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We present the results of a numerical study of isotope effects in volume negative-ion sources and com-
pare them with experimental results. We have studied both hydrogen and deuterium discharges over a
range of discharge current. For basic plasma parameters, the model reproduces the behavior measured
in the discharge region of a tandem multicusp source. The theory predicts a local maximum in
negative-ion production at an optimal electron temperature To*~0.6-0.8 eV. This prediction is sup-
ported by our analysis of D~ and H™ densities measured in a hybrid multicusp source and in the extrac-
tion region of a tandem source. We show how the local maximum is related to the temperature depen-
dence of the dissociative attachment rate coefficients. The most significant isotope effect suggested by
this modeling effort is a stronger cooling of the vibrational distribution in deuterium due to vibration-
translation reactions between molecules and atoms. This vibrational cooling reduces negative-ion pro-
duction in high-power deuterium discharges below that in equivalent hydrogen discharges.

PACS number(s): 52.80.Sm, 29.25.Ni, 52.20.—j, 33.10.Gx

I. INTRODUCTION

Much effort has been dedicated in the past decade to
the development of neutral-particle beams based on the
neutralization of high-energy hydrogen negative-ion
beams [1,2]. One of the most important uses for high-
energy neutral-particle beams is controlled thermonu-
clear fusion research. This and other applications call for
the use of D™ -ion beams rather than beams of the lighter
isotope. Therefore there is much interest in the isotope
scaling of the negative-ion production in negative-ion
sources. One of the ion sources considered for these ap-
plications is the volume ion source [3,4] in which the neg-
ative ions are produced in a low-pressure discharge in
pure hydrogen or deuterium. It is generally admitted
that the process responsible for the negative-ion produc-
tion in these sources is dissociative attachment of elec-
trons to rovibrationally excited molecules [4,5]. Model-
ing of the multicusp hydrogen discharges has been
effected and its results compared with measured H, vibra-
tional distributions [6-11]. Quantitative agreement was
found for the general plasma properties (electron density
and temperature, atomic density, the vibrationally excit-
ed populations of levels v’’=0-4); discrepancies remain
in the prediction of the vibrationally excited molecular
populations with v’’ >4 and of the negative-ion density.

Most of the experimental investigations have concen-
trated on the study of hydrogen discharges. Recently at-
tempts were made to investigate the isotope scaling of
volume negative-ion sources based essentially on the mea-
surement of the extracted negative-ion and electron
beams [12-16] associated in some cases [12—-14] with a
limited knowledge of the plasma properties. As a result,
it appeared that the isotope scaling depends on the source
design while the differences among the various observa-
tions are still to be explained. Measurements of the iso-
tope effect on negative-ion density have now been made
using photodetachment techniques in a hybrid multicusp
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source [17,18] and a tandem source [19].

The present work has three principal goals: (1) to ap-
ply our numerical model of the multicusp discharge to
the case of a discharge in deuterium, and compare the re-
sults with modeling an identical discharge operated in hy-
drogen; (2) to study the dependence of negative-ion pro-
duction on electron temperature where negative ions are
produced; and (3) to verify the extent to which the gen-
eral predictions of this theoretical effort are consistent
with experimental results, especially photodetachment
measurements of negative-ion density.

Our basic numerical model and its application to deu-
terium are described in Sec. II. The isotope effect on
basic plasma parameters predicted by the numerical mod-
el is presented in Sec. IIT and compared with experimen-
tal data. Section IV discusses the isotope effect predicted
for the vibrational spectrum and negative-ion production.
In situ measurements of H™ and D™ density in a hybrid
source will be presented and analyzed in Sec. V. Photo-
detachment measurements comparing H™ and D™ densi-
ties have recently become available in a tandem source
also, and they will be discussed in Sec. VI. The negative-
ion density measurements will be compared to theoretical
predictions in Sec. VII.

II. THE THEORETICAL MODEL
OF VOLUME NEGATIVE-ION PRODUCTION

The negative ions are thought to be produced in
volume sources through dissociative attachment (DA) of
electrons to vibrationally excited molecules [5]:

e+H,(v")->H +H, e+D,(v”")>D  +D (DA).

oY)

Several reactions have been considered for the production
and quenching of the vibrationally excited molecules.
They have been discussed in detail in numerous publica-
tions (e.g., Ref. [4]). Electron-molecule collisions, atom-
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molecule, and molecule- and atom-surface collisions are
important in shaping the vibrational spectrum of the
molecules. Table I lists the most important reactions,
based on information gained by studying hydrogen
sources. We assume that these reactions are relevant to
simulating a discharge in deuterium as well. For the
most important processes in an existing code for hydro-
gen [6,9,20-23], we have substituted cross sections and
rate constants for deuterium.

One of the difficulties in modeling this type of
discharge is the fact that wall collisions of atoms and
molecules are important while their interaction with the
surface under plasma conditions is not sufficiently under-
stood. The atomic density is inversely proportional to
the recombination probability of atoms on surfaces yy.
This factor depends on experimental conditions, such as
the wall temperature and the degree of contamination of
the wall surface by material evaporated from the fila-
ments. In modeling this factor is adjusted to fit the atom-
ic density, when experimental data are available.

