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ABSTRACT

Ion species ratios in a hydrogen plasma are calculated system-

atically as a function of plasma parameters, i.e. the electron den-

sity, the electron temperature, the pressure of hydrogen gas and

the plasma volume. Furthermore, in the present analysis, the re-

combination factor for hydrogen atoms at the wall surface of a

vacuum vessel is treated as another plasma parameter.

The most significant point is that ion species ratios depend

strongly not only on plasma parameters, but also on the recombination

factor. The proton ratio increases with decreasing value of the

recombination factor. Primary electrons also play an important

role for ion species ratios, and the presence of primary electrons

causes the proton ratio to decrease.
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§1. Introduction

One of the most powerful and effective methods for the addi-

tional heating of a fusion plasma is neutral beam injection( NBI ).

For this purpose, it requires a plasma source capable of generating

high current density and high-power beams of energetic particles

over large areas. The plasma source developed should provide a

dense ( 10 " cm ), quiescent and uniform( over the several hundreds

square centimeters of the extraction surface ) plasma for producing

tens of amperes hydrogen or deuterium ion current in the energy

range of tens to hundreds of kilo-electron volts. Several kinds

of plasma generators are being used in NBI heating.

One of other properties highly desirable for the plasma generator

is the ability to provide a beam with high atomic component, i.e.

plasmas with a high proton ratio. Typically, hydrogen ion sources

produce multimomentum beams consisting of atomic ions( H ) and

molecular ions ( H_ and H, ) . For neutral beam injection into

plasmas, only one ion species is desired. In a neutral beam in-

jector, the molecular ions pass through a charge-exchange gas cell

and break up into atoms with one-half( from H_ ) or one-third( from

H, ) of their accelerated energy. These lower energy components

do not penetrate deeply into a plasma and may be unwanted or of

little use because the heating of the outside plasma yields an ad-

verse effect. Therefore, the problem of the hydrogen ion species

ratio in ion sources is of great importance in the fusion area.

The development of the methods of improving the proton ratio has

an urgent character.

There have been some experimental studies concerning the im-

provement of the proton ratio. Kim and Davis reported a method
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of enhancing the atomic ion fraction in any type of ion sources.

Hydrogen gas is predissociated prior to arc discharge, while the

recombination rate inside an ion source is simultaneously minimized

3 4)
by a hot-wall environment. Ehlers and Leung ' investigated the

hydrogen ion species composition in a multicusp ion source( bucket

source ). They found that the presence of primary ionizing elec-

trons in the vicinity of the extraction grid increased the percentage

of molecular ions. By using a permanent magnetic filter, they could

eliminate the presence of the ionizing electrons in the front region

of the source and improve the atomic species. Okumura et al.

investigated the hydrogen ion species in a newly designed bucket

source with a large volume and an intense magnetic field. They

showed that the proton ratio increased with the applied magnetic

field because the density became high and the confinement of ions

better with the field intensity.

In the present paper, to investigate systematically the plasma

parameter dependence of the proton ratio, ion species ratios in a

hydrogen plasmas are calculated numerically as a function of plasma

parameters, i.e. the electron density, the electron temperature, the

pressure of hydrogen gas and the plasma volume. Furthermore, in

the present analysis, the recombination factor for hydrogen atoms

at the wall surface of the vacuum vessel is treated as another plasma

parameter. The motivation for the present work, i.e. introducing

the recombination factor as a numerical parameter, comes from our

recent experimental results of the EHB( Electron Heating in Bucket )

Type Ion Source. ' A marked change in the proton ratio, i.e.

fror about 20 % to more than 60 %, has been observed under nearly

the same plasma condition. So far as we know, the results are new
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and worthy of elucidation. Preliminary results of numerical calcu-

lation have shown that the change in the proton ratio observed in

the EHB Soiiioe can be interpreted only when wall effects are taken

3)into account in the model. Quite recently, importance of wall

effects has been pointed out concerning the volume production of

negative ions in a hydrogen plasma. It is also found that the

optimum wall condition for producing high negative ions is not com-

patible with the wall condition for producing the plasma with a high

proton ratio.10'115

Here, we report the details of the numerical results on the

wall effects on the ion species ratios in the hydrogen plasma.

