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ABSTRACT

One requirement for high current ion sources for use in plasma
physics research is the production of beams of ions with high proton
fractions, similar to those obtained in low current sources used in
nuclear physics applications. As a step towards the realisation of
this requirement computations have been made of the competing processes
occurring in a hydrogen plasma which determine the ratio of ion species.
Results have been obtained for the case of a duoplasmatron and compared
with published experimental data.
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1. TINTRODUCTION

High current ion sources are at present being developed for

application to neutral injection into large fusion experimental

(1,2,3) (4)

facilities . One of the requirements placed on these sources

is that they should ﬁroduce beams with fractions of H1+ ions > 807,

higher than those obtained with present sources(5’6).

Such high fractions have been obtained using duoplasmatrons(7’8)

(9)

and R.F. sources utilised in accelerators for nuclear physics
studies. The factors which determine the yields of the different

hydrogen ion species have been studied experimentally for both of

(7’8’9). The interpretation of the data has been dis-

cussed initially by Thonemann(lo) and more fully by Gabovich(ll) and

Goodyear and von Engel(lz). These discussions are limited to con-

these sources

sideration of the most dominant reactions and of the conditions under
c * 3§
which the Hl yields may be maximised.
In this paper, we present an extension to these treatments to the
computation of the competing reaction rates within the source plasma
i . . . + +
which allows one to estimate the ratio of the densities of H1 5 HZ
+ . . . i 4
and H3 ions under different operating conditions. In order to derive
results which may be applicable to different types of source, a two
component electron energy distribution is utilised. One component is
a high energy, mono-energetic, group corresponding to the primary
current carrying electrons which are commonly assumed to be responsible

(13,14) and reflex arc sources(15)-

for ionisation in duoplasmatrons
The other component is the thermal electron group assumed to have a

Maxwellian energy distribution characterised by a temperature Te'



The equations which relate the production and loss rates of
neutral particles and of ions are discussed in section 2. They are

(16)

similar to those discussed by Riviere et al in analysis of the
equilibrium composition of a hydrogen plasma in the Levitron experi-
ment (in which case only thermal electrons are considered). An
important difference is the equations for conservation of particles
as discussed later. The cross—sections and the methods of comput-
ing reaction rates required for the solution of these equations are

discussed in the Appendix.

From the equations it is possible to make a number of general
predictions concerning the ratios of the neutral species and the ion
species, as discussed in section 2.6. In order to demonstrate the
applicability of the analysis to a particular problem,comparison is
made of the computational results with the experimental data presented

by Watanabe(g)

for a duoplasmatron. This case is chosen because
it is well documented and because it is a relatively simple type of

source to analyse.

2. THE PARTICLE BALANCE EQUATIONS

2.1 Composition of the Partially Ionised Plasma

The partially ionised plasma consists of electroms, Ho atoms,
+, + + " —_
HZ molecules, Hl ilons, I-l2 and H3 molecular ions. The densities of
the particles are specified, respectively, as o, Nl’ Nz, nys Oy, and Bl

In this analysis it is assumed that the total demsity of the neutral

particles is a constant, Q , i.e.

Ny
N, + 5 =Q (1)

being unaffected by the increase in n, - Consequently the results



apply to the condition that the partial density of the neutral particles
is QD, independent of the density of charged particles.

2.2 Reactions Occurring in the Plasma

The dominant reactions which occur between the species in the
plasma are listed below, together with the symbols used to designate

the average reaction rate coefficients for them.

1 1 > + <gv>
Tonisation of atom H0 + e Hl 2e V>4
. . +
Ionisation of molecule H2 + e - H2 + 2e <cv>21
Dissociation of molecule H2 +e -+ H0 + H0 + e <crv>22
Dissociative excitation H T o4 e > H - H + e <ov>
2 1 o 23
+ y B2 +
+ - + < >
H3 formation H2 H2 H3 HO cx v
Di iation of H ¥ jons H Y o4 + H ta H + <gv>
ssoc n 3 3 e 2 - e 3]

Reactions which are neglected, either because of their low

cross—section or because of insufficient data, are:-

+
H, + e+ H, + Ho + 2e

2 1
*

H +e—>H +e
o o

H,L +e—+H +H
and other channels for H3+ + e break-up.