The problem of modeling hydrogen-atom- and
-molecule—surface interactions is also present for deuteri-
um, but even less information is available for deuterium
than for hydrogen. Our approach has been to choose for
this study a large plasma source, operated at relatively
high power, where vibrational cooling in molecule-wall
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collisions is relatively unimportant. We estimated vibra-
tional wall quenching in deuterium by using the same
model for de-excitation probability (as a function of ini-
tial and final vibrational level) employed for hydrogen.

A simple model is used for atomic wall recombination:
(a) we assumed equal atomic temperatures, meaning that
the wall collision rate in deuterium is lowered by a factor
of 1/Vv'2; and (b) we used a deuterium-wall recombination
probability ¥, equal to that adopted for hydrogen [6,20]
Yu=0.05. A recent theoretical study [24] of atomic
recombination on a copper surface indicates that the re-
action probabilities for H and D are equal and have a
similar behavior. This supports the simple assumption
Yp=7%n, Which we made in the model, although we attri-
buted much lower values than found in Ref. [24]. How-
ever, if cross-surface diffusion of atoms were important in
atomic recombination via the Langmuir-Hinshelwood
mechanism, then the lower mobility of surface-adsorbed
D would suggest yp <yy. This possibility receives some
support from measurements in a multipole discharge [25]
which found the atomic density ratio ny, /ny to be higher
than what would be expected from a V2 scaling law.

Atoms play a major role in cooling the vibrational dis-
tribution, especially at high discharge current, through
vibration-translation (V-T) collisions. For V-T collisions

TABLE I. Reactions in the model involving heavy species: vibrational excitation of D, by collisions
with low- and high-energy electrons e-V and E-V); cooling of vibrationally excited D,(v"’) by wall col-
lisions (wall), by vibration-translation reactions with atoms and molecules (V-t and V-T), and by
vibration-vibration reactions (V-V); ionization of atoms and molecules (IZ-a and IZ-m); wall recom-
bination of atoms (ra); a model of ion losses consisting of ion-molecule reaction (IM), wall recombina-
tion (ri), and dissociative recombination (DR); D~ creation by dissociative attachment (DA); D™ de-
struction by mutual neutralization (MN), electron detachment (ED), and associative detachment (AD).
The computational model includes all reactants and products of each reaction. For some reactions the
hydrogen rate constants or cross sections were retained for the deuterium modeling, either because a re-
action is relatively unimportant, because it has no isotope dependence, or because its isotope depen-

dence is unknown.

Label Reaction Modifications for D
e-V e +Dy(v)—e+Dy(v") from Refs. [5] and [30]
E-V e+D,(v=0)—e+D,*(B'3},C'Il,)—>e +D,(v'')+hv New calculations
for H and D,
Refs. [27] and [32]
Wall D,(v'")+wall—-D,(v),v<v" none (see text)
V-t D,(v'')+D—Dy(v)+D,v <" Ref. [29] (see text)
V-T Dy(v")+Dy(v' )= Dy(v"' —1)+D,(v") none
v-v Dy(v'")+Dy(v')—=D,(v'—1)+Dy(v' +1) none
DS Dy(v')+e—e +D,*(b 33}, ¢ *1,,*3} )—e+2H new D,*(b3=},c3,)
from Ref. [32]
1Z-a D+e—D"+2e none
IZ-m Dy(v'')+e—D,t +2e from Ref. [32]
ra D+ D(wall)—D,(v"") same ¥ and atomic T
M Dy(v')+D,* -»D;*+D 1/V2 (see text)
ri D, * +e(wall)—neutral species 1/V2 and same ion T
DR D, * +e(volume)— neutral species none
DA D,(v')+e—-D+D" Refs. [5,30,31] (see text)
MN D™ +D, " —neutral species none (see text)
ED D +e—D+2e none

AD D™ +D—D,(v')+e

none (see text)
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with atoms, we use rate constants based on the Monte
Carlo calculations of Lagana and co-workers [26-29] for
atomic and molecular temperatures of 4000 and 500 K,
respectively. For hydrogen, we use polynomial fits (as
functions of initial and final vibrational levels) to
Lagana’s data provided by Gorse [28]. For deuterium,
we use our own polynomial fits to Lagana’s data [29] of
lower order and incorporating more smoothing than was
the case for hydrogen, since there is more statistical noise
in the deuterium data.

Positive ions are principally destroyed by transport to
the walls where they are neutralized. For deuterium, we
took this transport to be a factor 1/V'2 smaller than for
hydrogen, from the square root of the mass ratio. In the
absence of specific information, perhaps the simplest iso-
tope scaling follows from the ansatz of an isotope-
independent constant cross section (e.g., hard-sphere col-
lisions). A rate constant {ov) would then vary with the
mean center-of-mass velocity. If we assume the same
temperatures in hydrogen and deuterium discharges, then
in deuterium the slower thermal speeds would lower
(ov) by the factor 1/V'2 in comparison with hydrogen.
We have adopted this 1/V'2 scaling for the ion-molecule
reaction D,+D,* —-D+D;™", denoted IM in Table I
We defer discussion of the negative-ion destruction pro-
cesses of associative detachment (AD) and mutual neu-
tralization (MN) to the end of Sec. IV.