With decreasing atom recombination coefficient for wall collisions,

proton ratio becomes large. Effects of primary electrons are also

discussed briefly.
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§2. Computational Model

2.1 Basic equations

The ratios of the ion species can be calculated from the equa-

tions of particle balance in production and loss for each species

of neutral particles and ions in the source plasma, i.e. atomic hy-

drogen H., molecular hydrogen H_, atomic ion H. and molecular ions

H^ and H... Our computational model is based on earlier work of

Martin and Green and others. The reaction processes con-

sidered in the present model and its notation for the corresponding

rate coefficients are as follows:

H2 + e — > H+ + 2e, ^lv^> S < V (1)

H2 + e > 2Hj_ + e,

H* + e » Hi + Hi + e' ^ ^ ^ ~ ^3' (3>

H 2 + " 2 " - * H 3 + H l ' <a'4v+y = ° V ( 4 )

H1 + e —> HJ + 2 e , <0"5v
e>

 s * 5 ' ( 5 )

Ĥ  + e > Hx + H2, < < V e > ~ *6» ( 6 )

H3 + e — * H^ + 2H1 + e, <<J"?ve> = (/-7, (7)

where v and V+ are the electron and the ion velocity; C and C.

are the cross-section and the rate coefficient for the reaction of

the i-th process described above; <[ ) denotes the average over the

distribution function.

We -ssume that a partially-ionized Maxwellian plasma is produced

at a constant source pressure and that these Maxwellian electrons

play a dominant role in ionizing or breaking up hydrogen species.

The reaction rates for the electron collision processes can be cal-

culated for various electron temperatures ' ' using established

values for the cross-sections. The variation of these rates with

the electron temperature is represented in Fig-1 and these values
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are used in the present calculations. For reference ĉ  is also

shown, although it is independent of the electron temperature.

According to the experimental data, the cross-section C: for H..

ion formation decreases with relative H2-H_ energy. In the present

analysis, 0^ has been calculated for a Maxwellian distribution of

H2 as a function of H_ ion temperature T . Values of &. decrease

with T+, from 0^ 3= 2.1xlO~
9 cm3/sec at K T + = 0.3 eV to d-^ = 0.96xl0~

9

cm /sec at K T + = 2 eV. In the calculation of the ion species ratios,
-9

the value of c/> has been assumed to be constant, and equal to 1.5x10

cm /sec.

From the view point of experimental conditions, we consider

the ion species ratio in a steady state plasma. In this case, the

particle balance equations for H,, H,, H_ and H, are written as

follows:

= 0 , (8)

l n e c V n 2 n e O ( 3 + n 3 n
e

C V " ^ = °<

= 0. (11)

Charge and particle number conservation give

n ,+n 2 +n , = n , (12)

and

- 6 -



N r 3
N + —- + — - + n + n = N , (13)
1 2 2 2 J U

where N,, N_, n., n2 and n., are the densities of H. atoms, H_ mole-

cules, H. ions , H_ and H, molecular ions, respectively; T-, , ~X~ and

T, are the containment times of H. ions, H_ and H- molecular ions,

respectively; T1 is the transit time of H, atoms across the chamber,

and the containment time of atoms would be T.//; If is either the

recombination or the sticking factor for H, atoms at the wall; N_ (

= P/(XTQ); p: hydrogen gas pressure, K: Boltzmann's constant, T^:

room temperature ) is the density of hydrogen molecules before

discharge on.

In the above equations, all the species of ions recombine at

the wall to produce molecules. However, the loss rate of the atoms

equals YN./T, and the H, atoms only partially recombine when V is

smaller than unity. The transit time of H, atoms, T,, is calculated

from the relation T. = 4V/(vQA), where V is the volume of the source

chamber, A the surface area of the wall of the chamber and v. the

mean velocity of the H. atoms. For example, in the EHB Source( V =

2360 cm , A 2 H00 cm ), T, is about 5.5xlO~ sec assuming that the

mean kinetic energy of the H, atoms is about 1 eV. We assume that

the ratio of %. , ~f- and X3 is the ratio of the square root of the

respective ion masses, and we treat T, as one of the unknown values.

Strictly speaking, the values of T, , T, and T3 will depend on the

mechanisms which determine particle losses in the sources and must

therefore be discussed in respect of each source under consideration.

Concerning this point, we discuss briefly in section 3.3.
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2.2 Procedure for numerical calculation and qualitative

consideration concerning solutions

The unknown values of N, , N~, n, , n?, n.. and X-, can be calculated

from eqs.(8)-(13) when n , T , p and V/A are given. For example,

if we want to discuss n dependence of ion species ratios, calcula-

tion procedure is to vary n as an independent variable on the assump-

tion that T , p and V/A are constant parameters.

