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Modeling of Negative Ion Production in
Hydrogen Plasmas

Osamu Fukumasa

Abstract—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 dis-
charge plasmas. Here, the results with a focus on electron temper-
ature and gas pressure dependence on H™ volume production are
presented and discussed. Considering H™ surface production due
to H atoms and positive hydrogen ions, enhancement of H™ pro-
duction and pressure dependence of H™ production observed ex-
perimentally are qualitatively well reproduced in the model cal-
culation, where stripping loss in the extraction and acceleration
regions is taken into account. For enhancement of H™ production,
so-called electron cooling in the source region, as well as in the ex-
traction region, is not so effective if plasma parameters are initially
optimized with the use of a magnetic filter.

Index Terms—Cesium (Cs) effect, electron cooling, H™ volume
production, modeling of negative ion source, surface production.

I. INTRODUCTION

OURCES of H™ and D™ ions are required for generation of

efficient neutral beams with energies in excess of 150 keV.
The magnetically filtered multicusp ion source has been shown
to be a promising source of high-quality multiampere H™ ions.
In pure hydrogen discharge plasmas, most of the H™ ions are
produced by the two-step process [1]-[3] which involves dis-
sociative attachment of slow plasma electrons, e (with electron
temperature, T, ~ 1 eV), to highly vibrationally excited hy-
drogen molecules, Ha{v"). Recent experimental investigations
have revealed that the addition of cesium (Cs) or barium to a hy-
drogen 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 [4], [5]. It has also been reported [6],
[7] that the optimum pressure Dope giving the highest H™ cur-
rent for a certain arc current I, is almost independent of I, and
that the value of p,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 researchers, the mechanism of Cs catalysis
in H™ production remains to be clarified.

To date, we have studied source modeling [2], [3], [8] and Cs
effects on enhancement of H™ yield [9]-[11]. The mechanisms
underlying Cs injection enhancement of H™ production are re-
ported to be as follows [4]:

1) electron cooling;
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Fig. 1. Simulation model for the tandem two-chamber system.

2) production of Ha(v"") due to reaction between Cs atoms
and Hy;
3) H™ surface production caused by H atoms and positive
hydrogen ions.
Based on some experimental results (for example, correlation
between the H™ current and the work function of the plasma grid
[12] and dependence of H™ current on barium washer voltage
[13]), we assume that the dominant process of enhancement is
surface production, where the surface has a low work function
because of the Cs coverage. In this paper, to elucidate further the
Cs effects, we will discuss enhancement of H™ yield as func-
tions of some plasma parameters, i.e., electron density 7., hy-
drogen gas pressure p and T, [14]. Taking into account H™ sur-
face production, the model calculation well reproduces the char-
acteristic features of enhancement of H™ production observed
experimentally [6], [7].

II. SIMULATION MODEL

To study H™ production in a tandem two chamber system,
we used the simulation model [2], [3], [8] shown in Fig. 1. Two
chambers of volume L x L x L (the first) and L x L x Ly
(the second) are in contact with each other in the region of mag-
netic filter, where L = L; + Lo = 30 cm. We assume that fast
electrons, ey, are present only in the first chamber because the
magnetic filter prevents ey from entering the second chamber.
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Fig. 2. Reaction processes at the wall surface considered in the present
modeling.

We consider four ion species (H™, H*, HY, and Hf{), two elec-
tron species (e and ey) and three species of neutral particles
[H, Ha(v"), and Ho]. We assume that the ion containment time
ratio 7(H™) : 7(HS) : 7(HF) = 1 : v/2 : /3, and we treat
7(H™) as one of the unknown independent variables. Particles
other than ¢ and ey are assumed to move freely between the two
chambers without being influenced by the filter. Here we as-
sume that ions move freely across the magnetic filter. Because,
the strength of the magnetic filter is usually selected to influ-
ence only electron dynamics. The number of particles passing
through the filter is represented by flux nv, where n and v are
the particle density and velocity, respectively.