For cross sections relevant to electronic processes, we
use, when available, cross sections for hydrogen and deu-
terium obtained using the same method. Since the elec-
tronic structure of the two isotopes is very similar, only a
limited number of cross sections are expected to be
different because of the difference in vibrational structure.
An example of a reaction with isotope-dependent cross
section is dissociative attachment [Eq. (1)]. In this case
we use the cross sections calculated by Bardsley and
Wadehra [5,30] for the rotational state J =1. These cal-
culations also provided the cross sections for the vibra-
tional excitation due to low-energy electrons, denoted e-V
in Table I. However, in the case of hydrogen these
theoretical cross sections have been adjusted to fit the ex-
perimentally found electron energy dependence [31].
Since there is no experimental data for deuterium, we
multiplied the deuterium cross sections by the same
fitting factors (adjusting the theoretical data to experi-
ment) as used for hydrogen.

A large number of cross sections have been calculated
recently for hydrogen [27] and deuterium [32]. We
adopted their data for the processes of vibrational excita-
tion by high-energy electrons (E-V), dissociation (DS),
and molecular ionization (IZ-m). The meaning of the la-
bels and the indicated reactions are explained in Table I.
Other cross sections calculated using more elaborate
theoretical methods are available for hydrogen, some of
which are not in quantitative agreement with those of
Ref. [27]. For the important E-V cross section, it should
be noted that the results of Ref. [27] were shown therein
to lie within the experimental error bar of the existing ex-
perimental data, at the lower limit. We chose the set of
cross sections given in Refs. [27] and [32] for this study of
the isotope effect, since their data were produced by the
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same method for both hydrogen and deuterium.

The numerical simulations were carried out for the
negative-ion source model studied in Ref. [9] (17 liter
volume, surface area of 5100 cm?) at a filling pressure
P,=3 mTorr and discharge voltage of 100 V. We simu-
lated hydrogen and deuterium sources, identical except
for the working gas, with discharge currents in the range
I,=10-500 A. The computer model calculates simul-
taneously the electron-energy distribution function
(EEDF), the vibrational distribution, the dissociation
fraction, and the densities of the positive- and negative-
ion species in a zero-dimensional treatment of a bucket
multipole ion source. The calculations are directly appli-
cable to a single chamber multicusp source and the
discharge region of a tandem source.

ITI. ISOTOPE EFFECT ON PLASMA PARAMETERS:
THEORY AND EXPERIMENT

The isotope effect on plasma parameters predicted by
the calculation agree very well with the measurements of
Mullan and Graham in the discharge region of a tandem
source [13]. In this section we will make a systematic
comparison between our calculations and these measure-
ments. The device studied experimentally was smaller
than the model treated in the calculations—in terms of
power density, the range of experimental studies corre-
spond to the discharge current range of 2—-40 A in our
calculations.

As indicated in Fig. 1, calculations predict almost no
isotope effect on the electron temperature 7,, in agree-
ment with experiment. The calculated T, is that temper-
ature which well characterizes the low-energy part of the
calculated EEDF, which also has a nonthermal tail at
higher energy. Variation of the calculated plasma density
n, with I; is shown in Fig. 2. We find that n, is con-
sistently higher in deuterium than in hydrogen. The ratio
between n, for the two gases is shown in Fig. 3, where it
is seen that the ratio approaches but does not precisely
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FIG. 1. Temperature of the thermal bulk of the EEDF as a
function of the discharge current I, from the numerical model.
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FIG. 2. Plasma density as a function of the discharge current
1, from the numerical model.

equal the V/ 2 ratio which would result from different
thermal speed at equal ion temperature. The calculations
are consistent with the measurements of Mullan and Gra-
ham, which found the ratio of n,(D,) to n,(H,) approxi-
mately constant throughout the discharge and under
various operating conditions, with an average value
1.20+0.08. This range, corresponding to their measure-
ments, and the simple V2 prediction are indicated along
with our data in Fig. 3.

Although we find practically no isotope effect on T,,
there is an isotope effect on the plasma potential ¥,. The
calculations find V, consistently higher in deuterium
discharges, as shown in Fig. 4. Repeating the analysis

1.5 e — —_—

ng(Dy) / ng(Hy)

1ol Range of Measurements ]
3 l (Mullan & Graham, Ref. 12)

IR §

1 . |
10 100

1000
lg (A)

FIG. 3. Ratio of deuterium plasma density to hydrogen plas-
ma density as a function of the discharge current 1,, from the
numerical model. Dashed line indicates the simple thermal
speed model (see text) and the limits between the arrows indi-
cate the reported range of measurements in low power density
discharges [13].
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FIG. 4. Plasma potential in hydrogen and deuterium
discharges as a function of the discharge current I;, from the
numerical model. Following the analysis of Ref. [13], AV, is
also plotted and compared with simple theory [33] for no mag-
netic confinement.

performed by Mullan and Graham for their experimental
data, we plot AV,=V,(D,)~—V,(H,) for our calculated
results along with a simple theoretical model [33]
AVp=ln\/2kTezO.35kTe developed for a Maxwellian
EEDF and no confining magnetic field. Our calculation
agrees fairly well with this simple theory, as did the mea-
surements of Mullan and Graham, despite the fact that
the theory is not strictly applicable to a multicusp-
confined plasma.