Before presenting the numerical results, we discuss qualita-

tively the relationship between the ion species ratios and plasma

parameters. Combining the four equations from (8) to (11), we ob-

tain the expression for the ratio of the densities of H. and Hj ions.

From eq.(10), n. is obtained as a function of N_, and then n, is

obtained from eq.(ll). After this, N, is calculated from eq.(B).

Lastly, n. is obtained from eq.(9). On the other hand, the ratio

n /n2 is -jiven directly from eq.(ll). Therefore, the ratio of the

densities of H, to H* ions, and that of H, to H2 ions are given by

the following expressions, respectively:

ni
~ = nef1ol3( 1 + X + Y ), (14)

^1
n 2

(15)

6 7

where X ana Y are written as follows;

X =
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N,

Y = -L ( i )•

n X-,e"-3

In eq.(14), the first term in the parentheses derives directly

from the dissociative ioni2ation of H_ molecular ions. The second

term, X, derives from ionization of H, atoms which are in turn pro-

duced by dissociation of the H_ molecules and dissociation of the

molecular ions, i.e. H_ and H,. The third term, Y, derives from

the dissociation of H, ions.

The value of N_ must be determined by particle number conser-

vation, eq. (13). In a weakly ionized plasma considered here, this

equation is well approximated by the relation, i.e. N_ + N./2 = N..'

Besides, N~ predominates in low density plasma.

In order to obtain the high proton ratio, the ratio n./n, must

be increased. According to eq. (14), the density of H. becomes high

with increasing no, fj
 an<3 &\t because n./n^ is proportional to

n TiC*ij. Furthermore, the density of H. becomes high with increasing

T. or decreasing If, because X becomes large under this condition.
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§3. Results of NumericaJ Calculations and Discussion

In the present calculation, the ion species ratios are obtained

as a function of n , T , p and V/A, respectively. According to the

experimental results by Wood and Wise, ' the interaction of hy-

drogen atoms with the wall can vary in a wide range. Therefore,

for the source model, we treat Y as another numerical parameter.

In order to study the wall effects, the value of Y is varied from

0.01 to unity. In the following part, numerical results are shown

when the values of Y are 1.0, 0.1 and 0.01.

Calculations have been done for two situations, i.e. Case I

fitted to the EHB Source and Case II fitted to other high current

sources. In the former case, plasma parameters are chosen typically

as follows: n = 1x10 cm , T = 5 eV, p = 5x10 Torr and V/A =

2 cm. In the latter case, typical plasma parameters are as follows:

ng = 5xlO
12 cm"3, T = 5 eV, p = 5xl0~3 Torr and V/A = 4 cm.

3.1 Dependences of ion species ratios on plasma parameters

Figures 2 and 3 show the ion species ratios and the normalized

containment time ^ as a function of n for Case I and Case II, re-

spectively. The ^alue of X is the ratio of T-, to fn where "To

is estimated from 4V/(C A) and C is the ion sound velocity. In

both cases, the proton ratio depends strongly on n and increases

sharply with n for constant T and p. At the same time, the proton

ratio also becomes high with decreasing Y.

The straight lines in Fig.2 show the typical density of the EHB

Source. The effect of varying Y does not become remarkable until

11
/ becomes smaller than 0.1; the proton ratio at ng of about 10 cm

is low when If is 0.1 or so. The proton ratio does not become
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predominant before Y becomes nearly equal to or smaller than 0.01.

Figures 4 and 5 show the ion species ratios and X as a function

of T for Case I and Case II, respectively. Straight lines in Fig.4

show the typical temperature of the EHB Source. In Loth cases, the

proton ratio decreases with increasing T for constant n and p.

This tendency derives from a weakly ionized plasma considered here.

According to the temperature de^ndence of rate coefficients for

dissociation processes, i.e. c*_ and <K, the proton ratio is expected

to become large with increasing T . However, for a low-ionization

degree plasma, increase in T is considered to cause a depression

of dissociation reaction for H_ while enhancing the H?-formation

reaction. This process leads to a decrease in the H(-formation

probability.

The containment time of the proton has a tendency to decrease

sharply with increasing T in both cases. This feature is explained

qualitatively as follows. In the parameter range of the present

analysis, the free-fall model can be applicable. Ions move with-

out collisions. Therefore, to a first approximation, the contain-

ment time T', is estimated from 4V/(C A) . ' With increasing T ,

X 5 G

Cg becomes large and T\ decreases.