- In the present model, two kinds of reaction process at the
wall surface are included. One is H™ surface production caused
by Cs injection. The following four processes are considered
[91-[111,[14], [15): Hf +wall = nH™ (n =1, 2, 3),and H +
wall — H™. The other is effect of Ho(v") surface production
due to wall recombination of H and neutralization of positive
ions [16], [17]. Wall effects considered in the present study are
summarized in Fig. 2.

In modeling, surface production rates of negative ions are es-
timated as follows: The term representing wall loss of H atoms
is expressed as —(v; + FPes)Nu/7u, where 71 is a wall re-
combination coefficient, Py indicates the probability of H™
formation at the wall, Ng is H density, and 7 is a confinement
time of H. Then, the H™ production rate at the wall surface is
expressed as P..g Ny /my. We also assume that recombination
of H to Hy at the wall is written as vy Nu /(271 ). Therefore, pro-
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Fig. 3. Effects of the surface production due to both H atoms and positive
ions on enhancement of: H~ production : H™ density, H™ (2), in the second
chamber versus electron density, (1), in the first chamber. Solid lines and
dashed lines are corresponding to the case of electron temperature in the first
chamber T.(1) = 5 eV, and T.(1) = 3 eV, respectively. Other numerical
conditions are as follows: Hydrogen gas pressure p(H») = 0.67 Pa (5 mtorr),
electron temperature in the second chamber T (2) = 1 eV, v1 = 1.0, and wall
parameter vz for Ha(v') is 0.1. Parameter is the probability of H™ formation
from H at the wall, P..n.

duction of Ha(v") is expressed as Pyy; Nu /(271 ), where Py is
the probability of finding Ho(v") in Hs formed at the wall. In
the same way, the rates of production-of H™ and Hy{v") from
positive ions at the wall are also estimated.

For each chamber, 19 rate equations for H, Hao(v" = 1-14),
H~, H*, HT, and Hg‘ are derived by taking into account the
above mentioned reaction processes, other collisional reaction
processes occurring in hydrogen plasma [2] and the interaction
between the two chambers. Besides these rate equations, there
are two constraints for each chamber: i.e., the charge neutrality
and particle number conservation. Thus, for the tandem two-
chamber system, a set of 42 equations is solved numerically as
a function of plasma parameters.

III. NUMERICAL RESULTS AND DISCUSSION

The procedure for numerical simulation is as follows: To de-
termine the electron density dependence of the H™ production,
calculations are performed for various electron densities, 7. (1),
in the first chamber on the assumption that other plasma parame-
ters are kept constant: i.e., for example, the electron density ratio
between two chambers n.(2)/n.(1) = 0.2, density of e in the
first chamber n¢.(1)/n.(1) = 0.05, p = 0.67 Pa(5 mtorr), T
in the first chamber T..(1) = 5 eV and T in the second chamber
T.(2) = 1 eV, and the filter position Ly : Ls = 28 1 2 cm.
According to previously obtained results {2], [3], these plasma
conditions were chosen to be reasonable in the typical negative
ion sources and to nearly optimize H™ pure-volume production
in the second chamber. Those plasma conditions are also used
in the present study.

Fig. 3 shows the H™ densities, H™(2), in the second cham-
bers for various different values of P.;. Wall conditions are as
follows. For positive ions, Pes) = Pesg = Pesg = Pes(+), and
PCS("F) - ()OPcsH‘ P() = Pl = (.01, and P2 = P3 = 0.3.
When P.g = 0, ie., curve (1), H™ ions are produced
by the so-called two-step pure volume process. With in-
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creasing Pen, as was shown previously [9]-[11], [14],
H~(2) increases markedly. In a high-density region, i.e., at
ne(1) = 5 x 10*2 cm3, H™(2) is enhanced by a factor of
four for curve (4) and by a factor of seven for curve (5). Since
the same factor of enhancement was obtained when the effect
of surface H™ production in only the second chamber was
taken into account, one can conclude that the second chamber
is the most effective area for surface enhancement of H™
production. In the present simulation, as the magnetic filter
is set at L1 = 28 cm, the total area of the wall surface in the
second chamber is nearly equal to the area of the end wall,
which corresponds to the plasma grid of the tandem volume
sources [6], [7]. Thus, the numerical results above mentioned
agree well qualitatively with the experimental results [6], [7],
[12], [13]. As determined experimentally, the H™ yield rises
with plasma grid temperature peaking at around 250 °C [6]
or 300 °C [7] . This spatial or localized dependence of H™
production enhancement is caused not by a volume process but
by a surface process.

