinds of re-
action process at the wall surface are included in the present
model.>*1%13 One is H™ surface production caused by Cs
injection. The following four processes are considered:
H +wall—nH~ (n=1,2,3), and H+wall—H". The other
is effect of Hy(v") surface production due to wall recombi-
nation of H and neutralization of positive ions.

Surface production rates of negative ions are estimated
as follows: The term representing wall loss of H atoms is
expressed as (y; + Pesy)Ny/ 7. where v, is a wall recom-
bination coefficient, Pcgy indicates the probability of H™
formation at the wall, Ny is H density, and 7y is a confine-
ment time of H. Then, the H™ production rate at the wall
surface is expressed as PcosyNy/7y. We also assume that
recombination of H to H, at the wall is written as
v Nu(21y). Therefore, production of Hy(v") is expresses as
PoyNy/(27y), where Py is the probability of finding
Hy(v™) in H, formed at the wall. In the same way, the rates
of production of H™ and H,(v") from positive ions at the
wall are also estimated.

© 2000 American Institute of Physics
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FIG. 1. Simulation model for the tandem two-chamber system.

For each chamber, 19 rate equations for H, Hy(v"
=1-14), H™, H*, Hy, and H; are derived by taking into
account the earlier-mentioned reaction processes and the in-
teraction between the two chambers. Thus, for the tandem
two-chamber system, a set of 42 equations is solved numeri-
cally as a function of plasma parameters.

1ll. NUMERICAL RESULTS AND DISCUSSION

We will discuss the pressure dependence of H™ produc-
tion or of the extracted H™ current.

Figure 2 shows the H™ densities, H™, (2) in the second
chamber as a function of hydrogen gas pressure p. Calcula-
tions are performed for varying p on the assumption that
other plasma parameters are kept constant: The electron den-
sity in the first chamber n,(1)=2%10%cm™ in (a) and
5% 102 c¢m™3 in (b), the electron density ratio between two
chambers n,(2)/n,(1)=0.2, density of e in the first cham-
ber n.(1)/n,(1)=0.05, T, in the first chamber T,(1)
=5¢eV and T, in the second chamber T,(2)=1 eV, and the
filter position L;:L,=28:2 cm. Wall conditions are as fol-
lows. For positive ions, Pcs =Pcs,=Pcs,=Pcs(+), and
Peg(+)=20Pcsy, where Pesy=5X1073. Py=P;=0.01,
and P2=P3=03

In Fig. 2, dashed line (without Cs) shows the H™ (2)
produced by the so-called two-step pure volume process.
With Cs (Pegy=>5%1073), as shown previously,>>® H~
(2) increases markedly. According to the production rate and
destruction probability of H™ (2) corresponding to the result
in Fig. 2, the predominant production process is surface pro-
duction due to H. For destruction of H™ ions, electron de-
tachments caused by H and H, are predominant when p
>1 Pa. In the low-pressure region (p=1 Pa), however, both
electron detachments caused by H™ and loss flux of negative
ions I'»_,q, i.e., flow of H™ (2) across the filter to the first
chamber, are predominant. As y; is a wall parameter for
controlling H density, H density increases with decreasing
v,. Therefore, with decreasing y;, H™ (2) is enhanced
caused by H™ surface production due to H.
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FIG. 2. Effects of hydrogen gas pressure on H™ production: H™ (2) vs gas
pressure p with and without Cs, (a) electron density in the first chamber
n,(1)=2x10" cm ™ and (b) n(1)=5x 10" cm™>. Parameter y; is a wall
recombination coefficient of H. For cesium seeded case, y; is varied from
1.0 t0 0.1.