In the EHB Source, Tg is about 5 eV. Under this condition,

the proton ratio becomes predominant when ~]f is equal to or less

than 0.01.

Figures 6 and 7 show the ion species ratios and ^ as a func-

tion of the gas pressure for Case I and Case II, respectively.

Straight lines in Fig.6 show the typical gas pressure of the EHB

Source. The proton ratio decreases with increasing gas pressure

for constant Tg and n&. In the range of the parameter for the
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-4
EHB Source, the proton ratio at a pressure of 5x10 Torr becomes

predominant when If is less than 0.01.

The source volume affects the H.-generation probability through

the transit time T. of the dissociated K. atoms as T. is proportional

to the volume of the discharge chamber. For example, Fig.8 shows

the relationship between ion species ratios and the system scale

length V/A in Case I, where ~]f - 0.1. The increase in the scale

length results in a high proton ratio. In the EHB Source, V/A is

about 2 cm. The proton ratio becomes predominant when ^ is nearly

equal to 0.01.19)
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3.2 Comparison between the experimental and the numerical results

In this section, we discuss the experimental results of the

EHB Source on ion species ratios by using the numerical results

for Case I. First of all, we describe the EHB Source and the

experimental results briefly.

In the EHB Source, plasma is generated by a DC discharge in the

bucket type configulation of magnetic field and electron heating due

to microwave of 2.45 GHz is superposed. ' A multipole line cusp

field is used as a resonance magnetic field for electron heating as

well as a field for plasma confinement. This combination is chosen

to permit changing the electron energy distribution. The objective

is to study the control of plasma parameters and beam compositions.

Recently, by a hybrid ionization system, like our system, using

a DC arc discharge and microwave power, a hydrogen plasma is produced

to permit changing the high energy tail of the electron energy dis-

22)
tribution. The objective is to study the volume production of

negative hydrogen ions in a plasma by a proposed mechanism involving

dissociative electron attachment to vibrationally excited hydrogen

molecules.'' Vibrational excitation rates are predicted to be large

for electron energies in excess of 30 eV.

The source chamber made of stainless steel is continuously

pumped and can be evacuated to a pressure less than 10 Torr before

hydrogen gas is introduced in the system. The operation sequence

is as follows: Gas feed o n — > DC discharge on( duration time is

about three minutes )—> discharge off and gas feed o f f — ^ after a

lapse of about ten minutes — > gas feed on. Measurements are made

in the steady state plasma.

Schematic drawing of the measurement system and examples of
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mass spectra of ion species are shown in Fig. 9. These are obtained

at the discharge voltage V, and the current I , indicated in the fig-

ure. The filling pressure p of hydrogen gas before discharge on

is kept constant. Under these three conditions, n and T are near-
e e

ly constant, namely n = 1x10 cm" and T = 4-5 eV. However, the

pressure p^ during the discharge differs from its initial value p.

In Fig.9, when p = 5xl0~ Torr, p, is 6.2xlO~ Torr in the upper,

3.1x10 in the middle and 2.7x10 in the lower. The value of p

and p^ are the reading pressures of the vacuum gauge set on the

source chamber. This pressure change is not due to a transient

effect following the ignition of the plasma discharge. Because p,

reaches instantly some steady state value different from p. The

proton ratio becomes high with decrease in Pd/p as shown in Fig.9(b).

The most effective parameter affecting the proton ratio is the

length of pumping time before the first discharge. The longer the

pumping time, the smaller the ratio Po/p and the higher the proton

ratio. In Fig.lO(a), the proton ratio is shown as a function of

the period during which the system has been pumped out continuously.

Besides, the proton ratio and p, are the function of the duration
-4

time of discharge. Figure 10 (b) shows the result when p is 4x10

Torr and I, is kept constant, 15A. The value of Po/p becomes larger

than unity at 20th discharge, and proton ratio changes from 45 % to

30 %. On the other hand, in this case, the system is evacuated

during five days before the first discharge. Roughly speaking,

the time constant of the decrease in the proton ratio, about a few

hours, is quite different from that of the increase, about several

days. So far, no definite relation was observed between the resid-

ual gas components and the change of the proton ratio. Therefore,
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we think that the conditions of the wall, for instance the concen-

tration or the diffusion of hydrogen in metals, play an important

role for the marked change of the proton ratio.