Electron cooling comes from the Cs-ionization energy loss
of the electrons, and the ionization may occurs mainly in the
first chamber. Therefore, cooling effect appears as the lowering
of the electron temperature T, (1) in the first chamber. For ref-
erence, in Fig. 3, we also plot the numerical results H™(2) ob-
tained under 7, (1) = 3 eV, namely the three dashed lines corre-
sponding to the same Pesp for curves (3), (4), and (5). Although
details are discussed in the later paragraph, electron cooling
does not affect strongly H™(2) density.

Theoretically, the probability S~ of incoming H atoms
being converted to H~ ions on the wall is given as
B8~ = (2/7)exp[-n(¢ — A)/2av] [18], where ¢ is the
work function, 4 is the electron affinity, a is the decay con-
stant, and v is the normal velocity of the incident particle. The
effect of Cs is expressed through the value of ¢. For example, ¢
is 1.45 eV for the surface covered with half of a monolayer of
Cs and 2.1 eV for the surface covered with a monolayer of Cs.
If we take the temperature of H atoms to be 0.5 eV,¢ = 1.8 eV
[12] and @ = 3.08 x 1072 eV - s/m [18], [19], we can estimate
B~ = 4.87 x 1073 for H atoms. Impinging positive ions will
be accelerated by sheath potential. Namely, positive ions have
rather large » compared with H. For protons with energy of 1
eV, f~ is 2.05 x 1072, Therefore, the probability of incoming
positive ions being converted to H™ ions on the wall could
be much higher than that of thermal H atoms [20]. Then, in
the present calculation, Pes(+) = 20P.u. Although Py
is treated as a numerical parameter, values of Py are quite
reasonable except that Pesy = 10~2, To discuss Cs effects
quantitatively, we must estimate precisely the relationship
between P, in our simulation and the theoretical value 8~ for
the corresponding experiment.

As described above, electron cooling comes from the Cs-ion-
ization energy loss of the electrons. The ionization occurs
mainly in the first chamber. Therefore, cooling effect appears
as the lowering of the electron temperature T.(1) in the first
chamber and the cooling of T,(2) in the second chamber may
be only a result of cooling of T,.(1). In the present study, for
discussion of the effect of electron cooling due to Cs injection,
model calculation has been performed as a function of both
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Fig. 4. Dependence of H™ production on electron temperature: H™ (2) versus
T.(2) in the second chamber: (a) without Cs and (b) with Cs, where p(Hz)} =
0.67 Paand T, (1) = 5 eV. Parameter is n.(1).

T.(1) and T, (2), respectively. Here, wall condition is described
by curve (4) in Fig. 3, and the parameter is n.(1).

Fig. 4 shows T.(2) dependence of H™ production without
and with Cs. Production rates and destruction probabilities cor-
responding to the results in Fig. 4 are shown in Figs. 5 and
6. For the pure-volume case, as is shown in Fig. 4(a), H7(2)
depends strongly on T.(2). This is explained as follows: The
predominant production process is dissociative attachment, i.e.,
Hs(v") + ¢ — H™+ H, VP in Fig. 5(a). Its reaction rate has a
maximum value at T, = 0.5-1.0 eV and then decreases with 7.
For destruction of H™ ions, according to the result in Fig. 5(b),
electron detachment caused by e, ie., H™ + ¢ — H+ 2e, in-
creases abruptly with 7, and its reaction rate is predominant
(T, > 2eV). Then, with decreasing T..(2), H™ (2) increases and
then reaches the maximum value at about 0.7 €V [2]. In real ion
sources, usually, T.(2) is well optimized, i.e., T, = 1 eV, with
the use of magnetic filter. On the other hand, in the presence of
Cs as shown in Fig. 4(b), H™(2) hardly depends on T,(2), es-
pecially in the region of 1 eV, compared with the results in the
pure-volume case. Because, the enhancement of H™ production
due to surface processes is so marked that the increase in H™
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Fig. 5. (a) Production rates and (b) destruction probabilities versus Te(2),
corresponding to the H™(2) density without Cs shown in Fig. 4(a), where
n.(1) =5 x 102 cm™2® and T.(1) = 5 eV.