Usually, experimental results show the extracted H™ cur-
rent as a function of p. In Refs. 6 and 7, the H™ current is
enhanced severalfold, and py is reduced to 0.5-0.8 Pa and
is almost constant irrespective of I, or arc power P, . Fig-
ure 2, however, shows not the extracted H™ current but the
H™ density in the second chamber. Therefore, strictly speak-
ing, we could not directly compare the numerical results
shown in Fig. 2 with the experimental ones. Because, the
pressure dependence of H™ current depends strongly on
stripping loss of H™ ions along the beam axis."1®

In order to discuss pressure dependence of the extracted
H™ current, we derive the extracted H™ ions from H™ (2) by
taking into account stripping loss of H™ ions in the accelera-
tion grid region. According to gas pressure distribution along
the beam axis estimated by the Monte Carlo simulation,'® we
calculate the survival factor F against the stripping loss of
H™ ions, ie., H +H,—H+H,+e and H +H—2H+e. Fis
a decreasing function of pressure.

Figure 3 shows the extracted H™ ions, corresponding to
the results in Fig. 2(a), as a function of p. They are the
product of H™ (2) in Fig. 2 with F. In the absence of Cs, p oy
is observed for each n,(1), and the value of pg, increases
with 7,(1) not shown here. Experimentally, this is a typical
tendency in a multicusp volume source where the parameter
is not n, but arc current [,. With Cs injection, H™ density
increases by several times. Furthermore, in the present case,
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FIG. 3. Pressure dependence of the extracted H™ ions: H™ density vs p,
corresponding to the results shown in Fig. 2(a), where stripping loss of H™
ions in the acceleration grid region is included.

Popt also appears clearly. This comes from the pressure de-
pendence of F. Namely, F decreases sharply with pressure.
However, when y;= 1.0, p o does not shift to a low-pressure
region as observed in some experiments.6‘7 When the value
of y; with Cs is reduced to 0.1, however, p, shifts to a
lower-pressure region compared with the results without Cs.
This tendency agrees with experiments. As 7y, is a parameter
for controlling H density, this suggests that H density plays
an important role in H™ production with Cs. H density in-
creases with decreasing ;. Therefore, we speculate that H
density(or H ratio) in hydrogen discharge with Cs becomes
higher compared with that in pure hydrogen discharge al-
though no experimental data are reported concerning this
point. Details are now under study.

Electron cooling comes from the Cs-ionization energy
loss of the electrons and the ionization may occurs mainly in
the first chamber. Therefore, the cooling effect appears as the
lowering of the electron temperature T,(1) in the first cham-
ber. For reference, in Fig. 4, we also plot the numerical re-
sults of the extracted H™ ions obtained under T,(1)=3¢eV
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FIG. 4. Pressure dependence of the extracted H™ ions: H™ density vs p. In
this simulation, to show the effect of electron cooling, T,(1) with Cs is
reduced to 3 eV.
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with Cs, corresponding to the same Pcgy for the results in
Fig. 3. As a whole, H™ densities are reduced compared with
the results shown in Fig. 3. Although Pcgy 1s kept constant
corresponding to the variation of 7,(1),T, dependence of
H™ ions keeps the same tendency.13 Therefore, at least for
plasma conditions discussed here, electron cooling effects
not enhancement of H™ ions but reduction of H™ ions. De-
tails are discussed in a separate article.®

In the present simulation study where only surface pro-
cess of Cs effects is included, model calculation reproduces
the characteristic features of H™ enhancement in the Cs
seeded ion sources. Recently, volume effects of Cs related
reactions have been studied.!® They suggest that H™ density
decreases with increasing Cs density. In the future, we will
discuss Cs effects on H™ production including those volume
effects.

IV. CONCLUSIONS

We have theoretically studied cesium effects on en-
hancement of H™ yield and plasma parameter dependence of
H™ density in negative-ion volume sources. Considering H™
surface production, enhancement of H™ production and pres-
sure dependence of H™ production observed experimentally
are qualitatively well reproduced in the model calculation,
where stripping losses in the extraction and acceleration re-
gions are taken into account. H™ surface production due to H
and positive ions (H* and HJ) contribute predominantly to
H™ enhancement. For destruction of H™, H, and H, contrib-
ute predominantly in high pressure region. Therefore, H den-
sity determines the pressure dependence of H™ production in
cesium seeded hydrogen plasmas. For plasma conditions dis-
cussed here, electron cooling reduces H™ production.
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