According to the numerical results for Case I( see Figs.2, 4,

6 and 8 ) , the effect of Y does not appear appreciably when Y is

varied from 1.0 to 0.1. The proton ratio becomes about 20 % when

^ is 0.1 or so. Therefore, the proton ratio at the usual operation,

the upper trace shown in Fig.9(b), is in substantial agreement with

the numerical results, where Y = 0.1. There are some papers, where

the value of X is assumed to be equal^to 0.1 for H. ' and 0.2

for D. . However, a high proton ratio obtained at the operation,

for the lower traces shown in Fig.9(b), can be explained not by any

combination of plasma parameters in the EHB Source but by further

decrease in Y. That is, Y is equal to or lower than 0.01.

We think that decreasing the value of Y in the model calcula-

tion is phenomenologically compatible with the experimental situation

of producing the plasma with the high proton ratio. That is, p,/p

becomes smaller than unity. In general, the change in the pressure

during the discharge may be determined by a hydrogen flux on the

wall, i.e. an influx due to the adsorption of hydrogen atoms and

ions to the wall and an out flux due to the desortion of the hydrogen

from the wall. When the influx is larger than the outflux, p, be-

comes lower than p, and vice versa. Therefore, the pressure change

in the EHB Source shown in Figs.9(b) and 10 is explained as follows.

Since the wall is originally depleted from hydrogen due to the long

pumping, the initial flux is fully absorbed and release is not yet

active because the concentration of hydrogen in the wall is still

small. Then, p, becomes lower than p, and recombination coefficient
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may become small effectively. However, with increasing discharge

number, i.e. increasing duration time in which the wall surface is

exposed to an active hydrogen plasma, accumulation of hydrogen in

the wall increases. The recombinative release of hydrogen atoms

from the wall surface into the gas phase, leading to the increase

in p^, becomes important. Similar phenomena are also observed in

the H-recycling phenomena. '

We compare the proton ratio of the EHB Source with that of some

other ion sources. ' ' Figure 11 shows the proton ratio as

a function of V/A, i.e. the effective scale length of the system.

In general, the larger the volume of the chamber, the higher the

proton ratio. The proton ratio of the EHB Source labeled as 8, in

the usual operation, has this tendency. However, point 8 can be

changed to point 9 by the process described above in this section.

According to Fig.11, in respect of the volume of the discharge cham-

ber V, the proton ratio at point 9 is equivalent to the proton ratio

in the high current source whose volume is about five times as large

as that of the EHB Source.

IT a summary, comparison between the experimental results and

the numerical ones reveals that the anomalous change in the proton

ratio observed in the EHB Source can be explained mainly in terms

of the wall effects, i.e. reduction of surface recombination of

hydrogen atoms.
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3.J Discussion concerning the model

(A) Effects of primary electrons

In this paper, the model of particle flux balance is proposed

in which it is assumed that ionization is due to solely the thermal

electrons. However, when high energy mono-energetic electrons (

corresponding to the primary current carrying electrons ) are present

•?nd are assumed to be responsible for ionization, reaction processes

due to thesa primary electrons must be taken into account.

In order to study the effects of primary electrons, e,, on the

proton ratio, the equations of particle balancef eqs.(8)-(13) ) are

modified; reaction processes considered are as follows: (a) H^+e^—>

H*+ef+e, (b) H 2 + e f — ^ 2 H 1 + e f , (c) H£+e f—^H^H-H^e^ (d) Hx+ef ^

H.+ef+e, and (e) H^+e^—^ H_+H,+e,. Rate coefficients for these

five reactions are taken from Ref.12. By using the modified equa-

tions, the calculations like those in section 3.1 are done.

Figure 12 shows the ion species ratios as a function of n .

Numerical conditions are the same as those for Case I. In this

figure, the density ratio between primary and thermal electrons n f /n

is taken as a parameter. With increasing primary electrons, H.

and H^ decrease, and H~ increases. Numerical results for Case II

have the same tendency as those in Fig.12.

In Ref.3, to increase the H, ion fraction in a multicusp source,

the ionizing fast electrons which produce H, ions in the front region

of the source are eliminated with a permanent magnetic filter.

This experimental result is explained qualitatively by the numerical

results shown in Fig.12.