density due to a small reduction of T, could be masked. For de-
struction of H™ ions, however, collisional processes are nearly
the same as ones in the pure-volume case (see Fig. 6). With in-
creasing T, electron detachment caused by e becomes predom-
inant, and then H™ density gradually decreases with Te.

Fig. 7 shows T.(1) dependence of H™ production in the
presence of Cs. The enhancement of H™ production due to
surface production processes is so marked, and H™(2) keeps
nearly constant for the change of T.(1). Strictly speaking,
H~(2) decreases gradually with decreasing Te(1). Because,
with decreasing T.(1), surface production of H™ caused by H
and HT decreases.

In the present parametric study, surface production rates
are treated as numerical parameters and are kept constant
corresponding to the variation of T.. In general, for example,
with varying 7,.(2), potential difference between plasma
and chamber wall may change and it changes the value of
P... However, in the real ion source, surface production of
H~ ions mainly occur at the surface of the plasma grid [6],
[7]. As described in discussion of Fig. 3, we also reconfirm
this point by the present model calculation. Beside these, in
experiment, potential difference between the plasma grid and
plasma is varied easily by changing grid bias voltage [13],
[21], and potential difference can be kept optimum value for
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surface production with different plasma conditions. In this
case, calculation with constant P, is more suitable for the
experimental conditions. Then, to obtain the general feature of
T.(2) dependence, in the present calculation, we do calculation
by using constant Pe.
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Fig. 8. Effects of hydrogen gas pressure on H™ production: H™(2) versus gas
pressure p: (a) without Cs and (b) with Cs. In (a), the arrows show the point
where H~ density is maximum. In (b), the arrows show the point where H™
density corresponds to four times the maximum H~ density in the absence of
Cs where T (1) = 5 eV and T(2) = 1 eV. Parameter is n.(1).

As a whole, T, dependence of H™(2) keeps the same ten-
dency as shown in Figs. 4 and 7 although enhancement of H™(2)
varies with the change of surface production rates. Namely, ac-
cording to the results shown in Figs. 4 and 7, effect of electron
cooling due to Cs injection is as follows: H™(2) decreases grad-
ually with decreasing T.(1) (see Fig. 7) and H™(2) hardly de-
pends on T (2) in the region of 1 eV [see Fig. 4(b)]. Therefore,
electron cooling is not so effective for enhancing H™ yield, if
plasma parameters including T, are well optimized before Cs
injection with the use of the magnetic filter and the plasma grid.
In experiment, however, electron cooling seems to be one of the
reasons for the reduction in the electron-to-H™ ratio in the ex-
tracted beam.

Next, we will discuss pressure dependence of H™ production
or of the extracted H™ current. Fig. 8 shows H™(2) as a function
of p for various n.(1). In this calculation, the wall conditions are
described by curve (4) in Fig. 3. In Fig. 8(a), i.e., in the absence
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p, corresponding to the H™(2) density shown in Fig. 8(b) where
n.(1) = 5 x 10*? cm=>.

of Cs, H™ ions are produced by a pure-volume process. Ap-
parently, there is an optimum pressure popt for each n.(1), and
the value of popt increases with n.(1) (see the arrows in the
figure). On the other hand, in Fig. 8(b), i.e., in the presence of
Cs, the pressure dependence of H™(2) for each n.(1) has almost
the same pattern. As in the low-pressure region, enhancement
of H™ production also appears clearly, the arrows which show
the points where H™(2) corresponds to four times the value
for H™(2) in the pure volume case shift to the low-pressure re-
gion. In this case, however, no optimum pressures are observed
clearly.

