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We have determined densities of negative hydrogen ions in a discharge by a laser detachment
technique. We measured the electron density, the electron temperature, and the positive ion
density using a Langmuir probe. We also performed extraction measurements. Combination of
H™ density measurements and extraction measurements yields information about the H™ drift
velocity. It was found that the velocity scaled with the square root of the electron temperature.
All measurements were done as a function of discharge voitage, discharge current, and gas
pressure. The densities are compatible with a semiquantitative model in which H™ is produced
by dissociative attachment of plasma electrons to vibrationally excited molecules and destroyed

by wall collisions at very low pressure and collisions with H atoms, positive ions and/or hot

thermal electrons at higher pressure.

L INTRODUCTION

There is a strong interest in negative hydrogen ion
sources generating intense neutral hydrogen beams for fu-
sion applications.! Much research is directed towards the
development of two different types of sources: the so-called
hydrogen volume source and the surface conversion source.
Advantages and disadvantages of both types are discussed in
several publications.”™ In volume sources, dissociative at-
tachment of plasma electrons to vibrationally excited mole-
cules is regarded as the dominant production process of H™
(Ref. 5):

H, (v} +emHy CSF)—H" + H(ls). (1)

The cross section of this reaction depends strongly on the
vibrational quantum number +”.%7 Accordingly, it is expect-
ed that molecules with v” » 5§ are responsible for the produc-
tion of H™ in a discharge. Other candidates for H™ produc-
tion are dissociative attachment of plasma electrons to
metastable molecules (¢*I1;),>*

Hy (i ) +e-H, CII,)-H +H(2p) {(2)
and pelar dissociation of molecules by primary electrons,’
Hy+e, ~H +H" +e (3)

The latter process can also take place with H;" ions instead
of H, molecules with a larger cross section.” A review on the
formation of H™ and H,{v" ) has been presented by Hiskes.’

In the present paper we discuss studies on negative ion
formation, performed in a bucket-type volume source. We
also determined the vibrational populations and the atomic
density in this source. These are discussed in detail in a sepa-
rate paper, which complements this work. %!

The density of the negative hydrogen ions has been de-
termined for the first time in such a discharge, using laser
detachment of the H~ ions, by Bacal and Hamilton.!>? We
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present results on H~ densities, but contrary to these au-
thors, we have used radiation of variable frequency to elimi-
nate other sources of detached electrons than B . Apart
from measuring the H™ density, we did perform Langmuir
probe measurements in the discharge to obtain the electron
density, the primary electron density, the positive ion den-
sity, and the electron temperature. A bucket source is often
divided into two different regions by a magnetic dipole filter
(see Fig. 1). The first region, containing the arc discharge is
called the “driver”” Here, energetic electrons are present
that excite, ionize, and dissociate gas molecules. The second
region is called the “extractor.” In this region only slow ther-
mal plasma electrons are present, because only these are able
to diffuse through the magnetic field.'® The absence of fast
electrons means that the extra electron of H ™ is not detached
in collisions with these electrons. In our source the extractor
section and the magnetic filter can be removed. Therefore,
our source can be operated in two configurations. The first
configuration of source operation is the one normally ap-
plied in volume sources, i.e., with magnetic filter present and
with the frontplate at the same potential as the source body.
In this configuration we performed extraction measure-
ments in addition to density measurements. H™ density and
H™ extraction measurements under the same conditions
give information about the drift velocity of H™. In the sec-
ond configuration we measured #ny, in the same bucket, but
without magnetic filter and with the front plate on filament
potential. The negative front plate serves the same purpose
as the magnetic filier, namely to confine the primary elec-
trons in the plasma. Therefore, we expect that the values of
ny - in the second configuration are characteristic for those
in the driver region. It further enables us to compare these
measurements in the second configuration with the REMPI
measurements performed by Eenshuistra and co-
workers, '>1114

In this paper, we extend our model of the discharge pre-
sented in a separate paper'® in Sec. IL. In this model, we use
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rate equations containing the processes that lead to the pro-
duction and destruction of H™ ions in the source, such as
wall and particle collisions. After introducing the experi-
mental methods in Sec. III, we will present our measure-
ments in Sec. IV, and discuss our results in terms of other
data available in literature. In Sec. V, we discuss our results
on the electron and H ~ density in terms of the model of Sec.
1. The conclusions will be surnmarized in Sec. VI

. MODEL FOR H~ FORMATION

Many reactions taking place in hydrogen volume
sources and their cross sections have been reviewed recently
by Hiskes.” Modeling by solving & set of coupled differential
equations describing production and decay of all species in
the discharge, using large computer codes, has been per-
formed by Hiskes and co-workers®>'® and Gorse et al.”’
Here we want to use analytical expressions that can give
guick insight in the reactions concerned and that can de-
scribe cur measurements qualitatively and sometimes guan-
titatively. In a separate paper we give the eguations for H
atoms and vibrationally excited molecules. Here we give the
eguations for primary electrons and positive ions. Plasma
electrons are described by a similar expression as positive
ions. After that we discuss the expressions for the negative
ions.