In respect of the effects of fast electrons on the proton ratio,

more detailed results will be reported elsewhere.
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(B) Containment times of the hydrogen ions

The containment times for the hydrogen ion species, i.e. T, ,

T2 and T^» depend on the mechanisms of particle losses in the ion

source, and play an important role for the performance of the ion

source. Therefore, these values must be discussed in respect of

each source under consideration. However, there is no clearly

defined model of particle containment from which the ion containment

times may be estimated. In the present analysis, we have assumed

that the ratio of fii T, and T^ is the ratio of the square root of

the ion masses, i.e. 1 : 2 ' : 3 ' . Then, only T, is treated as

unknown value, and is calculated from the plasma-neutrality condition.

According to the present model, calculated results for ion species

ratios have the same values in any type of ion sources when the same

plasma parameters are given.

In order to deal with the processes depending on the ion source

geometry, to a first approximation, numerical calculations are made

in the following extreme case. We assume the free-fall model

that the ions move without collisions, and go to the walls with its

sound velocity C . The ion containment time T- is calculated from

the relation X- = 4V/(C A ) . Therefore, the unknown values of n,,

n2, n , N, and N can be obtained from eqs.(8)-(ll) and (13) when

the values of n , T and N_ are given.

Figures 13-15 show the numerical results of the ion species

ratios as a function of the electron temperature, the electron density

and the gas pressure, respectively. These three results correspond

to those shown in Figs. 3, 5 and 7, respectively, because plasma pa-

rameters of Case II are used in the calculation. As a whole, de-

pendences of ion species ratios on plasma parameters are the same as
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the results shown in Figs.3, 5 and 7, respectively. However, the

present results cannot necessarily satisfy the plasma-neutrality

condition because of the elimination of eq.(12). The ratio of the

ion and electron densities, n./n , is also plotted for reference,

where n. is the total density of positive ions. Vertical straight

lines in Figs.14 and 15 show the point where the plasma-neutrality

condition is satisfied. Under some plasma conditions shown in

Fig.13, n./n is always greater than unity.

At the sacrifice of the plasma-neutrality, we can discuss the

effects of the ion source geometry on X- by using this model if V

and A are considered as plasma volume and the effective leakage

aperture for the ions. According to this idea, Okumura et al.

have proposed the scaling low for the proton ratio in the bucket

ion source and discussed the experimental results.

In the future, we will study further the effects of the ion

source geometry on X- by developing the present one-dimensional model

into the two or three-dimensional model, where the plasma-neutrality

condition is satisfied, and plasma volume and the effective loss

area for ions are included systematically.

- 19 -



(C) Effects of the wall

The atom concentration in the discharge is very important to

the proton ratio. In the present model, the loss rate of H. atoms

equals /N./T.. Therefore, when Y is smaller than unity, concen-

tration of H. atoms becomes high due to increase in the effective

containment time of H. atoms, i.e. T-./IT. Corresponding to this,

the proton ratio rises because of the increased probability of the

ionization process (5).

The quantity Y is treated as numerical parameter and varied

from unity to 0.01 in the present calculation. Experimentally,

the values of Y can be reduced by selecting wall materials where

the recombination coefficient is smaller than unity. ' Besides,

as described in section 3.2, " there can be some wall condition

which causes the effective recombination coefficient to decrease.

However, until more complete information appropriate to the basic

processes of particle-wall interaction becomes available, Y must

be treated as an exploratory parameter.

Recently, on the other hand, there are some papers pointing out

the wall effects on the performance characteristics in both the

negative and positive ion sources. In particular, the opti-

mum wall condition for producing high negative ions due to volume

processes in hydrogen plasma is not compatible with the wall condi-

tion for producing the plasma with high proton ratio. ' With

decreasing Y, H. and H, become large. Then, H ratio decreases

sharply because of the attenuation of vibrationally excited hydrogen

molecules and the enhanced ion-ion neutralization process, H + H 1 — >

2H,. Therefore, Y must be chosen to be nearly equal to unity.
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§4. Conclusion

By using the particle balance model, we have investigated

systematically the relationship between the ion species ratios in

the hydrogen plasmas and plasma parameters( n^, T , p, system length

V/A and the recombination factor if ).

The most marked point is that ion species ratios depend

strongly on the recombination coefficient for H, atoms at the wall

as well as plasma parameters. With decreasing ~Y, the proton ratio

increases.

Concerning the dependence of the proton ratio on plasma param-

eter, we have confirmed numerically that the proton ratio becomes

high with increasing n or V/A, and becomes low with increasing T

or p.

We have also confirmed that the presence of primary electrons

causes the proton ratio to decrease.