2.3 Loss Rate of Particles from the Plasma

The balance equations must allow for the loss of particles from
the plasma to the walls. The rate of loss per unit volume is given by
the density of the species divided by the containment time, when the

particles recombine on the walls. It is assumed that all the species



of ions recombine at the wall to produce molecules.
However, in general, the HO atoms only partially recombine:

designating Yy as the recombination factor for atoms, then the loss
Nl

rate of the atoms equals ¥y Tr—where T1 is the containment time of the
1

atoms. T1 is calculated from the expression

T = ; (2)

where V 1is the source volume, A the surface area of the walls of the
source and v, the mean velocity of the H0 atoms. When the atoms are
formed by dissociation of molecules or molecular ions they will have

mean velocities greater than that of the molecules. However if the atoms

have a low recombination factor on the walls, and a high thermal
accommodation coefficient, they will be slowed down rapidly by wall
collisions and the mean velocity will fall. This effect is neglected
in the calculations presented below but will be considered in a more
detailed discussion, of the effects of recombination on the species
ratio, later.

+ + + . ..
, H, and H, 1ions are designated

2 3

The containment times of the Hl

as 1., T, and Ty respectively. Their values will depend on the mechan—
isms which determine particle losses in the sources and must therefore
be discussed in respect of each source under consideration.

2.4 Particle Balance Equations

We can now list the equations for the balance in production and

loss for each species of neutral particle and ion as follows:-

(a) HO

Co

N, n, <oV>,, + 1, n, <ov>, . = N n, <ove,, o+ Y (3)

2 22 23 1 11



(b) H
my

n2 ne <crv>23 + N1 ne <0v>11 = ?I (4)
ey n." N <gv>._. + <gvs
& g 2 e S0V7p1 T U3 Py TOVTgy

By
=Wy B, R, vy W, G EE b T (5)
+
(d) H,
Pg
n, N2 <0x\u_> = ?;-+ n, 0 <0v>31 . (6)

2.5 Boundary Conditions

Equations 1 and 3-6 are a

set of simultaneous equations relating the

densities of neutrals, ions and electrons in which the coefficients

are functions of the energy spectrum of the ionising electrons.

How-

ever, they do not give a complete description of the particle balance

in the plasma;

interrelates

to obtain this one must add a boundary condition which

the electron density to the electron energy spectrum.

The simplest example of such a boundary condition is that in a

plasma in which the ionisation

is produced by thermal electrons, n_

is the density of the thermal electrons which are characterised by a

temperature Te . One must now

specify, as a boundary condition, that

the electron density should equal the total ion density

(7)

In this case it can be shown that there is oniy one value of the

electron temperature for which

specified value of Q, Tl’ Tys Ty and T4

the equations are satisfied at a
(16)

This result is a generalisation of that obtained in discussion of



7) (18)

1 . .
RF sources( and P.I.G. sources , 1n which the balance between
the rate of production of ions and the rate of loss has been calculated,

in a monatomic gas e.g.

n
<gv> o
n n = —
o e ION T
+
and
n =n .
e +
Hence 1
<gv> =
ION n 1 ?
o +
where o, is the neutral gas density, <OV> 10N the rate coefficient for
ionisation which is a function of temperature, and n,, n, T

+* e’ T+

are defined as above. Thus for a given value of n and T, there is

only one consistent value of <gv> and only one possible value for

ION
the electron temperature.

Another limiting case is that in which the ionising electrons

are mono-energetic current carrying electrons so that

n <n +n, +n .
e

17 "2 7"

The boundary condition which should now be imposed is the Langmuir
sheath stability criterion which relates the electron current Ie to

the ion current to the cathode I+C(13’14’19) (or to the double sheath in

duoplasmatrons)

I (8)

+c

0?2

|
I = qd
e
where m., m, are the ion and electron masses respectively and o 1is
a constant of order unity. In order to utiiise this boundary condition
it is necessary to relate Ie to n, and I+C to the total ion production

rate. The relation between I+c and the total ion production rate

- 6 -



depends on geometrical factors and on the influence of magnetic fields(zo).

