Pressure Dependence of Negative Hydrogen Ion Production
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Effects of cesium vapor injection on Moduction 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 and
electron temperature dependences of HY volume production are presented and
discussed. Considering I&/surface production caused by both H atoms and
positive hydrogen ions, enhancement of Hvproduction and pressure dependence
of H\"A)roduction observed experimentally are qualitatively well reproduced in
the model. For enhancement of HVY production, however, so—ca]led electron
cooling is not very effective if plasma parameters are initially optimized with the

use of a magnetic filter.
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1. Introduction

Sources of HY/and D\ i/ons are required for generation of efficient neutral
beams with energies in excess of 150 keV. The magnetically filtered multicusp
ion sourlce has been shown to be a promising source of high quality,
multi-ampere H\Yions. In pure hydrogen discharge plasmas, most of the HYions
are produced by the two-step process which involves dissociative attachment of
slow plasma electrons, e (with electron temperafure, T4 ~ 1 eV) to highlyv
vibrationally excited hydrogen molecules, H/g\(”z\l/s Recent experimental
investigations 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\\ﬁt has also been reported\{‘%at the optimum pressure, pgp\, giving
the highest H\/urrent for a certain arc current g_',gxils almost in depende\nt of__7/\
and that the value of xdecreases to 0.8-1.0 Pa when Cs vapor is seeded into a
plasma source. Although these effects have been observed by wmany
researchers, the mechanism of Cs catalysis in H production remains to be
clarified.

To date, we have studied source modehn}{%xd Cs effects on enhancement
of H\‘//yield:\7/The mechanisms underlying Cs injection enhancément of V
production are reported to be as foﬂowM Electron cooling, (2) Production
of 9@@*’9 due to reaction between Cs atoms and H/e\i,/and (3) B/ 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 griMnd dependence of \Q\‘/érrent on barium
washer voltagé\?’{ we assume that the dominant process of enhancement is
surface production, where the surface has alow work function because of the Cs
coverage. In this paper, to elucid’ate further the Cs effects, we will discuss

enhancement of HY yield as a fuanction of some plasma parameters, i.e. electron



densitY%,é\ hydrogen gas pressur'ehp_ and‘T/;\ Taking into account A;érface
production, the model calculation well reproduces the characteristic features on

enhancement of H¥/production observed experimentaﬂW

2 Simulation Model ﬁ:_—ﬂ
. 9.
To study H\'/production in a tandem two-chamber system, we used the v__i__.

simulation moden in Fig. 1. Tvo chambers of volume_LxLxLm(the first)
and ,inx@é\(the second) are in contact with each other in the region of the
magnetic %ﬂter, vhere L = L 1LL/é\= 30 cm. We assume that fast electrons, g/}\ are
present only in the Ist chamber because the magnetic filter prevents efAfron
entering the 2nd chamber. We consider four ion species (VH\*/I%\ and gxg\{{
two electron species (e and ﬂand three species of neutral particles [H, H/g{_z'

and HalL Particles other than e and e/r\are assumed to move freely between the
two chambers without being influenced by the filter. 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 HV'surface production caused by Cs injection. The following
four processes are considerew vall — niv(n=123) and i + wall
- H\./The other is the effect of %_z\'/)/surface production due to wall
recombination of H and neutralization of positive ioMﬂ effects
considered here are summarized in Fig. 2. _ t?lfg‘ 2\

In modeling, surface production rates of negative ions are estimated as

follows. The term representing wall loss of H atonms is expressed as

: % %"
-( ?A__B/&n&{& r/a\ where v 4AJds a wall recombination coefficient,__P/éér\

@

indicates the probability of HVformation at the wall,,f7V,{<\‘\s H density, and T/H\KS

a confinewment time of H. Then, the Mroduction rate at the wall surface is

W

X
expressed as_;&{s\,@& z:/.s\ Ve also assume that recombination of H to P/é\at the
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wall is written as § &2 z/a‘< Therefore, production of H (J_L\"’ is expresses

% %
as PA Y ANAN(2 7 ) where_Pads the probability of finding H N{in Haformed
AN O

¥a

at the wall. In the same way, the rates of production of Mnd WWfrom

positive ions at the wall are also estimated.

For each chamber, 19 rate equations for H, H/gii\”{l-l4), H\7,/H\”,/l;/5\</and il \v/
are derived by taking into account the above-mentioned reaction processes,
other cb]Jisional reaction processes occurring in hydrogen plasmas and the
interaction between the two chambers. Besides these rate equations, there are
two constraints for each chamber: i.e., the charge neutrality and the particle
number conservation. Thus, for the tandem two-chamber system, a set of 42

equations is solved numerically as a function of plasma parameters.