Figure 5 indicates the fraction of dissociated gas pre-
dicted by the calculation for both working gases. With
our assumptions that Tp =Ty and yYp=7yy, the wall
recombination rate is slower for the slower D atoms, and

1.0 T ——— T —
T

n (H,D)/[2n (Hy,Dy) + n (H,D)]

T S S S S N S S |

10 100 1000
lg (A)

FIG. 5. Fraction of dissociated gas, predicted by the numeri-
cal model, as a function of the discharge current I,;.
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deuterium is more dissociated than hydrogen. This is
perhaps the most significant isotope effect, due to the
poisonous effect of atoms on the vibrational distribution,
which will be discussed in Sec. IV. Taking a value yp
smaller than yy, as discussed in Sec. II, would intensify
this isotope effect.

The degree of gas dissociation affects the ion
fraction—since there is more D than H, then DV ions
constitute a larger fraction of the total ion density than
do H' ions at the same discharge current. (Such a
difference has been observed in the extraction region
[14].) In the model, HY and D ions are more energetic
than the other positive ions and thus leave the system
more rapidly. This effect explains, at least in part, the
departure of the n,(D,)/n,(H,) ratio from the simple V2
theory (Fig. 3). Note that in the highest power calcula-
tions where both hydrogen and deuterium are highly dis-
sociated, H™ or DV ions form the bulk of the positive-ion
population, and n,(D,)/n,(H,)=V2.

IV. THE VIBRATIONAL DISTRIBUTION
AND NEGATIVE-ION PRODUCTION

Vibrational spectra H,(v"’) and D,(v"’) were calculated
by the simulation code over the range of conditions stud-
ied, P, =3 mTorr and I;=10-500 A. Examples of these
calculated spectra for a 50-A discharge are shown in
Fig. 6. In this plot the density of each vibrational state
H,(v"") or Dy(v"”) is normalized by its width
Aep(v") =g v+ 1) =g, (0" —1)]/2 (e, Agy
reflects the spacing of vibrational levels on the vibrational
energy axis). This presentation, showing the vibrational
state density per unit vibrational energy, is more useful
for exhibiting the isotope effect than a direct comparison
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FIG. 6. Vibrational spectra, with vibrational populations
normalized to spacing between vibrational levels (see text), pre-
dicted by the model for the P,=3 mTorr, I,=50 A case.
Hatched area indicates vibrational levels principally responsible
for negative-ion creation via DA.
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of spectra, because deuterium has more vibrational states
among which the vibrationally excited molecules are dis-
tributed. Our calculations show that negative-ion pro-
duction from H,(e,,) and D,(g,,) mainly involves
several high-lying states indicated by the hatched area in
Fig. 6. In this example, the H,(e,;;,) and D,(g;,) spectra
are nearly identical in the negative-ion production region
€,,~3.410.5 eV. The DA cross sections for negative-
ion production are similar functions of €., for H and D.
Thus there would be little isotope effect on negative-ion
production by DA for the illustrated vibrational spectra
and a given electron distribution.

Negative ions are produced by dissociative attachment
of electrons from the thermal bulk of the EEDF with
H,(v"") or D,(v"'). The region most important for
negative-ion production may be characterized by a
different T, and/or n, than the excitation region where
molecules are vibrationally excited by energetic electrons.
Such a spatial separation may be important in the opera-
tion of the tandem source (with two regions separated by
a magnetic filter) and the hybrid source (with the energet-
ic electrons confined in the multicusp fields). We use the
vibrational spectra calculated for the discharge region to
calculate dissociative attachment in some nearby
negative-ion production region. This approach is based
on the approximation that each region is uniform and it
neglects vibrational cooling during transport between the
two regions and across the production region [34].

To proceed in a general way, consider H™ and D™ pro-
duction in the production region from (a) the calculated
spectra f;,, which vary with I; and P, and (b) the local
electron distribution f,, which is assumed to be a
Maxwellian distribution specified by n, and T,. The
negative-ion production rate P_ thus depends on I; and
Py via the vibrational spectrum f;,(1;,P,) predicted by
the discharge region simulation, and on n, and T,, which
characterize the second region where negative ions are
produced.

The negative-ion production rate per unit volume
P_(n,,T,;fin(I;,Pr)) depends linearly on n,, so we will
consider the negative-ion production ratio
AT, funIy,Pr))=P_/n,,

M_=3{(nw" )opslv")v,)

= = , (2)
f fele)de
where the EEDF f,(g;n,,T,) is a Maxwellian distribu-
tion and n(v";1;,P,) are vibrational densities. We will
study how II_(T,;1;,P;) varies with T, and the
discharge conditions.