In general, therefore, it is a complicated relation, although in a few

cases one may use approximations to obtain results (e.g. the

(13,14) (21)).

duoplasmatron and magnetic field free sources

The relation between Ie and n, is derived from analysis of the

balance of input and loss mechanisms for the ionising electrons(zz),

It may be written, at least for magnetic field free sources, in the form,

1 n
e e
— = + < +
oV T TP M Vit e M2 V2 )
where <Ov>ing is the rate coefficient for inelastic scattering of the

electrons by atomic hydrogen, <OVEin o that for inelastic scattering by
molecular hydrogen, and Te the electron containment time.

The complexity of these two relations makes it difficult to utilise
the boundary conditions (equation 8), in order to provide a complete descrip-
tion of the source plasma, at least at the present. Consequently, in |
the present analysis, we treat n, asa free parameter and calculate
the particle densities as a function of n- We will consider the relat-

ionship between o and the electron current, in a future communication.

2.6 General Remarks Concerning Solutions

+ ;
2.6.1 H2 /H2 ratio

+ .
To a first approximation the ratio of H2 /H2 densities, 1l.e HZ/NZ’
is a measure of the degree of ionisation in the source. From the

balance equations, one derives the result

<gv>
- 21 (10)

1

ne T2

szhf

+
<GV>23

Thus one can calculate n2/N2 as a function of ne T, for different

assumed energy spectra, as shown in fig. (1). The data show that

o P



1,

N,

tends to a limit at high values of n, T It follows from

2-
<gv>

21

<gv>

23
depending on the electron energy. The limit is reached when

equation (10) that this limit is which has a value of ~ 0.1-0.4

n_ T, >> <0v>_1 v o6 ox lO6 -2x 107 sec cmf3
e 2 23
It should be noted however that there is a fundamental limit to
the attainable value of n ot in ion sources due to the phenomenon of
arc starvation, i.e. the depletion of neutral density in the source by

(14’21).Ca1culations of the influence of starvation on the

ionisation
operation of sources depend in detail upon the boundary conditions
applying to particle balance as outlined above. However, one may make
a general statement that arc starvation becomes a limiting influence

on operation when the mean free time for a neutral to be ionised is less

than the meard flight time of neutrals across the source,T, » i.e. when

ne <0v>21 Tzfu 1

Thus arc starvation limits ne to such a value that

T 1
n T —

e T2 ) <cv>21

For the case in which mono-energetic electrons dominate,this limit is

L éﬂ.x 2.0 x 107 sec cme, whilst for a thermal plasma (Te n 10 eV)

2
it is éi-x 1.25 x 1085eccm_3.Unless the ions are magnetically confined
2
T << T2 ; typically T/T2 equals the square root of the

ratio of the thermal energy of the neutral (v 1/40 eV) to the thermal
energy of the ion (v 1 eV) i.e. 0.16. Thus the limiting values of
n, T may be 3 x 106 sec cur3 for mono-energetic electrons, and

2 x 107 sec cm 3 for thermal electrons.



This restriction on n, T implies that it is not possible to
reach the high electron density limit for nle? .

+,  +
2.6.2 H3 /H2

§ .« s + + ., . .
The ratio of demnsities of the H3 and H, ions is given by the

2
expression
Ny N2 <crx L
o, 1 I
2 — + n_ <ov>
T e 31
3
or
n T
3 1 3
— =, * — (11a)
np  lAmg Ty covy Ty
where T is the mean free time for charge exchange leading to H3
T
production. At low electron densities n3/n2 equals ?é-’ At higher

X
densities the density of H3+ is depleted by electron dissociation

of the ion at a rate which depends on the electron energy spectrum -
though not too sensitively (fig. 2).