We first consider the driver region. Primary electrons,
accelerated from the filaments over the discharge voltage
V,, are the source for all excitation and icnization processes
in the discharge. The characteristic loss time of primary elec-
trons by inelastic collisions 7, is given by

{4)

where 7, denotes the gas density, o, the cross section for
inelastic collisions, and v, the average velocity of fast elec-
trons. Following Goede and Green'® and Leung ef al.,'® we
write the following expression:

4

eV

Tin = l/ng (O_in Up)’

1 i
np( 7 * T_w.)y
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FIG. 1. Schematic top view of the source and the
extraction system. Indicated are the magnetic fil-
ter, the probe, and the laser beam.
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where 7, denotes the discharge current, e the elementary
electron charge, ¥ the volume of the discharge, n, the den-
sity of primary electrons, and 7, the characteristic loss time
of primary electrons by wall collisions. At low pressures, i.e.,
p<0.3 Pa,'! the wall losses dominate, s0 7, <7,,. In this
case n,, is proportional with discharge current. As r, domi-
nates over 7, then both density and energy distribution
function of primary electrons are effected by n,. From Eqgs.
(4 and (5) it is clear that n, decreases with n, at high
pressures.

Many particles in the discharge are formed by inelastic
coliisions between gas molecules and primary electrons. Ex-
amples are plasma electrons with density n,, metastable
molecules,** hydrogen atoms with density »;;, positive ions
with density »,, and vibrationally highly excited molecules
H,(v") with density n". For positive ions we write:

(6)

where 7; denotes the average loss time of positive ions. Be-
cause we do not distinguish between H™, H,", and H;" ions,
this equation is correct in a global sense only. For thermal
electrons one can write a similar expression. Substituting
Egs. (4) and (6) yields

7. == Idng<aionup>7pi

" eV(n oy, + 1/1,)

Equation (7) predicts that n;, will increase at low p with
increasing p, when 1/7,, > n,(o,v,) and saturate when 1/
7w < i, {o,v,)n;. Equation (7) also predicts that n, will
increase with 7,. For the density of H™, n_, we write:

;= ngnp <Uion U[; >’T’,~,

(D

(8)

with 7" the density of vibrationally excited molecules with
4 < v" < 10, gy, the cross section for dissociative aitach-
ment, and v, the velocity of plasma electrons. The loss pro-
cesses of H™, which we will discuss now, are applicable to
both driver and extraction area. H™ can be destroyed by wall
collisions, collisions with fast or thermally hot electrons
(T, >3 eV, collisional detachment, cross section o, ), and

R_= n”ne <0-DAUE)T'-’
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collisions with discharge-produced particles such as atoms
(associative detachment, cross section o,p )t

H~ +H“’H2_(22u)“’H2(V") + &, (93

and positive ions (mutual recombination, cross section

Tuzr )
H™ +H,' —H + neutrals. (10)
The average loss time 7_ is given by
. 1
T w_ /L + 1, {0cnt,) + M {oanvn) + 2, {0ur ?,-1)1')

Eoss by diffusion to the walls can be of importance at low
pressure and/or low plasma density. Because in collisions of
H™ with H, (v" = 0) there is not enough energy available
{0.75 eV) to detach the electron, this destruction process is
not included in Eq. (11). The third term (n,{opv,)) in
the nominator of Eq. {11); destruction by primary electrons
is of course only applicable in the driver region. The last two
terms, destruction by atoms and ions, are candidates for loss
of H ™ in both the driver and extractor regions. In the driver,
thermal electrons with an energy larger than 2 eV can also
guench H™ (collisional detachment). This process can be
included in the last term by increasing the rate coeflicient,
since electrons have the same density as positive ions.

If n_ is not produced by DA to vibrationally excited
molecules but, for instance, produced by dissociative attach-
ment to metastable molecules (¢ 11 ) with density n,, one
has

n_=n08,{Cp V. }T_, (12a)
or by polar disscciation of hydrogen molecules:
noo=n,n O,V )T_, (12b}

Production by DA to metastables can occur both in driver
and extraction regions. Production of H ~ via polar dissocia-
tion of H, molecules or H;' ions by primary electrons can of
course only take place in the driver region.

. EXPERIMENTAL SETUP
A, Mutticusp ion source

The ion source is a rectangular magnetic-multipole
bucket source. The area perpendicular to the beam axis is
14 % 19 cm®. The source is 23 cm deep (Fig. 1). This is S cm
deeper than the source we used for the REMPI measure-
ments.? The front plate or beam-forming electrode is elec-
trically insulated from the rest of the walls and can be biased
with respect to these walls. Except for the front plate, all
walls are equipped with permanent Co-Sm magnets in a line-
cusp configuration generating a cusp field of =0.07 T on the
inside. Three sets of two tungsten filaments each are mount-
ed in the backplate. The walls are made of oxygen free cop-
per and covered by a layer of tungsten evaporated from the
filaments. The source is operated up to 50 A, 200 V dc. The
filling pressure in the source is between 0.2 and 5 Pa. No
noticeable change of the pressure measured externally using
a Pirani gauge with and without discharge was observed. A
magnetic dipole filter was created by two rows of extra mag-
nets on top of the cusp field magnets, as indicated in Fig. 1.
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By this means a filter was created of 4 X 1077 T, having a
depth of =~2 cm on axis, and extending over the whole area
perpendicular on the source axis,