Fig. 9 shows the production rate and destruction probability
of H™(2) corresponding to the result in Fig. 8(b), where n, =
5 x 102 cm™2. The predominant production process is surface
production due to H. At p = 1 Pa, for example, both surface pro-
duction due to H* and volume production VP have next dom-
inant contribution, and the contribution of Hy is the third. At
p = 1 Pa, the density distribution of H* : HY : H in the
second chamber is 49 : 24 : 27. Probability of H™ surface pro-
duction from HE{ is effectively twofold larger than that from Hy .
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For destruction of H™ ions, electron detachments caused by H
and Ho 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 T's_.1, i.e., flow of H™(2)
across the filter to the first chamber, are predominant.

Usually, experimental results, except those in [22], show
the extracted H™ current as a function of p. In [6] and [7], the
H~ current is enhanced severalfold, and pgp: is reduced to
0.5-0.8 Pa and is almost constant irrespective of I, or arc power
P.c. As described in [22], popt 1s reduced again to 0.3-0.4 Pa,
although pop¢ increases gradually with P... Fig. 8, however,
shows not the extracted H™ current but the H™ density in the
second chamber. Therefore, strictly speaking, we could not
directly compare the numerical results shown in Fig. 8 with the
experimental ones. Because, the pressure dependence of H™
current depends strongly on stripping loss of H™ ions along the
beam axis [7], [23], [24].

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 extraction and ac-
celeration grids region (see Fig. 1). According to gas pressure
distribution along the beam axis estimated by the Monte Carlo
simulation [24], we calculate the survival factor F against the
stripping loss of H™ions, i.e., H™ + Hy — H + H»s + ¢ and
H~ +H — 2H + e. F is a decreasing function of pressure.

Fig. 10 shows the extracted H™ ions, corresponding to the re-
sults in Fig. 8, as a function of p. They are the product of H™(2)
in Fig. 8 with F. In the absence of Cs, psp: 1 observed again
for each n.(1), and the value of pop¢ increases with n.(1). In
experiment {6], [22], this is a typical tendency in a multicusp
volume source where the parameter is not 7., but arc current
I,. With Cs injection, H™ density increases by several times.
Furthermore, in the present case, popt also appears clearly. This
comes from the pressure dependence of F'. Namely, F’ decreases
sharply with pressure. However, popt does not shift to low-pres-
sure region as observed in some experiments [6], [7].

Fig. 11 shows another example of pressure dependence of the
extracted H™ ions [23]. In this case, the value of y; with Cs
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is reduced to 0.1 and then pope shifts to lower-pressure region
compared with the results without Cs. This tendency agrees with
experiments. As -y is a parameter for controlling H density, this
suggests that H density plays an important role in H™ production
with Cs. H density increases with decreasing ;. Therefore, we
speculate that H density in hydrogen discharge with Cs becomes
higher compared with that in pure hydrogen discharge. Details
are now under study.

Recently, modeling of negative ion transport in a plasma
source was reported [26]. This code can be used to calculate the
extraction probability of negative ions produced at any location
inside the source. In the future, we will discuss the extraction
of negative ions with the use of our model calculation and the
idea of the above mentioned code.

IV. CONCLUSION

We have theoretically studied Cs effects on enhancement of
H~ yield and plasma parameter dependence of H™ density in
negative-ion volume sources. Considering H™ surface produc-
tion, enhancement of H™ production and pressure dependence
of H™ production observed experimentally are qualitatively
well reproduced in the model calculation, where stripping
losses in the extraction and acceleration regions are taken into
account. H™ surface production due to H and positive ions
(Ht and Hg") contribute predominantly to H™ enhancement.
For destruction of H™, H, and H; contribute predominantly.
Detailed discussion including another wall effect of y; will
be reported in a forthcoming paper. For enhancement of H™
production, electron cooling (due to cesium ionization energy
loss of electrons) is not so effective if plasma parameters in the
absence of cesium are well optimized with magnetic filter.
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