As discussed in the previous section n, T is limited by the onset
of arc starvation. Limiting discussions to the case of mono-energetic

; 6 -3 . ;
electrons, n, T is less than 3 x 10 sec cm ~. Since <cv>31 is
-7 3 -1 . .

v 1.5 x 10 "cm sec = for such electrons (fig.A4), n, T, <ov>4, 1s
unlikely to rise above a value of "V 0.5.

. . + .
One can therefore consider that reduction of the H3 density by
electron dissociation of the ion is unlikely to become a dominant pro-
cess in ion sources, and that the only method of producing low yields

+ . . .,
of H3 ~1s to operate with low neutral molecule number demsities.



2.6.3 H+/H2+

. it + + . . .
The ratio of the densities of H and H, ions is given by the

2
expression S .
n {1 2 <GV>22 G‘+ n_ T 1<c=v> )
R 1+ 21 E_< L 12)
9 +
n T. <ov>

The first term in this bracket derives directly from the diss-

¥ il Sk A + . y
oclative lonisation of H2 molecular ions; the second term derives

from ionisation of H0 atoms which are in turn produced either by
; i i : + . S
dissociative ionisation of the H2 molecular ions or by dissociation

of the H2 molecule. One problem in evaluating this ratio arises
from the fact that the reaction rate for dissociation of the molecule
(<0v>22) peaks strongly at low energies (figure A3): thus this term
is much more sensitive to the energy spectrum than any other term.
There are two limiting approximatioms for equation 12. At low

ne 12 values one has

n 2 <gv> <gv> T
—}'i: n, T, <0v>. 1+ = 11 . <UV>22 i (12a)
b € 23 7t V'3
!
i.e. —= 1is proportiomnal ton .
n e
2
At high values of n, T one finds
n <gv>
1w 22
g ,\JZDETI <o’v>23 1 + W W (12b)

Again nlln2 is proportional to n, o, although the proportionality factor

is different.

- 10 -



The shape of the transition from one limit to the other depends

<ov>
22

<ov>
21

ation factor. This point will be considered in a further communication.

sensitively on the reaction rate ratio and on the recombin-

3. COMPARISON OF NUMERICAL RESULTS WITH EXPERIMENTAL DATA FOR A

DUOPLASMATRON

3.1 Experimental Data

An experimental study of the ratios of the currents of the
different ion species extracted from a hydrogen plasma in a duoplas-
matron has been reported by Watanabe(s).

The configuration of the source is shown in fig. 3. There are
two plasma volumes, that between the cathode and intermediate elec-—
trode and that between the intermediate electrode and the anode. It
is assumed that the ions, which are extracted, are produced in the
latter volume, and that it is with the characteristics of the plasma
in this volume that we are concerned(13’14).

The experimental data were obtained with the source operating in
the arc current range 0.5 to 2.0 Amps and in the pressure range
0.05 - 0.4 torr. The influence of current and pressure on the ratios
of the extracted currents of the different ion species is shbwn in
figs. 4 and 6. Watanabe also investigated the influence of the mag-
netic field and the spacing of the intermediate electrode and the
anode (figures 5, 7 and 8). 1In the following discussion it is assumed
that the extracted current is proportional to the ion density divided

by the ion containment time.

3.2 Source Parameters required for Calculations

In order to calculate the ratios of the extracted currents of the
different species using equations 1-6 it is necessary to know the total

neutral particle density, the electron density and energy spectrum,

= 1 =



7, and T, and the wall recom-

the particle containment times Tl’ Ty Ty 3

bination factor y . The total neutral density  1s calculated
from the gas pressure. The wall recombination factor is
estimated from the data for recombination on the various components

(23)

of the source , a value of vy equal to 0.1 being used.

The electron density and energy spectrum present a problem.
Watanabe reports that there is a region of intense ionisation (the
so-called fireball) in the intermediate electrode in which the electron
temperature is 15 eV. However calculations performed, assuming that
the thermal electrons have a temperature of this value,lead to exces—
sive values of the total ion denmsity and violation of the condition that
the density of the thermal electrons should equal that of the ionms.