3. Numerical Results and Discussion
The procedure for numerical simulation is as follows: To determine the
electron density dependence of HV/production, calculations are performed for
various electron densities, _na(1), in the 1st chamber on the assumption that
other plasma parameters are kept constant: i.e., for example, the electron density
ratio between two chambers_na(2)/ne(l) = 0.2, density of epin the 1st chamber
W)/_{J (1) = 0.05,_p = 0.67 ;fé') m;i\rr),je in the 1st chaf}er_l‘/g(\l) =5eV and
T4\ in the 2nd chamber 1"(2) = 1 eV, and the filter position_é/r&,li/g{ 28:2 cum.
According to previously obtained resulMese plasma conditions were
chosen to optimize Mure—volume production in the 2nd chamber. They are also
used in the present study. | ll F;éﬁ !
Figure 3 shows the fk‘,éensities, H\74) in the 2nd chambers for various
different values of_P&Y  Wall conditions are as follows. For positive ions,_f%;N
“&:/sxﬁliz{sxf 2(+), and,f/c\s(\at) = 20P 45 ;{a_}:j/\: 0.01, and,_f/g\af/gt 0.3.
Whenﬁf}(—s}i 0, i.e. curve (1), XN/ 1ons are produced by the so-called two-step

pure-volume process. ¥ith increasing7P,c/s\\as was shovwn previously\,l\l,n/
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9) increases markedly. In a high density region, i.e. at\nﬁ\Q) = 5Xl‘0\'\7/01i1\3,/
7

H\‘é) 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 Mroduction in only the 2nd chamber was taken into account, one can
conclude that the 2nd chamber is the mwmost effective area for surface
enhancement of production. In the present simulation, as the magnetic filter

is set at LA = 28 cm, the total area of the wall surface in the 2nd chamber is
nearly equal to the area of the end wall which corresponds to the plasma grid of
the tandem volume sourceWhus, the nuwmerical results above mentioned
agree vwell qualitatively with the experimental resuM determined
experimentally, the Mield rises with plasma grid temperature peaking at
around 250 °C¥Y or 300 °this spatial or localized dependence of H\“/
production enhancement also supports the hypothesis that the l}\‘,{roduction
enhancement is caused not by a volume process but by a surface process.

H\v ions on the wall is given as gﬂ\% 2/ ;E)m[— -;“( ‘{c;;-_/i)/2ﬂl 3 where q; is

the work function,_ii_is the electron affinity, ais the decay constant and Jvis the

Theoretically, the probability, g\z/of incoming H atoms bein\gyerted to

normal velocity of the incident garticle. The effect of Cs is expressed through
the value of ?SK For example, z is 1.45 eV for the surface covered with half of a
monolayer of Cs and 2.1 eV for the surface covg‘red vith a mopolayer of Cs. If we
~take the temperature of H atoms to be 0.5 eV, ¢ = 1.8 e‘)\gA_ﬁ = 3.08x10<%5%eV -
sec/m}% can estimate %3\7/= 4.87x1Mr 0 atoms. Impinging positive
ions will bé accelerated by sheath potential. Namely, positive io“ns have rather
large v compared with H. For protons with energy of 1 eV, %\7{3 2.05x10%23
Therefore, the probability o_f incoming positive ions being converted to Mns
on the wall qould be much higher than that of thermal H atomMThen, in the
present calculation,_l;,é§(\+) = 20_}’/{%\ Although_P«&<nis treated as a numerical

parameter, values of__%\\are quite reasonable except thatj/égN 10\\5./1‘0



discuss Cs effects quantitatively, we must estimate precisely the relationship
between 71’%§\in our simulation and the theoretical value %B\‘/ for the

corresponding experiment. T, G
p Ié?r% |

Figure 4 shows k‘ 2) as a function of p for various_r71 (1). In this calculation, ——

the wall conditions are described by curve (4) in Fig. 3. In Fig. 4(a), i.e. in the
absence of Cs, I-k ions are produced by a pure volume process. Apparently,
there is an optimum pressure pg for each_ne(l), and the value of p /&
increases With,&&{) (see the arr_;vitn\the figure). In experimeMis/i; a
typical tendency in a multicusp volume source where thé parameter is not_nAbut
arc current J4 On the other hand, in Fig. 4(b), i.e. in the presence of Cs, the
pressure dependence of M) for each/g/g&l) has almost the same pattern. As in
the low-pressure region, enhancement of Moduction also appears clearly, the
arrows which show the points where E%(/D corresponds to four times the value
for H\‘/Z) in the pure volume case shift to the low-pressure region. In this case,