B. Extraction system

The aperture in the 3-mm-thick frontplate has a diame-
ter of 8 mm. At a distance of 3 mm behind the front plate an
extraction electrode is mounted (see Fig. 1. It can be biased
to a potential of 4 kV positive with respect to the front plate.
This electrode, 12 mm thick, consists of two plates in which
smali magnets are inserted in an octupole configuration
{same configuration as applied by Holmes, Dammertz, and
Green’!) to prevent electrons from reaching the detector,
The magnetic field strength in the aperture is =0.1 T. The
two plates are insulated from each other, but connected
through a 10-k{} resistor. In case electrons arrive at the sec-
ond plate, this plate will get a slightly negative potential with
respect to the first one, and suppress this electron current.
Thus, secondary electrons generated on the first plate are
prevented from being accelerated. At a distance of 5 mm
behind the extraction electrode the end plate is mounted,
behind which, at 30 mm distance, Faraday cups are placed to
detect the H ~ current. To suppress secondary electron emis-
sion, the Faraday cups are biased positively with respect to
the environment. Al} apertures of the elecirodes have a di-
ameter of 8 mm. The total acceleration voltage is 15 kV.
When running the discharge in argon, no measurable cur-
rent on the Faraday cups is detected, so electrons do not
reach the detector.

The measurements were done as follows. First the heat-
ing current through the filaments and the gas flow were
turned on. Then, the discharge voltage was switched on.
After several seconds the extraction and acceleration vol-
tages were switched on for a time period of 100 ms. During
these 100 ms no time dependence was observed in either the
H™ current to the Faraday cups or the electron current to
the extraction electrode, as measured with a storage scope.
Also, no differences in current were observed when the time
delay between switching on the discharge voltage and
switching on the extraction and acceleration voltage was
varied from 1 to 10s. In almost all measurements, the extrac-
tion voltage was chosen sufficiently high to saturate the H~
current to the detector. This occurrad at a ratio of total accel-
eration to extraction voltage of — 7. This agrees with obser-
vations in sirnilar sources by Holmes and Green.”® The elec-
tron current on the extraction electrode could be diminished
by biasing the beam-forming electrode 1 or 2 V positive with
respect to the walls of the source body. Upto 2 V, the H™
current on the Faraday cups showed almost no decrease
with this bias voltage. In the measurements presented in this
paper no bias voltage was applied.

C. Langmulr probes

The positive ion density n,, the electron density #,, and
the electron temperature 7, were measured with a Lang-
muir probe. The probe, a tungsten wire with a diameter of 60
or 175 um and a length of 3 or 10 mm, respectively, was
placed parallel to the front plate. Its position was on the axis
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of the discharge chamber, about 3 cm in front of the extrac-
tion aperture (see Fig. 1}. The probe voltage was swept over
a definable range of 80 V at maximum, in a time interval of 4
ms. When dealing with the positive (ion) branch of the
probe characteristic, the probe current was measured over a
resistor of 1000 £} in the case where the probe was placed in
the extractor and 330 ) in the case where it was in the driver.
When measuring the electron branch, 100- and 33-£} resis-
tors were used for the extractor and the driver, respectively.
The measured probe voltage and current were stored and
analyzed using 2 VAX computer. To obtain both n, and n,
with sufficient resolution, two sweeps were done. A 30-V
sweep was done with zero dc offset and high resolution, to
obtain the electron density and electron temperature. The
other was done with a dc offset of — 40 V and a voltage
range of 70 V, to determine ;.

We use thin cylindrical probes, under all conditions
maintaining R, /1, <6, where R, is the probe radius and 4,
the Debye length:

Ay = (eckT, /0,2 2% (13)

To obtain the plasma parameters, the same iterative method
was used as that developed by Hopkins and Graham,”
which is based on the Laframboise theory.”® In short, using
the scaling parameters R, /A, and y, where

X = e( Vprobe - Vp)/kTM (14)

with V, the plasma potential and ¥, the probe potential,
one can calculate n, and »; according to:

—1.(y)

" T CR, (kT m,y 2 (R, JAg)

e

x>0 (15)

and

n, = — L) ¥ <0
" eR,(2wkT./m;) (R, /A.,%)
Here f (R, /A,,y) is a function given by Laframboise.?® The
thermal electron current 7, (i) and the ion current £, (y) are
related to the probe current f(y) according to the relation

L=y~ L) —1,{x), (17)
where 7, (y) denotes the current to the probe of fast elec-

trons, All currents are defined per unit length of the probe.
T, is obtained from the exponential region of the probe char-

(16}

Isolation amplifier Ine

acteristic corrected for the positive ion current 7, (y) and the
fast electron current I, (). ¥, is first approximated by the
voltage at which the first derivative has its maximum. Then
V., n,, T., y,and R, /A, are calculated in an iterative pro-
cess. To calculate n, with Eq. (16) we assume the dominant
positive ion species to be H;" . This looks reasonable since it
was measured in a similar source by Holmes ef al.> having
parameters similar to our source. In case probe measure-
ments were performed in the driver, n; was determined by
measuring the current to the probe at a fixed value of 20V
negative with respect to the filament voltage. At this voltage
primary electrons cannot reach the probe.