Acknowledgement

The authors wish to thank. Y.lnoue, T.Ogawa and F.Yoshida for

their assistance of numerical calculations which have been carried

out at Yamaguchi University Computer Center.

Experimental works were performed at Kyoto University and

partly supported by the Grant-in-Aid for Scientific Research from

the Ministry of Education, Science and Culture.

This work was carried out under the Collaborating Research

Program at Institute of Plasma Physics, Nagoya University, Nagoya.

- 21 -



References

l)M.M.Menon:Proc.IEEE 6^(1981)1012.

2)J.Kim and R. C . Davis :Appl. Phys . Lett. 30^(1977)130.

3)K.W.Ehlers and K.N.Leung:Rev.Sci.Instrum. 52 (1981)1452.

4)K.W.Ehlers and K.N . Leung : Rev. Sci . Instrum. 5_3 (1982) 1423 .

5)Y.Okumura, M.Koriike and K.Mizuhashi:Rev.Sci.Instrum. 5 5 (1984)1.

6)A.Nomura, O.Fukumasa and R.Itatani:Proc. 6th Symp. on Ion Sources

& Ion-Assisted Tech.( Tokyo, 1982 )p.21.

7)0.Fukumasa, R.Itatani and S.Saeki:Memoirs of the Faculty of

Engineering, Yamaguchi University, 34 (1983)129.

8)O.Fukumasa, R.Itatani, S.Saeki, K.Osaki and S.Sakiyama:Phys.Lett.

l_00A(1984) 186.

9)J.R.Hiskes and A.M.Karo:Proc. Int. Ion Engineering Congress(

Kyoto, 1983 )p,77.

10)J.R.Hiskes and A.M.Karo:private communication.

11)O.Fukumasa and S.Saeki:Proc. 8th Symp. on Ion Sources &

Ion-Assisted Tech.( Tokyo, 1984 )p.27.

12)A.R.Martin and T.S.Green:Calham Lab. Rep. CLM-R159(1976).

13)S.Tanaka and T.Shibata:JAERI-M7966(1978).

14)F.Sano, T.Obiki, A.Sasaki, A.Iiyoshi and K.Uo:J.J.Appl.Phys.

2J1 (1982) 517.

15)C.F.Chan, C.F.Burrell and W.S. Cooper :J. Appl. Phys. 5_4 (1983) 6119 .

16)P.H.deHaan, G.C.A.M.Janssen, H.J.Hopman and E.H.A.Granneman:

Phys. Fluids 25_( 1982) 592 .

17)B.J.Wood and H.Wise:Proc. 2nd Int. Symp. Rarefied Gas Dynamics

( Academic Press, 1961 )p.51.

16)B.J.Wood and H.Wise:J.Phys.Chem. 65 (1961)1976.

- 22 -



19)0.Fukumasa, S.Saeki, K.Osaki and S.Saklyama:Memoirs of the Faculty

of Engineering, Yamaguchi University, 34(}983)139•

20)R.Itatani and 0.Fukumasa:Proc. 4th Symp. Ion Sources & Ion

Application Tech.( Tokyo, 1980 )p.77.

21)R.Itatani and O.Fukumasa:Proc. 5th Symp. Ion Sources &

Ion-Assisted Tech.( Tokyo, 1981 )p.l53.

22)J.R.Trow and R.V.Pyle:Bull-Am.Phys.Soc . 28(1983)1150.

23)F.Waelbroeck, J.Winter and P.Wienhold:J.Nucl.Mater. 103&104

(1981)471.

24)F.Waelbroeck, P.Wienhold and J.Winter:J.Nucl.Mater. 111&112

(1982)185.

25)K.N.Leung, R.D.Collier, L.B.Marshall, T.N.Gallaher , W.H.Ingham,

R.E.Kribel and G. R.Taylor:Rev.Sci . Instrum. 4_9 (1978) 321.

26)W.L.Stirling, C.C.Tsai, M. II. Haselton, D.E.Schechter, J.U.Whealton,

W.K.Dagenhart, R.C.Davis, W.L.Gardner, J.Kim, M.M.Menon and

P.M. Ryan: Rev. Sci. Instruin. 50 (1979) 523.

27)K.W.Ehlers and K.N.Leung: Rev. Sci . Instrum. 5JM1979) 1353 .

28)H.Horiike, M.Akiba, Y.Arakava, S.Matsuda and J.Sakuraba:Rev.Sci.