The production ratio I1_(T,;1,,P,) is plotted in Fig. 7
for hydrogen and deuterium discharges with I, =10, 50,
100, and 250 A and P,=3 mTorr. The temperature
dependence is quite similar for hydrogen and deuterium
over a large range of I;, with II_ rising rapidly as T, ap-
proaches the optimal temperature of TP'~0.6-0.8 eV
and then falling more slowly as T, increases beyond T2F".
I1_(T,) is somewhat more peaked about TP in deuteri-
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um discharges than in hydrogen. Varying the discharge
conditions by varying I, essentially rescales II_(T,),
which maintains its characteristic dependence on T,. We
express this explicitly by defining

0_(T,)=I1_(T,;1,,P;) /NI ,P,)
with TIP(1,,P,)=T1_(T,=T®:1;,P;) (3)

so that the characteristic dependence TT_(T,) is normal-
ized to unity at T,=T2". Figure 8 plots the average
value of TI_(T,) as a solid line, where the average is tak-
en over the ensemble of calculations with I, =10, 25, 50,
100, and 250 A in both hydrogen and deuterium. The
dotted lines plot the minimum and maximum values of

II_(T,) over the same ensemble, indicating the limited
variation of II_(T,) for the two isotopes and a large

1000F + © ot T T r e e
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P(H7)/ng (s)

1 600

I
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800 - =
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FIG. 7. Production ratio II_ of negative ions [see text and
Eq. (2)] from the calculated vibrational spectra and an arbitrary
Maxwellian EEDF as a function of 7,, for (a) hydrogen
discharge and (b) deuterium discharge.
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FIG. 8. ——, plots average of TI_ over the ensemble of cal-

culations (hydrogen and deuterium discharges with I, =10, 50,
100, and 250 A and P,=3 mTorr_), while - . - . indicates the
maximum and minimum values of I _ over the same ensemble.

change in discharge current.

The shape of II_(T,) is determined by the dissociative
attachment rate of coefficients {ov )p,. Figure 9 shows
the T, dependence of {ogv ), for all vibrational levels v”’
of hydrogen, based on the J =1 cross sections calculated
using a program furnished by Wadehra [30]. These rate
coefficients for different vibrational levels v’ vary by or-
ders of magnitude. To show the T, dependence on a sin-
gle figure, {ov )p,(T,) for each v’ <9 is normalized to 1
at its peak value. For the exothermic reactions from

Normalized (oV)pp (T V)

T (eV)

FIG. 9. and - - . - show the T, dependence of the dis-
sociative attachment rate coefficients {ov )p, for hydrogen used
in the numerical model, normalized to unity for v”’ <9. The
v"' 2 10 rate coefficients for exothermic attachment, indicated by
— — —, have a similar T, dependence and are normalized to
0.9, 0.8,. . .,0.5 to distinguish them on the plot.
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v"" 210, {ov)pa(T,) are very similar when normalized
to 1—to distinguish them on the plot, these rate
coefficients are normalized to various values <1. The
v'"=6-8 curves in Fig. 9 peak at temperatures corre-
sponding to the maximum in Fig. 8. The actual peak
value attained along each (ov )pa(T,) curve is designat-
ed by the solid diamond in Fig. 10, where it is plotted
against v on both linear and logarithmic scales. A better
indication of the importance of the different vibrational
levels to negative-ion production is indicated by the
second curve, indicated by the open triangle, which
shows the effect of weighting the peak {ov )p, values by
the vibrational densities of a “typical” spectrum [in this
case, the calculated H,(v"’) spectrum shown in
Fig. 6]. The weighted values are arbitrarily rescaled for
display on the same plot, on both linear and logarithmic
scales. With this weighting, the v’'=6-9 levels are seen
to be most important.

The T, dependence of negative-ion production may be
shown explicitly, as

P_~n 1% 1, P )_(T,), (4)

where for II_(T,) we adopt the average value plotted as
a solid line in Fig. 8. Equation (4) may be rewritten in a
slightly different form which is useful in scaling argu-
ments,

P_=~c, n,n, J0_(T,), (5)

where n,, represents the density of the vibrational levels
most important for negative-ion production and ¢, is a
constant which depends on the DA rate coefficients of
these vibrational levels. The quantity n,, may be defined
in several ways [e.g., simply as the population of
H,(v""=7) or D,(v'"=10), or in a more sophisticated way

107 T T T T T T T T T T T T T T
10°8 BN o S X 7
= a s A *e
210°° i B, 0P
E : ‘ &
<1010 18 3
o 2
1011 16 =
3 9
a o
1012 14 8
w
)
1018 H2 =

FIG. 10. At each vibrational level v of hydrogen, 4 indi-
cates the maximum value attained by {ov)p, as T, is varied,
on both logarithmic (- - - -4- . . .) and linear ( ¢ )
scales. The effect of weighting these peak values by the vibra-
tional populations of a “typical” spectrum H,(v"’) (that of Fig.
6, see text) is indicated by A. The weighted values are arbitrari-
ly renormalized for convenient display and plotted on both log-
arithmic (- - - -A. . . .) and linear ( A ) scales.
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as a weighted average over the states most important for
DA]. Once a specific definition of n,, is adopted, then
¢,, follows from II°"*=c¢__n,,. A good definition of n,,
will permit [I°**~c_, n,, to be satisfied over a range of
operating conditions with a single constant ¢, . For the
purpose of discussing scaling laws, we assume such a
“good” definition of n,, and c,, without entering into
details. We see that I1°"* and n,, both indicate the level
of vibrational excitation. In a negative-ion source, the
three quantities n,, n,,, and T, vary with discharge con-
ditions. If the ideal temperature T, =T could be main-
tained, then P /n,=M'~c,, n,, and the production
ratio would depend only on the vibrational distribution.