The primary electron density #, was derived in a similar
way as described by Hopkins e? /. In short, using Eq. (17},
1, is calculated for vaiues of y < 10, as the thermal electron
current 7, can be neglected in this region. Then 7, is fitted to

i, =k, exp(ykT,/kT,)}. (i8)

The reciprocal of the slope of a least squares logarithmic fit
gives Tp Aop is derived from the abscissa. The use 6f Eq. (17)
for primary electrons yields n,. Although the fast electron
distribution is not a perfect Maxwellian one, it was shown by
Hopkins and Graham® that this method gives a good esti-
mate of #, and T,.

D. Laser detachment

To measure the H™ density, we used the photodetach-
ment technique, as applied to a hydrogen discharge by Bacal
and Hamilton. '? In this method, one measures the increase
of the electron current to a positively biased probe due to
laser detachment of the H™ ions around the probe. A
straight cylindrical probe is placed in the laser beam, but
perpendicular to the beam axis (see Figs. 1 and 2).

The cross sections for laser detachment have been mea-
sured by Smith and Burch.?® This cross section does not
change much between 600 and 1000 nm. To be sure that
other particles in the discharge do not get detached or ion-
ized, and so influence the measured detachment signal, one
has to use a long wavelength, or on¢ needs the possibility to
vary the wavelength. The group of Bacal'? has used Ruby
and WNd-Yag lasers with fixed wavelength. We have used an
excimer-pumped tunable dye laser. First we measured in the

FIG. 2. Schematic drawing of Langmuir probe, laser
beam, and probe circuit.

Laser beam
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FEG. 3. Scope trace of the detachment signal. Horizontal axis time 200 ns/
div, vertical axis voltage over resistor 100 mV/div, discharge current 20 A,
discharge voltage 100 V, and source pressure 0.4 Pa.

wavelength range between 690 and 750 nm using Nile Blue
as dye solution. Because we did not observe changes in the
detachment signal as a function of wavelength, we decided to
measure at 723 nm, where the laser dye sclution has the
iargest energy output. In the source chamber, the pulse
length of the laser was 15 ns, the pulse energy 12 mJ, and the
laser-beam diameter 9 mm.

In Fig. 3 a scope trace of the photodetachment signal is
shown. The laser pulse is indicated by the arrow in Fig. 3. If
the pulse energy of the laser is high enough to saturate the
detachment signal, one does not need to know the cross sec-
tion for laser detachment. In this case n,- is proporticnal o
the amplitude of the detachment signal, 7,,.. We observe
saturation of the detachment signal for laser pulse energies
larger than =5 mJ. The electron current to the probe [, was
measured simultaneously with the photodetachment cur-
rent.

To calculate absolute H™ densities, it is necessary to
know n, and the sum of plasma and primary electron cur-
rent to the probe 7, . If we assume that the detachment elec-
trons and plasma electrons originate from the same collec-
tion area and are detected with the same probability, we can
easity calculate n; , using the method of Bacal and Hamil-
ton,'” by setting

3.0
25 -
5 5% L EE
. 20h B
= | % §
5 5 ¥
5 154 §
18
0.5 -
00 Y . 'y i s £, 2
a 10 20 30 40
Probe Voltage (V)

FIG. 4. Ratio of laser detachment signal and dc electron current to the
probe as a function of probe voltage. Pressure 0.4 Pa, discharge current 20
A, and discharge voltage 100 V.
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n}i zﬁEXIAne/IM. (19)

This statement needs more attention. Figure 4 gives the ratio
of 7,,./{,. asa function of probe voltage. We observe that
the ratio of £,,,/f,. increases with probe voltage and satu-
rates above 20 V. Below 10 V the detachment signal, such as
measured in Fig. 3, shows a broadening and a rapid decrease
of the amplitude 7, .. The reason for this broadening is not
understood. To be free of probe voltage effects, we have done
all our measurements af a voltage of 36 V.

Using an approximation of the Laframboise theory,”
the collecting radius of the probe is estimated to vary from
~1mmforn, =10 cm™ *to =C.1 mm for 1¢Z cm ™. In
the high-density case the measured detachment signal starts
to decrease due to a reduction of the collection volume by
shadowing of the laser by the probe. At lower plasma densi-
ties, this effect also occurs at lower probe voltages. This
might explain some of the lowering of 1,,,,. /1, below a probe
voltage of 10 V.

Detached electrons gain the photon energy minus the
electron affinity (0.75 eV ). For 725 nm this yields an energy
T, of =1 eV (isotropic velocity distribution). 7', is 0.6 eV
for the conditions used in Fig. 4. Since differences in energy
between detached and plasma elecirons are small, we also
expect that their collection radii are similar. Varying the
laser energy, we vary the detached electron energy. Using
different laser wavelengths (600, 690, 725, and 750 nm), we
saw no change in the dependence of /. /{,. on prebe vol-
tage.