It has therefore been assumed that these electrons do not contribute
significantly to the collisional processes in the ion production zone.
Instead, it 1s assumed that the dominant electrons are the current
carrying electrons which gain an energy of 40 eV, in being accelerated
across the double sheath in the intermediate electrode. (The measured
potential difference from cathode plasma to anode was 40 volts). Since
these electrons make a single transit of the plasma volume to reach

the anode, their "containment time" is very short and one may approxi-

mate equation (9) to the form

or ng Ae Vs & I 5 (13)

since T = V/v A .
e e
There is some uncertainty in the exact value of the area, A , of the
beam of electrons passing through the plasma; consequently we have

chosen to use the ratio of n, to Ie as a normalisation factor deter-

- 12 -



mined by analysis of the data for H3+ and H2+ as discussed below. This
normalisation is then carried through the calculations.

The containment time of the HO atoms, designated Tl’ is given by
equation 2. The value of -% is estimated from the dimensions of the
source to be 0.2 cﬁ: this value may be an over estimate due to
over—estimation of the radius of the ionisation volume (see section 3.3
and 3.5 below). The value of v, used for the neutrals is
2 x 106 cm sec“l derived on the assumption given above that the H0
neutrals are created with energies of v 1 eV. Using these values for
V/A and v, we derive a value of 0.4 x 10_6 secs for T, . As will be
seen below T1 and Yy enter as a factor vy T2/T1 which can be chosen
to give a best fit to the data.

The values of the ion containment times also present a problem
in that there is no experimental data from which they can be derived,
and there is no clearly defined model of particle containment from
which they may be estimated. For' the purposes of this calculation
we have assumed that the ratio of T 9 and T, is in the ratio of the
square root of the ion masses i.e. 1 : 2% 3 3% . Following this, T,
has been derived from the data for the yield of H3+ as discussed below.

This value has then been carried through all the calculations.

3.3 Variation of Species Ratios of H2+ and H3+

3.3.1 Dependence on Arc Current

. + + . .
The ratio of the currents of H2 and H3 ions, designated res—

pectively as 12 and Is,is derived from equation 11:-

I n T
2 2 3 1 [ 1
P PO S 1+n <ov>,. 1,1. (14)
13 12 n3 N2 <c5x ¥ 12 e 31 3_

_13..-.



Since n, is proportional to I, as discussed above one expects a
linear variation of 12/13 with arc current. The experimental data are
in agreement with this prediction as shown in figure 9.

By fitting a straight line to the data one obtains an intercept

of 0.29 and a slope of 0.075 A—l. The intercept equals

_1 .
[Nz <ox v.? 12] . Inserting the known values of N2 and of

<UX v+> one derives an estimate for the value of the containment time

T, equal to 3.3 x 10.—7 secs.

2

From the value of the slope and the known value of <o v>31
one estimates the value of n, Ty at 1 Amp arc current to be
1.7 x 106 sec cm_3. The corresponding value of n, Ty is
1.4 x 106 sec cm_3 (using the scaling law for Tis Tos Tg discussed
above). It therefore follows that n, is equal teo 4.2 x lO12 cmﬁ3 at
1 Amp arc current and that the radius of the current channel is
0.36 mm (from equation 13 assuming 40 eV electrons). This value is
lower than one would expect from the geometry, but the discrepancy is
not serious.
3.3.2 Dependence on Pressure

Equation 14 also predicts that the ratio of I3/I2 should vary
linearly with gas pressure in the source, provided that the particle
containment times are independent of pressure, i.e. that they are not
determined by'diffusion processes. The plot of experimental data for
13/12 versus pressure show a linear variation except at the highest
pressures (fig. 10). This may be taken as an indication that diffusion
only plays a significant role at these highest pressures.
On the other hand, the containment times derived may be compared

with values predicted either assuming that the ions move without

(

collisions (free-fall model 24)) or that they diffuse axially with

- 14 -



a velocity determined by the mobility.