The I, variation of the calculated production ratio I1°P
is shown in Fig. 11. At I;=10 A, II°* is nearly the same
for D™ and H™ production. IT°" reaches a maximum at
I,=30-40 A in both deuterium and hydrogen. II°P
shows little variation between the calculations at I; =25
and 50 A. As I, further increases, II°"" decreases more
rapidly for deuterium than for hydrogen. It is 15% lower
for D™ production than for H™ production by I; =50 A,
and 40% lower at I;,=500 A.

The calculation indicates that an isotope effect at high
discharge current reduces the D™ production by compar-
ison with H™ production. The higher degree of dissocia-
tion in deuterium is largely responsible for this reduction,
causing increased V-t cooling of the vibrational distribu-
tion by atoms. We have assumed T, =Ty and yp=vy
in this modeling exercise. If in fact yp <yy, as was dis-
cussed in Sec. II, this isotope effect would be stronger.

To proceed from negative-ion production to negative-
ion density,

cotnenv*ﬁ—(Te)
n_~

ne(av )MN+nat<0U )AD+T|;XI

) (6)

would require knowledge of loss processes. Too little is
known to establish the isotope dependence of negative-
ion destruction. Three potentially important loss pro-
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FIG. 11. The optimum production ratio II_(T,=T,_,y)
predicted by the numerical model for hydrogen and deuterium.
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cesses are indicated in the denominator of Eq. (6): mutual
neutralization, H™ + {H,*,H;T} >H+ - - - ; associative
detachment, H™ +H—e +H,; and wall loss and extrac-
tion loss characterized by the 7, loss time. There is at
least a factor of 2 uncertainty in the {ov)yy and
{ov ) ,p rate coefficients, so it is not clear which of these
volume destruction processes is dominant. Wall loss may
be significant in some cases—the sheath potential must
be reduced enough to permit negative-ion extraction,
which may occasion losses on the walls of the extraction
region as well as through the extraction orifice(s).

The isotope effect on MN losses may be estimated us-
ing Hickman’s [35] scaling law {ov )yn < (uT)~'/? for
reduced mass p and temperature 7. Measurements
effected in a hybrid source found the H™ temperature to
be approximately twice the D™ temperature over a range
of operating conditions [17]. The colder D™ temperature
nearly cancels the decrease in {ov)yy due to the in-
creased mass of deuterium, giving similar loss rates in hy-
drogen and deuterium. For AD, there is no direct infor-
mation about isotope effects. We note that for H+H™
the theoretically predicted {ov ) ,p is quite insensitive to
H and H™ energy for particle energies below 1 eV [36].
To the extent that isotope dependence of {ov ), enters
through particle velocities, there would be no isotope
effect. The larger mass and reduced temperature togeth-
er would halve wall losses for D™. This discussion sug-
gests that the D™ loss rate may be comparable to that of
H ™ if volume loss processes dominate, but halved if wall
loss dominates.

V. NEGATIVE-ION MEASUREMENTS
IN THE HYBRID SOURCE

Some experimental results are presented here for H™
and D™ ions produced in a hybrid multicusp ion source.
The source [37,38] is a cylindrical stainless-steel chamber
surrounded by ten samarium-cobalt magnets. The pri-
mary electrons are produced by ten thoriated tungsten
filaments biased 50-V negative with respect to the
chamber walls. These filaments are located in the multi-
cusp magnetic field, so the primary electrons are trapped
and confined in the neighborhood of the cylindrical
sidewall. There are few energetic electrons in the
magnetic-field-free central region, and the electron tem-
perature is low there; this is a favorable condition for H™
or D™ production. It is interesting to compare the pre-
dictions of Sec. IV with measurements in this large uni-
form production region, even though the simulation code
described earlier is not well adapted to the hybrid excita-
tion region. The negative-ion density has been studied
using photodetachment associated with optogalvanic
detection by an electrostatic probe [39].

The isotope effect on plasma parameters in a hybrid
source is different from that in a tandem source. There is
a negligible isotope effect on the plasma density, as evi-
dent in Fig. 12 and the ensemble of experimental data,
but there is an effect on the electron temperature [18].
This is the opposite of the situation discussed in Sec. III
for both calculations and measurements in a tandem
discharge region. The numerical simulation code does
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density n, measured in the hybrid source as a function of the
discharge current I, at P, =3 mTorr.

30 T T T T T
— 0
i o
£
§ 25l (a) ]
> Hydrogen
T 20t .
:i
15+ 4
O Py=8mTorr
101 O Py=5mTorr b
—a&— Py=3 mTorr
5+ .
O
o
@)
0 IO L 1 1 1
0 0.2 0.4 0.6 0.8 1.0 1.2
KT (eV)
20 T T T T T
. @
®? .
5 (0 ©
2 Deuterium
: 15 r A
g
CI
10+ -
® P;=8mTorr
®  P;=5mTorr
5r —&— P;=3mTorr .
uXe O 1g=30A
®
o ®
0 L 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0 1.2
kT (eV)

FIG. 13. Measured negative-ion density n_, for several
values of filling pressure P, as a function of the measured elec-
tron temperature 7,. All measurements made at the center of
the hybrid source in (a) a hydrogen discharge and (b) a deuteri-
um discharge. The four data points enclosed by the large circle
in (b) are discussed in the text.
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not model the geometry of the hybrid source, which must
be responsible for its distinctive behavior.