At small probe voltages the amplitude of the detach-
ment signal drops to zero. This occurs when the probe vol-
tage approaches the plasma potential minus the energy of the
monoenergetic detached electrons. Below this voltage the
detached electrons cannot reach the probe. The phenomena
could be used to determine the plasma potential, in a way
similar to hot wire probes.”” However, it is a cumbersome
and inaccurate method, and the iterative method described
in Sec. I C is much better.

Stern ef 2/.%® have provided an explanation for the dura-
tion of the detachment signal, such as shown in Fig. 3. They
state that the ratio of the diameter of the laser beam and the
duration of the detachment signal is a measure for the drive
velocity of H™ in the discharge. We cannot apply this tech-
nigue with the same accuracy, since we performed our mea-
surements with the probe perpendicular tc the laser beam,
whereas Stern ef al.”® measured with the probe coaxial with
the laser beam.

V. EXPERIMENTAL RESULTS AND DISCUSSION
A, Extraction

Figure 5(a) shows a measurement of the extracted H~
ion current 7 ;- as a function of source pressure for different
discharge voltages V. At low pressure, we see an increase of
Iy with pressure and subsegquently a decrease. Figure 5(b)
shows a measurement of ;  as a function of pressure for
different discharge currents I,. Also here, one observes an
increase of [ ;- with pressure followed by a decrease. Figure

5 was measured in the source with a magnetic filier. Without
the filter the extracted currents were roughly a factor of 2
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FiG. 5. (a) Extracted ¥~ current (source with filter) as a function of
source pressure for various discharge voltages. Extraction voltage 2 kV.
Discharge current 20 A. Bias 0 V. Total acceleration voltage 15 kV. (b}
Same as (a) but now for various discharge currents. Extraction voltage 2
kV for 5, 10, and 20 A and 3.3 kV for 30, 40, and 50 A. Discharge voltage
100 V.

smailer. Corresponding data points of Figs. 5{z) and 5(b)
show differences of the order of 10%, which fall within ex-
perimental error. kn fact, they reproduce well if one takes
into account that the data were collected on different days of
the same week, but with a slightly different setting of the
extraction voliage [i.e., extraction voltage 2 kV in Fig. 5(a)
and 2.5 kV in Fig. 5(b} for 10 A and 100 V], resulting in a
slightly nonoptimized beam transport.

The maximum current density extracted through the
aperture of 0.8 cm diameter was 4 mA /em? for a discharge of
50 A, 100V, and 0.9 Pa. This is small compared to current
densities reported by others.?"?*3% This is due to two effects.
First, our filter was not optimized in strength, width, or axial
position with respect to the beam-forming electrode. Ac-
cording to measurements of Leung and co-workers®® and
calculations by Hiskes,'® this can result in a factor of 2-10
loss in 7. . Second, detachment of H™ will occur during
acceleration, due to collisions with neutrals effusing out of
the source. Hence, this stripping effect depends on source
pressure. Especially in the first accelleration gap, the strip-
ping of the H ™~ ions in collisions with ground-state molecules
is an important phenomenon.”” Stripping losses can be cal-
cufated according to?’

]zloexp<——fn*adl),
i

where /is the measured negative ion current, 7, is the current
emitted by the plasma surface, o is the cross section for strip-
ping, n* is the density of particles on which the stripping
takes place, and ! is the length of the negative ion trajectory.
We take into account neutralization of H ™ due to collisions
with neutral atoms, and due to collisions with neutral mole-
cules. The cross sections for these processes are given in Ta-
bie I. The axial density profiles of atoms and molecules are
calculated from estimated gas conductances of the extractor
parts. For this calculation we assume a gas temperature of
300 K. Bonnie and co-workers'’! measured a rotational tem-
perature of 400 K of molecules in the vibrational ground
state. The largest uncertainty in this caiculation is caused by
the rough estimate of the transverse conductances and pres-
sures. Figure 6 shows the result when the data of Fig. 5(b)
are in/extrapolated and corrected according to Eq. (20). At
a discharge pressure of 1 Pa, = 60% of the H ™ ions reaches
the detector.

(20}

B. H~ density

Figure 7 gives measurements of the H ~ ion density, #_,
as a function of gas pressure p for various discharge voltages
and currents. All data were obtained with a source equipped

TABLE I. Cross sections and rate coefficients of processes in the discharge and extractor concerning H™.

o Rate
Process Energy {cm?) Temperature (em®s %) Reference
Production
DA (v">5) eV =2% 1078 6
Polar dissociation 40-60 eV ~3x107% 50 eV ~bL.1x10 9
DA e 3ku eV <5x 10~ 8
Diestruction
H +e, 30eV 3.5% 1071 eV =~ 1.3x107° 35,15
H +e eV ~2X 1078 8,15
H-+H 0.1ev =5 1078 8,15
H +H 0.1eVv =1x1077 9
H +H, <026V <1071 38
Accelerator
H +H =10 eV 8x1o° 18 36
H +H 1 keV Léx 1o~ 34
H™ +H, 1keV Ix10-" 37
80 J. Appl. Phys,, Val. 67, No. 1, 1 January 1980 Eenshuistra ef g/ 90
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FIG. 6. Extraction current corrected for beam losses calculated from Fig.
5¢a).