The contaimment time of the H2+ ions derived above,
(3.3 % 10-7 secs) corresponds to an escape velocity of 3 x 105 cm sec_l.
This velocity is somewhat lower than one would expect from the free

kT
which is

fall model. This model predicts a value of ~ =
only in agreement with the experimental value if the temperature has
the rather low value of 0.1 eV.

Values of the drift velocities of molecular ions in molecular

(25)

hydrogen vary with the E/p values . The derived velocity of
3.0 x 105 cm sec:_1 is consistent with an E/p value of
30 volts/em torr. At the operating pressure of 0.26 torr, this corres-
ponds to an electric field of 7.8 volts/cm, which implies a rather low
temperature (v 1 eV) plasma of v 2 mm length.
Thus both models lead to similar conclusions concerning the
plasma conditions required to explain the observed escape velocity,
and one cannot discriminate between them on this basis.

. . . . ‘ *
3.4 Variation of Species Ratios with Arc Current,].—l+ : H2

g + + . .
The ratio of the currents of H and I-l2 ions (designated

I, and 12) may also be calculated from the particle balance equations

1
(equation 12)
2 <gv>
I 31 4 <0v>22 (1 L n T 1<ov> )‘
1 _ { 21 e 2 23
B = ne '[2 <o’v>23 1 + Y . CI5)

2 1+
B, Ly <044

As discussed in section 2.6.3 above, the difficulty in utilising
this equation arises from uncertainties in the ratio <cr*ur>22/<<mr>21
which can take values from 0.26 for mono-energetic 40 eV electromns to

2.2 for mono—energetic 20 eV electrons reaching a value-of 6.7 for

- 15 =



thermal electrons of 4 eV temperature. Consequently a reasonable
admixture of lower energy and thermal electrons to the dominantly
40 eV primary group can increase <0v>22/<0v>2l from the value of

0.26 to a value of 1 or 2.

In order to derive an estimate of the value of <gv> 2/<cv>

2 21

which gives a best fit to the data, we have plotted the experimental
data in the form Il/IZ versus I_ as shown in figure 11, and calculated
the dependence to be expected, using the normalisation for converting

n, T, to Ie determined in the previous sectiomn, for a range of values
Y T
21 and the parameter T . Agreement can be
1

obtained up to 1.2 Amps current for a reasonable set of values. How-

of <GV>22/<0V>

ever the high value of Il/I2 at 1.6 Amps can only be explained using

a somewhat excessive value of <ov> 2/<crv> equal to 3.0. It seems

2 21
unwise to conclude that there is a real discrepancy here, in view of

the limited number of experimental data points.

3.5 Computations of Species Fractions

In the previous two sections we have analysed the data for vari-

ation of the current ratio 12/13 with arc current and pressure and

of the ratio 11/12 with current. Using the normalisation factors so

obtained we have calculated the current fractions IIIIT 5 12/1T and

/ (IT is the sum of I,, I, and 13) and have shown them in

I

3/ g 10 I

figures 4 and 6 compared with the experimental data for completeness.
In the following sections we utilise these normalisation factors

to calculate the variation of the current fractions with magnetic

field and with electrode spacing.

3.6 Variation of Species Ratios with Magnetic Field

The experimental data show that the magnetic field strength in the

source has a marked influence on the ratios of the species. To

—16.—



understand this effect it is necessary to consider the influence of

(14)

the magnetic field on the operation of the source. Lejeune has
proposed that the field controls the radius (a) of the current channel
in the source so that 'a' varies inversely as the field strength B .
Consequently the denéity of electrons in the beam, which is pro-
portional to a_z, varies as Bz.

We have calculated the variation of the species ratios with B
on the assumption that n, varies as B2, all other parameters being
constant (except T1 the transit time of neutral atoms across the beam
which varies as a and thus as B_l). The result, shown in fig. 5b,
agrees moderately well with the experimental data except at high values
of the field strength.