Figure 12 plots data taken at P,=3 mTorr against I ;.
It shows that D™ and H™ densities are comparable for
low power discharges. However, at higher values of the
discharge current, the measured negative-ion density is
lower in deuterium than in hydrogen discharges. The
peak D™ density is approximately 66% of the peak H™
density.

Figure 13 shows the H™ and D~ densities measured
[17,18] by a photodetachment technique in the center of
the hybrid multicusp ion source, plotted as a function of
the measured electron temperature 7,. The measure-
ments were made at three values of the filling pressure,
P,=3, 5, and 8 mTorr, while varying the discharge
current from 1 to 50 A. For both hydrogen and deuteri-
um, the negative-ion density at constant P, lies along a
characteristic curve with a maximum at 7°P'~0.6-0.8
eV. In Fig. 13(b), the three points connected by a dotted
line for ;=30 A are seen to fit a similarly shaped curve.
At a given electron temperature, H~ or D™ shows only a
weak variation for a large variation in P, I;, and n,.
The four data points enclosed by a circle in Fig. 13(b) il-
lustrate this variation, for they cover the range P, =3-8

mTorr, I;=10-25 A, and n,=(1.1-3.2)X 10" cm™?
while T, and n_ vary only 10%. T, is obviously an im-
portant parameter in determining negative-ion density.

It is very interesting to compare the characteristic
form of the measured negative-ion density, from Fig. 13,
with the calculated production ratio I_(T,) of Fig. 8.
There are maxima which occur at similar values of T,.
One would not expect the curves to be identical, since the
negative-ion density depends not only on the normalized
production rate I1_(7,) but also on the molecular vibra-
tional spectrum and the negative-ion destruction rate.

VI. NEGATIVE-ION DENSITY MEASUREMENTS
IN A TANDEM SOURCE

The negative-ion density in the small tandem source
described in Sec. III has been recently measured for both
hydrogen and deuterium discharges [19]. In a tandem
source, it is not immediately obvious whether most nega-
tive ions in the extraction region are originally produced
in the discharge region or are locally produced in the ex-
traction region. These measurements found a higher
negative-ion density in the extraction region than in the
discharge region, suggesting local production. We identi-
fy the production region of our theory with the extrac-
tion region of the tandem. We will thus consider the
measurements of the H™ and D™ densities reported for
the extraction region.

Negative-ion density measurements were reported for
1,=10-100 A at P,=2 mTorr. H™ density increased
approximately linearly with discharge current up to
I1,=40 A, then saturated with almost no further increase
between ;=80 and 100 A. D™ density showed the same
variation with I;, being approximately 75% of the H™
density at each value of I;.
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FIG. 14. Negative-ion density n_ plotted against electron
temperature T,, both measured in the extraction region of a tan-
dem source.

We have examined the T, dependence of negative-ion
density by combining the new photodetachment data [19]
with previously published measurements of plasma pa-
rameters in the extraction region [14]. The result is
shown in Fig. 14, for fixed I;,=10 A and P,=1-10
mTorr. The H™ and D~ densities have maxima at
T,~0.8 and 0.9 eV, respectively, and the T, dependence
is similar to the hybrid results of Fig. 13 and to the calcu-
lated production ratio ITI_(T,) of Fig. 8.

VII. DISCUSSION

In Sec. IV we discussed the negative-ion loss mecha-
nisms, which tend to be equal or weaker in deuterium
than in hydrogen. We advanced an argument for
minimal isotope effect on negative-ion destruction if
volume losses dominate losses to the walls—but too little
is known about the loss mechanisms to support an au-
thoritative assertion to this effect. Thus we limit our
comparison of negative-ion density measurements with
negative-ion production calculations to two general ob-
servations: (a) the general variation as discharge current
1, is increased; and (b) the variation around the optimum
temperature T2P'~0.6-0.8 eV predicted by calculations.

The vibrational excitation is characterized by
PP /p, =M"'~c,, n,,, shown in Fig. 11. The I, depen-
dence of the H™ and D™ densities measured in the hybrid
source is qualitatively consistent with the calculation, as
seen by comparing Fig. 12 with the calculated I; varia-
tion of II°?* of Fig. 11. There is almost no isotope effect
at low discharge current, but an increasing disparity be-
tween H™ and D™ densities as I, is increased. In the
tandem extraction region, the measured H™ and D™ den-
sities at first increased linearly with I,;, then saturated as
I; further increased. The measured D~ density was
lower than the H™ density at all values of discharge
current.

At saturation, the measured D~ density is approxi-
mately 34% lower than the H™ density in the hybrid



48 ISOTOPE EFFECT AND ELECTRON-TEMPERATURE. ..

source and 25% in the tandem source. Saturation oc-
curred at I;=20-30 A in the hybrid and I,=80-100 A
in the tandem. By comparison, the calculated IT°"* satu-
rates at I;,=30-40 A, where the isotopic difference is
smaller than measured for negative-ion density. Note
that when TI°PY(I;) is plotted on a linear scale (rather
than on the logarithmic scale of Fig. 11), II°P'(I;) is
roughly constant over a broad region 25 A<I;<75 A.
A direct comparison between theory and experiment is
not possible, since the negative-ion density depends on
destruction processes as well. In our model we assumed
no isotope effect on atomic temperature and wall recom-
bination probability y, because of the paucity of available
experimental evidence. Measurements are needed to es-
tablish the actual isotope effect on atomic density. We
noted that an increased D fraction measured in the tan-
dem source is consistent with the predicted higher disso-
ciation in deuterium.