with a magnetic filter. The fractional H ™ density n_/n, var-
ies between 5% and 40% in this configuration. As was the
case with the H™ extraction measurements, one observes an
initial increase with pressure followed by a saturation or a
decrease. For larger values of ¥V, or {,, the mazimum in the
n_ cuorves shifts to higher pressures. Corresponding data
points in Figs. 7{a) and 7(b) now show a good agreement.
This means that the source conditions as well as the detach-

4
. L
o
3 b
g
g 1
2
= 2F
i
g (a)
é ik 200V
180 ¥
= X 100V
50V
0 A L et 4 2 £ 3 5
0.0 0.3 0.6 6.8 1.2 i.5
Pressure (Pa)
™
o5
=
i
E
0 1 2 4 Y i A 1] A
0.0 2.3 0.6 0.9 1.2 1.5

pressure (Pa)

FIG. 7. (a) Absolute H™ density (scurce with filter) as a function of source
pressure for various discharge voltages. Discharge current 20 A. (b} Same
as (a) but now as a function of source pressure for various discharge cur-
rents. Discharge voltage 100 V.
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FIG. 8. (a) Absolute H ' density n_ (source without filter) as a function of
source pressure for various discharge voltages. Discharge current 20 A. (b)
Same as (a) but now as a function of source pressure for various discharge
currents. Discharge voltage 100 V.

ment measurement reproduce well.

Figure 8 gives measurements of the H ™ ion density as a
function of p in the case of a source without a magnetic filter,
but with a negatively biased front plate (filament potential),
for different discharge voltages and currents. The data show
the same qualitative behavior as those in Fig. 7, but the maxi-
mum densities have shifted to higher pressures, whereas the
maxima themselves have smaller values. These features ap-
pear to be more pronounced for smaller discharge voltages.
The fractional H™ density n_/n, varies between 1% and
8% in the driver. In most conditions, the ratio n_/n, is a
factor of 4 smaller than in the extractor.

. Electron and positive ion densities and temperatures

Plasma densities were determined for the two source
configurations described earlier. Figures 9(z), 9(b), and
9(c) show the densities of electrons », and positive ions x, as
afunction of the discharge voltage ¥V, in the case of a source
without magnetic fiiter and the front plate on filament po-
tential. The densities of the plasma electrons, being between
10'% and 10" cm %, are roughly a factor of 2—4 higher than
in the extraction region of a source with filter. This implies
that we have a so-calied “medium density discharge,” for
which H;™ is estimated to be the dominant positive ion spe-
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cies.”>?* This assumption was used in interpretating the
probe characteristics. In all measurements the positive ion
densities and electron densities show the same qualitative
behavior as a function of ¥, £, or p, as one expects, but the

positive ion densities were roughtly a factor of 1.5 higher
than the electron densities. The same effect was measured by
Hopkins and Graham.” They observed this difference both
in 2 hydrogen discharge and in an argon discharge. So it is
unlikely that this effect has anything to do with the existence
of negative ions. This is further confirmed by our measure-
ments in the “driver,” where we observe that n _isonly 5%
of n, and still find that n, exceeds n, by a factor of 1.5. Smith
and Plomb®' measured too high values of »; in a Kr after-
glow plrsma using very thin cylindrical probes, and present-
ed a theoretical description that accurately explains the dis-
crepancy. On the basis of their theory (although 7, is much
lower in their case), we expect for our source that », is a
factor of 1.5 too high, provided the positive ions consist for
650% of H," ions and for 40% of H ions.

The density of primary electrons in the driver has been
determined too. In addition, fast electron temperatures have
been determined, which were a third of the discharge voltage
at pressures between 0.3 and 1 Pa. The values of #, are
shown in Figs. 9(a}, 9(b}, and 9(c) and Tables I and IL. One
sees that the density of fast electrons is about 1% of that of
the thermal electrons. These cbservations agree with mea-
surements by Hopkins and Graham.>?

Measurements of the density and electron temperature
in the extractor region (with magnetic filter) are presented
in Figs. 10and 11, respectively. The electron temperature T,
stays below ! eV and is found to decrease with source pres-
sure, but to increase slightly with increasing discharge vol-
tage or current. We will make use of these measurements in
the discussion in Sec. IV D of the drift velocity of H™ ions in
the discharge.

0. Drift velocity of H™ ions

To obtain intense low-emittance H ™~ beams, knowledge
of the drift velocity of H ~ ions towards the extractor is im-
portant. Dividing the corrected extracted current density,
Fig. &, by the negative ion density, Fig. 7(b), we find a mea-
sure of this drift velocity. The result is presented in Fig. 12,
We observe the following with increasing pressure: First the
drift velocity strongly decreases, then it saturates and subse-
quently it tends to decrease again.