Instram. 5_2 (1981) 567 .

29)T.Obiki, A.Sasaki, F.Sano and K.Uo : Rev. Sci . Instrum. 5_2 (1981) 1445.

30)D.M.Goebe.l and A.T.Forrester :Rev. Sci. Instrum. 53(1982) BIO.

31)L.Tonks and I.Langmuir:Phys.Rev. 34(1929)876.

32)0.Fukumasa and S.Saeki:in preparation.

33)A.R.Martin:Calham Lab. Rep. CLM-R157(1976).

- 23 -



Figure captions

Fig.l The ionization and dissociation rates <<^v^ averaged with a

M?xwellian velocity distribution function as a function of

the electron temperature.

Fig.2 Ion species ratios and the containment t.me as a function of

the plasma density, (a) Y = 1.0, (b) 0.1 and (c) C.01, for

T e = 5 eV, p = 5xlG~
4 Torr and V/A = 2 en.

Fig. 3 Ion species ratios and the containment tjnv; as a function of

the plasma density, (a) Y = 1.0, (b) 0.3 and (c) 0.01, for

T e = 5 eV, p = 5xlO~
3 Torr and V/A = 4 cm.

Fig.4 Ion species ratios and the containment f.ime as a function of

the electron temperature, (a) 2T = 1.0, (b) 0.1 and (c) 0.01,

for n = lxlu* cm , p = 5x10 Torr and V/A = 2 cm.

Fig.5 Ion species ratios and the containment time as a function of

the electron temperature, (â  Y = 1.0, (b) 0.1 and (c) 0.01,

for n = 5xl012 cm"3, p = 5xl0~3 Torr and V/A = 4 cm.

Fig.6 Ion species ratios and the containment time as a function of

the hydrogen gas pressure, (a) Y = 1.0, (b) 0.1 and

(c) 0.01, for n = ixlO11 cm"3, Tg = 5 eV and V/A = 2 cm.

Fig.7 Ion species ratios and the containment time as a function of

the hydrogen gas pressure, (a) ~ff = 1.0, (b) 0.1 and

(c) 0.01, for n = 5xlO12 cm"3, T g = 5 eV and V/A = 4 cm.

Fig.8 Ion species ratios and the containment time as a function

of V/A, for 3T = 0.1, ng = lxlO
11 cm"3, T g = 5 eV and

-4
p = 5x10 Torr.

Fig.9(a)Schematic diagram of a measuring system for mass analysis.

Hydrogen ion beams of 800 eV are extracted from the EHB

Source, deflected by a magnetic field( — 600 G ) and
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collected by a Faraday cup which is kept 3 cm apart from

the center axis and movable along the axial direction, z.

Fig. 9 (b)Examples of mass spectra of ion species in the extracted

beams. The filling pressure p of the hydrogen gas is kept

-4
constant at 5x10 Torr.

Fig.10(a)Proton ratio versus the pumping time( the number of days )

during which the chamber was pumped out continuously.

The proton ratio was measured at a filling pressure of

5xl0~4 Torr.

Fig.10(b)Proton ratio and pressure p, during discharge versus the

repetition number of discharge, where the discharge current

I, is kept constant at 15 A. The constant filling pressure

-4
;> j s 4x1 0 Torr .

Fiq.ll Proton ratio versus V/A, where V and A are the volume and

the surface area of the discharge vessel, respectively:

Points 1 and 2: L.B.L., 3: JAERI, 4: J.M.U., 5: Heliotron,

6: ORNL, 7: UCLA, 8 and 9: the EHB Source.

FIG.12 Ion species ratios as a function of the plasma electron

density with the density ratio between primary and plasma

electrons, n, /n , as a parameter. Other parameters are

Te = 5 eV, p = 5xlO~
4 Torr and V/A = 2 cm.

Fig.13 Ion species ratios and the density ratio n./n as a function

of the electron density, (a) Y = 1.0, (b) 0.1 and (c) 0.01.

Other parameters are the same as those in Fig.3.

Fiq.14 Ion species ratios and the density ratio n./n as a function

of the electron temperature, (a) If = 1.0, (b) 0.1 and

ic) 0.01. Other parameters are the same as those in Fig.5.
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Ion species ratios and the density ratio n./n as a function

of the hydrogen gas pressure, (a) 2T = 1.0, (b) 0.1 and

(c) 0.01. Other parameters are the same as those in Fig.7.
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