This discrepancy may be explained on the reasonable assumption

that the beam diameter cannot decrease indefinitely as B increases,

due to the finite source dimensions. Thus we write

Bo
a = ao (1 + —E—) .

Clearly a wide range of fits can be obtained by varying a and B -
Fig. 5c shows one example for the case a, and Bo equal to 0.4 mm

and 4 kG respectively.

3.7 Variation of Species Ratio with Electrode Spacing

Data obtained by Watanabe on the effect of changing the spacing D
of the intermediate electrode and anode are shown in figures 7 and 8.
Variation of the spacing produces changes in the species ratios essen-—
tially because the ion containment times vary. If the motion
corresponded to the free fall model then one would expect linear scal-
ing. However if the ions diffuse axially out of the plasma volume then

the containment times would scale as the square of the spacing i.e.

_.17_



as DZ. Calculations on the effect of changing D have been made using
both scaling laws. The calculations based on the D2 scaling give better
agreement with the experimental data. This result suggests that ion
loss is by diffusion in contradiction to the implication of the data

in the previous section.

4. CONCLUSIONS

Detailed computations of the densities of the different ion species
in a hydrogen plasma in an ion source can be made provided that ome
knows the cross-sections of the important collisional processes on the
one hand, and the characteristics of the plasma and source on the other.
In particular one needs to know the energy spectrum and density of the
ionising electrons and the containment time of the ions.

At present the state of knowledge concerning these factors is not
so advanced as that concerning the cross-sectional data. We have
therefore chosen a relatively simple source system, i.e. the duoplas-
matron, to test our computations and our assignment 6f the important

collisional processes discussed in section 2.2.

The underlying assumption in our model of ionisation in the duo-
plasmatron is that the ionising electrons are mono—energetic, current
. ; (13)
carrylng electrons, as proposed by Demirkhanov et al and by

(14)

Lejeune . It follows from this assumption that the electron density

is directly proportional to the arc current and inversely proportional

to the cross—-sectional area of the current channel, which in turn depends
on the magnetic field. The computations of the variation of species
ratio with current and magnetic field, based on these proportionalies,
agree well with the experimental data and so substantiate the model.

The normalisation from electron density to arc current is con-

sistent with the radius of the current channel being 0.36 mm.
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This is much smaller than the radius of the aperture in the intermediate
electrode (1.25 mm), as one would expect since the beam is focussed
through the centre of the aperture; it is also slightly smaller than the
radius of the aperture in the anode (0.4 mm) which one would not expect,
since the electrons should be collected on the anode without crossing

magnetic field lines.

The other normalisation required to fit the data is the assignment
of an absolute value for the containment time of the H2+ ions. Although
the value chosen is more consistent with the assumption that the ions
diffuse axially out of the source, i.e. that 1, depends on the ion
mobility, the scaling of species ratios with gas pressure indicate
strongly that this is not the case. The complexity of the situation
is underlined by the results of computations on scaling with electrode. spacing,
D , which suggest diffusion to be more important. However, in the
geometry of this source it is not clear that the plasma column length
is exactly the same as the electrode spacing, so that this result may
be misleading. Finally, it should be noted that the mean free path
for elastic ion-neutral collisions at the gas pressures involved is of

the order of a millimetre i.e. one is working close to the boundary
between the diffusion - dominated and free-fall regimes. Indeed the
data for scaling of 12/13 with gas pressure indicates a transition to
the diffusion model at pressures above 0.3 torr.

The overall agreement between the computed ratios and the experi-
mental data lead one to presume that the most important collisional
processes have been taken into account and that the cross—sections

. . o +
assigned are reasonably accurate. The variation of the ratio of H,
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to Hl with arc current can be accounted for by assuming a high
cross—section for production of H0 from H, due to contributions from

thermal electrons. An alternative explanation of this difference is

that we have neglected the dissociative recombination reaction

B +e > H +H
2 o o
7 . . (26)
which has a large cross—section at low electron energies
y PR % 10 -2 cm2 at v 1 eV .