Calculating drift velocities from the duration of the de-
tachment signal, as explained in Sec. I1 I, yielding velocities
for H of 11 000 n1/s for 40 A, 9000 m/s for 20 A, and 7000
/s for 5 A, at 0.3 Pa and 100 V. This is slightly higher than
the drift velocities calculated from the ratio of corrected ex-
traction current and H ™ density. Regarding the fact that we
apply two totally different methods to calculate the drift ve-
locity of H '~ ions, the drift velocities agree remarkably well.

TARLEI1. Plasma parameters and measured densities (cm ™). Gas pressure 1 Pa, discharge voltage 100 V; no filter present, front plate on cathode potential.

I, V, T, %, ., Ay nctw, n{0} n(1) n{2} n{3) n(4) n(5) Ty
(A) (V) (eV) (18 oty oYy (1% (10 (10" 10y oty (w0 (18 (109
30 3.1 1.4 5.0 6.0 42 2.3 0.88 0.95 1.0 1.8 57 3.4 1.75
20 2.8 1.3 35 4.5 3.0 1.8 0.95 1.0 1.05 2.2 5.8 2.6 1.610
10 2.6 1.0 17 3.0 1.5 0.9 1.3 1.2 1.2 2.6 6.5 1.6 1.25
S 23 0.8 09 2.0 6.7 0.3 1.5 1.25 1.1 2.1 40 0.9 57
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FIG. 10. The logarithm of the electron density as a functicn of the logarithm
of the discharge current for various pressures in the extractor region. The
discharge voltage is 100 V. 0.2 Pa n,~7%%, 0.4 Pa n,~JF%% and 1 Pa

n,~I%%,

In the following we discuss the results on the drift
velocity. The thermal velocity of H™ in the discharge is
(8kT_/7m; )% According to calculations of Wadehra and
Bardsley® the average kinetic energy of H™ ions created by
dissociative attachment of H,{v") increases from 0.2 to 0.4

(T e (eV))

In(p)

In(T,, (€V))

'y 2E — 3 4
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FIG. 11. (a) The logarithm of the electron temperature as a function of the
logarithm of pressure for 20 and 30 A in the extractor region. The discharge
voltageis 100 V. 8caling 7,: 20 A, T, ~p ®* and 30 A, T, ~ p =% and (b)
In(7,} as a function of discharge current for various pressures (100 V). 0.2
PaT,~15,04Pa7,~1% and 1 Pa T, ~TY"
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FIG. 12. Drift velocity of H™ ions as a function of pressure for various
currents. The discharge voltage is 100 V.

eV (=7000 to = 10.000 m/s} when the electron energy in-
creases from 0.4 to 1.5 eV. In the extraction region T, stays
below 1 eV for all discharge conditions [see Fig. 11{b}}.
This implies that the observed drift velocities are very close
to the H™ ion velocities, resulting from dissociative attach-
ment.

It can be expected that the charged plasma particles in
the driver exhibit a drift toward the front plate, where they
are destroved, either by wall neutralization or by extraction.
It is known that positive ions enter the sheath of the extrac-
tion region with the ion acoustic velocity, the so-called
Bobhm sheath criterion. This was confirmed in extraction
measurements of positive ions. The ion acoustic velocity,

v, = [ (KT, + 3kT;}/m, }"> = 7000 m/s

for T, of 0.5 eV. Here it is assumed that the ion temperature
equals the gas temperature. If H™ ions participate in this
drift, then their drift velocity could be equal to the positive
ion acoustic velocity and scale with \/Te Figure 13 presents
a plot of the negative ion drift velocity and the ion acoustic
velocity as a function of discharge current, calculated with
the measured electron temperatures [Fig. 11(b)], for a dis-
charge with discharge voltage and pressure equal to 100V
and 0.2 Pa. Although there are differences between the drift
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FIG. 13. Drift velocity of H ions as a function of discharge current (100V
and 0.2 Pa). The drawn curve is the ion acoustic velocity.
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velocity and the ion acoustic velocity of 209, caused by the
strange dip in the drift velocities between 0.4 and 0.8 Pa, a
scaling of the drift velocity with the ion acoustic velocity was
observed for all measurements as a function of pressure and
discharge current. Contrary to observations on the hybrid
multipole source, reported by Bacal e 4/.,* our measure-
ments show a scaling of the drift velocity with \/T‘U . Bacal e#
al. > observed no dependence of the H™ drift velocityon 7.

The accuracy of the measurements does not permit us to
choose between both possibilities. However, the \[ T, de-
pendence is suggestive of an ambipolar diffusion-induced
drift. Further, it leads to the conclusion that it is advanta-
geous to keep the electron temperature as low as possible.
Then H™ ions are formed with a low thermal velocity, re-
suiting in a small beam divergence.