however, no optimum pressures are observed clearly. In experimeMe M

current is enhanced severalfold, andw reduced to 0.5-0.8 Pa and is almost

constant irrespective of yr arc power_/f ;{\,\As described in ref. IQPQ/AN
reduced again to 0.3-0.4 Pa althougthreases gradually w1th7PA§,,\Flgure

4 shows not the extracted H\/current but the H\7/density in the 2nd chamber. On
the other hand, experimental results, except those in ref.18, indicate the
extracted Murrent as a function of_p. Therefore, strictly speaking, we could
not directly compare the numerlcal results with the experin ental ones. Since the
pressure dependence of H\J/current depends strongly on stripping loss of V
ions along the beam avaertheless, as a vwhole, numerical results well
reproduce the characteristic features of the experimental ones. Namely, the \H\“/
current is enhanced by a large factor in a low-pressure region compared with

the Bofurrent in the absence of Cs. 'F‘«;

Figure 5 shows the production rate and destruction probability of



corresponding to the result in Fig. 4(b), where ’%é\: 5x1MN/The

predominant production process is surface production due to H. At p =1 Pa, for
example, both surface production due to H\/and volume production VP have next
dominant contribution, and the contribution of Bg\ié; the third. At p =1 Pa, the
density distribution gf H\7/H/g\</li/s\\/1n the 2nd chamber is 49:24:27. According to
Fig. 2, probability of H\7/surf7ace production from H\Vi/s effectively twofold larger
than that from %\{/For destruction of Mns, électron detachments caused by
H and are predominant for all regions. In the low-pressure region (_g <1 Pa),
however, both electron detachment caused by ﬁ\*;{nd loss flux of negative ions
%{—»\,\Le. flow of M} across the filter to the Ist chamber, are predominant.
For discussion of the effect of electron cooling due to Cs injection, model
calculation has been performed as a function Of__;é\Of the 2nd chamber,_l/ng\D.
Here, wall condition is described by curve (4) in Fig. 3, and the parameter is
.717/(1). Numerical results are not shown here. For the pu/re volume case, Q\/é)
;lepends strongly on_Ta(2). Vith decreasing%‘,é(\Z), M) increases and then
reaches the maximum value at about | eMu the other hand, in the presence
of Cs, the enhancement of Mroduction due to surface processes is so marked
that thé increase in Mensity due to a small reduction of T{\due to Cs injection
could be masked. Therefore, electron cooling is not very effective for enhancing
H\yield, if plasma parameters including_Tseare well optimized with the use of the
magnetic filter. In experiment, however, electron cooling seems to be one of the

reasons for the reduction in the electron-to-H\Tatio in the extracted beam.

4. Conclusions

Fe have theoretically studied cesium effects on enhancement of HV'yield and
plasma parameter dependence of h“ density in negative-ion volume sources. The
characteristic features of the experimental results obtained in the presence of

cesium are well reproduced in the model Mrface production due to H and



positive ions (HW and \V{contribute predominantly to ﬁ\:éhancement. For
destruction of H\V,/H and montribute predominantly. Detailed discussion
including another wall effect of %ﬂl be reported in a forthcoming paper.
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Figure Captions
Fig. 1. Simulation model for the tandem two-chamber systen.
Fig. 2. Reaction processes at the wall surface considered in modeling.

Fig. 3. Effects of the surface produ_ction due to both H atoms and positive ions
on enhancement of HV production: HV density, l&(/ﬂ in the second chamber
versus electron density in the first cham ber7n/£(\1). Parameter is the probability

of [&4ormation at the wa]l,_%é\

Fig. 4. Effects of hydrogen gas pressure on HY/production: H\‘({) versus gas
pressure_p, (a) without cesium, and (b) with cesium. In (a), the arrov shows the
point where H\/density is maximum. In (b), the arrows show the points where H\/

density corresponds to four times the N/ density in the absence of cesiumn.

Fig. 5. Production rates (a), and destruction probabilities (b) for H\7/2) density

v
versus_p, corresponding to the results shown in Fig. 4(b), where__r}/e\= 5x10\\’=/

cu\‘}./
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