The general conclusions which can be drawn from this study for

. i . : +
application to analysis of other sources are that the ratio of H3 to

H2+ is given to 207 accuracy by a modified form of equation 11 i.e.
n
3 _
E; = N2 <0’X V+> ‘1'3

except at higher values of n, T, than can be attained in many sources.
.. . + . . ; ;
Similarly the ratio H2 to H2 1s given by the approximate equation
(valid to 20%)

2

n
ﬁ; = <Gv>21 ne T2

These relationships indicate that the species ratio for sources
can only be estimated if the values of n, and ion containment times are
known. This is certainly not generally the case. However, as dis-
cussed above in section 2.6.1, there is a limiting value for the
product n, T, set by the condition that the neutrals can penetrate the
plasma, i.e. that one cannot exceed the arc starvation limit. It is
a consequence of this limit that the ratio nle2 and nlln2 have them-
selves got upper limits. Future experimental and theoretical work

will be directed towards the evaluation of these limits.
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APPENDIX

CROSS—-SECTIONS AND RATE COEFFICIENTS

In section 2.2 six collisional processes were identified as
being most important in determining the balance of the ion species in
the source plasma. A discussion of the available information con-
cerning these and competing reaction cross—sections has been presented
by Martin(26).

The cross—section data allow us to ignore several reactioms.
Ionisation from excited states of the atom can be ignored because the
cross—section for excitation to the 2S5 metastable state is much lower
than the cross—section for ionisation, and the 2P radiative state has
a short lifetime. Dissociative ionisation of H2 to produce a proton
and an atom has a cross—section over an order of magnitude smaller
than that for ionisation to H, . The dissociative ionisation

cross—section of H2+ is also an order of magnitude lower than that for
dissociative excitation.

The reactions for dissociative recombination of H2+ and breakup
of H3+ to form neutral atoms, or to form protoms, have aiso been neglec-
ted, as cross—sectional data have not been available for these
reactions until recently. Recombination of H2+ is likely to play a
role in the physics of the discharge as its cross-section is large at
thermal electron energies, and the effect of this reaction should be
taken into account in more detailed studies. The situation with H3+
breakup is still unsatisfactory, and no comprehensive data exist on
the various reaction cross—sections.

The calculations of the reaction rates in the plasma require as

input data rate coefficients, <ov>, which must be derived from the

available cross—section data. The procedure adopted for determining

= 19 =



the rate coefficients followed closely that used by Freeman and
Jones(27). The values of o were expressed as polynomial functions of
velocity, the coefficients being chosen to fit the published experi-
mental data, extended where necessary by Gryzinski calculations.
From these polynomials it is a straightforward matter to compute
the products ov for mono-energetic electrons and the values of <ov>
averaged over a Maxwellian distribution for thermal electrons.

Typical values of the reaction rate coefficients obtained in the
above manner are shown in Figures Al-A4. The value of <o v, > was

taken to be constant, and equal to 1.5 x 10-9 cm3 sec_l .
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Fig.1 H'{/Hz ratio as a function of ng7,. Solid lines — Maxwellian
electrons only: Dashed line — 40eV monoenergetic electrons only.
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Fig.2 H}',',’H'{ ratio as a function of ny7;. Solid lines — Maxwellian
electrons only: Dashed line — 40eV monoenergetic electrons only.
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Fig.3 Diagram of the duoplasmatron source geometry used by Watanabe.
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Fig.4 lon ratio as a function of arc current at a gas pressure of 0.26 torr.
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Fig.5 Ion ratio as a function of magnetic field strength at a gas pressure of 0.16 torr and
an arc current of 0.5 A.
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Fig.7 Proton fraction as a function of arc current, for different discharge lengths, D.
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Fig.9 Variation of the ratio of currents of H; and H;’ (L, /13) with arc current for the duoplasmatron.
(Data from Fig.4)
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(Data from Fig.6)
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Fig.A3 Rate coefficients for dissociation of molecular hydrogen.
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