A local maximum in measured negative-ion density
n_(T,) was demonstrated for constant P, (varying I,;) in
the hybrid and for constant I, ( varying Pj) in the tan-
dem and in the hybrid. We recall that similar behavior
was observed in a magnetic-field-free diffusion-type plas-
ma [40], but for the ratio n_ /n, rather than n_. It
would be interesting to examine both n_ and n_ /n, in
the tandem extraction region for constant P, (varying
1,), but the published data do not permit such a compar-
ison.

Simple scaling laws may be derived to indicate that ei-
ther n_ or n_ /n, should be proportional to TT_(T, ), de-
pending on the assumptions taken. We sketch two plau-
sible examples for scaling with I,;. These two examples
follow from a number of assumptions: Assume that MN
is the dominant negative-ion loss process, so that Egs. (5)
and (6) yield n_ <n,, I1_(T,). Assume that n,, is deter-
mined by the balance between E-V excitation and cooling
by either wall or atomic V-t collisions. As I; increases,
the energetic electron density increases, so assume that
ionization, dissociation, and E-V excitation increase
linearly with I;. The two scaling laws now follow from
different assumption about vibrational cooling: (1) When
vibrational cooling is dominated by atomic V-t collisions,
then n,, production and destruction terms both increase
with I, (since atomic density «I,), so that n,, is saturat-
ed and n_ <M _(T,). (2) When wall collisions dominate
vibrational cooling, n,, < I,. If positive ions are predom-
inantly lost to the walls rather than by dissociative
recombination, then n, < I; and we obtain the alternative
scaling n_ /n,<n_ /n,, < _(T,). This second scaling
law is equivalent to that derived in Refs. [40] and [41].

VIII. CONCLUSIONS

We have used a numerical model to study the isotope
effect on plasma parameters and negative-ion production
in hydrogen and deuterium multicusp discharges. For
the isotope effect on plasma parameters (n,,T,, V), there
is good qualitative agreement between predictions of the
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model and measurements performed in the discharge re-
gion of a tandem source. The model treats the complicat-
ed problem of plasma confinement by multipole magnetic
fields in a quite simplistic manner by using equivalent loss
surfaces—the good agreement on plasma parameters
shows the usefulness of this approach.

Negative-ion production was studied with a two step
method: the numerical model was used to calculate vi-
brational distributions for H,(v'’) and D,(v") in a
discharge region, then negative-ion production from
these distributions was found as a function of local n, and
T, in an adjoining production region. Since the isotope
effect on vibrational cooling in wall collisions is un-
known, we chose condition which favored atomic V-t vi-
brational cooling by studying a large volume source and
by avoiding low-power cases.

The calculation indicates little isotope difference in vi-
brational excitation at the lower discharge currents ex-
amined. The discussion following Eq. (5) showed how the
vibrational excitation is indicated by II°P', which is
shown in Fig. 11 where it is seen to attain a maximum at
1,=30-40 A. Because of the higher atomic density in
deuterium discharges, the vibrational cooling from atom-
ic V-t collisions is more important in deuterium than in
hydrogen. This causes the most significant isotope effect
seen in the simulations: decreased vibrational excitation
in deuterium discharges compared to hydrogen
discharges at high power.

We discussed the I; dependence of the negative-ion
density measured in the tandem source extraction region
and the hybrid source center. In both sources, the
negative-ion density saturated with increasing discharge
current I;. D™ density was lower than H™ density at
saturation in both sources. In the hybrid source, D™
density increasingly diverged from H™ density as I; was
increased. This is qualitatively consistent with the calcu-
lated variation of vibrational excitation. In the tandem
source, however, the ratio of the measured H™ and D™
densities was approximately constant as I; was increased.

In Egs. (2)-(5) we sketched how the role of T, in neg-
ative-ion production may be separated from role of 7,
and the level of vibrational excitation. The calculat-
jons predict an optimal electron temperature ToP*
~0.6-0.8 eV for negative-ion production in both hydro-
gen and deuterium discharges. This was true over a wide
variation in discharge current. The 7, dependence is
summarized by IT_(7,) and shown in Fig. 8. We showed
how this characteristic form is related to the T, depen-
dence of the dissociative attachment rate coefficients used
in the calculation, illustrated in Fig. 10. This result of
the calculation is more general than the specific geometry
and operating conditions considered here.

We demonstrated a maximum of negative-ion density
n_(T,) at T?*'=~0.8-0.9 eV by analyzing photodetach-
ment measurements in the central field-free region of a
hybrid source and in the extraction region of a tandem
source, for both hydrogen and deuterium discharges. It
must be admitted that this demonstration rests on rela-
tively few data points with T, > T°P'. The recurrence of
the local maximum in both experiment and theory at
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similar values of TP lends support to the theoretical pic-
ture which has been constructed to explain negative
volume ion production though dissociative attachment.
For this tandem source, the agreement supports the con-
clusion that negative ions in the extraction zone are local-
ly produced—the negative-ion density maximum occurs
when T, in the extraction region, rather than T, in the
discharge region, is near T°P".
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