E. isnization of other particies by laser detachment

We attempted to investigate the presence of other parti-
clesin the discharge, such as metastables, by means of a laser
ionization technique. Bonnie and co-workers!* have shown
that outside the discharge it is possible to detect metastable
molecules (¢ °IT, ) by a one-photon excitation, one-photon
ionization scheme [ (1 + 1) Resonant Multiphonon Ioniza-
tion { RMI), photon wavelength ~ 600 nm ], using one of the
electronically highly excited triplet states (g2}, #°Z,
Pllg, 7Ag) as an intermediate state. With direct one-
photon ionization {wavelength 337 nm), Bonnie and co-
workers' obtained a lower limit for the density of metasta-
bles in the discharge of =10° ¢cm™>3 When the laser
frequency resonates with some transition in a molecule, the
molecule is icnized and a probe may detect the excess elec-
trons, similar to laser detachment of H ~ ions. We carefully
scanned the aser wavelength between 580 and 610 nm, but
we did not sec any resonance in the current to a positively
biased probe. This was done in both source configurations.
We ascribe this to the fact that the H ™ detachment signal
(n_=2X 10" cm~*) dominates the (1 + 1)RMI signal of
the metastables. If we assume that we can saturaté the
(1 + 1) transition of the metastables, and that we can detect
a 3% change in the detachment signal, we obtain an upper
limit for the density of metastables of ~ 10° crn ™ molecules
in a specific vibrational and rotational state. Because the
total density, after summing over all internal degrees of free-
dom, is expected to be =~ 10° cm ™ ?, the method does not have
the required seasitivity. Conversely, we conclude that the
detachment signal is not perturbed by the ionization of other
particle species at the laser intensities used.

Since we were not able to detect electrons formed by
ionization of metastables, we tried to detect positive ions.
Faser detachment of H ™ will not produce positive ions. Of
course the positive ion current to a2 Langmnuir probe is much
lower than the eleciron current at the same density due to the
difference in mobility. Also, a possible positive current will
have a longer time duration, further decreasing the ampli-
tude. However, due to noise caused by the ignition of the
excimer laser discharge, we could not obtain reproducible
signals.

V. APPLICATION OF MODEL TO OUR SQURCE
A, Plasma density

The increase and saturation of the plasma density with
pressure in all source configuration is understood on the ba-
sis of Eq. (7). The plasma density does not increase linearly
with discharge current, since part of the energy put into the
discharge is used to increase the electron and ion tempera-
ture. This can be shown by plotting the product of plasma
density n, and electron temperature 7, as a function of ;.
Although not shown here, this gives a straight line, 2 scaling
law earlier shown by Hopkins and Graham.* The plasma
density also increases with discharge voltage ¥, since the
ratio {0, v, )/ {0,,v, ) willincrease with ¥, up to 100 V and
then saturates at higher voltages. This is can be seen in Fig.
S(a).

B.H density

First we discuss the dependence of n . on discharge pa-
rameters in the geometry with positively biased front plate
and with magnetic filter qualitatively. Then we discuss #_ in
the configuration without filter and the front plate on cath-
ode potential quantitatively, by comparing #»_ with calcula-
tions, using Egs. {8) and (11) and cother measured quanti-
ties, such as n,, n,, #;, By, ané n”. Different rates and cross
sections necessary for these calculations are listed in Table .
The densities necessary to calculate the H ™ density are listed
in Tables IT and ITE. The values listed in these tables are for
the source configuration with the front plate on cathode po-
tential. In Fig. 14 the measured densities of all different spe-
cies given in Table II are shown.

In Fig. 7 (with magnetic filter, T, low) it is observed
that n __ rises to a maximum and thereafter decreases with
pressure. This decrease can be explained using Eqs. (8) and
(11}. The destruction of n™ at very low pressure is explained
by loss of H™ by diffusion to the walls. Other destruction

TABLEIII. Plasma parameters and measured densities (cm  *). Discharge current and voltage 10 A and 100 V, respectively; no filter present, front plate on

cathode potential.

D v, T, #, n, Ry nc'm, {0}y n(1) n{2) n(3) n{4) n(5) ny
(Pa) (V) eV} (10%) (10th) (16 (10%) (10') (10'%) (10'Y) (10'h (109 (18! (10%)
0.3 32 1.6 4.0 1.8 0.8 1.4 0.375 3.6 3.9 0.87 2.7 0.8 3.5
0.6 2.9 1.3 3.0 2.6 1.0 1.3 0.75 6.9 7.3 1.6 4 1.1 8.5
1.0 2.6 1.0 1.7 30 1.5 0.9 13 12 12 2.6 6.5 1.6 12
2.0 2.0 0.7 0.7 3.0 0.23 0.4 2.5 21 20 4.3 6.9 1.3 8.0
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FIG. 14. Densities of all measured species as function of discharge current
{Table II, 100 V and 1 Pa). #, denotes the density of metastables.

processes dominate at higher pressure. Fast electrons are not
present in the extraction area and the electron temperature is
too low (<1 €eV) to have a dominant influence on the H™
density. Loss of H™ by diffusion to the walls can neither
explain a decrease on 7 _ with pressure. Bacal and Hamil-
ton'? showed that difusion of H™ to the walls could only
have a major effect at eleciron densities <10*® cm =3, This is
only the case at very low pressure. Since #, saturates with gas
pressure, positive ions cannot explain s decrease of n_ with
pressure in our discharge either. It is assumed that
n{v" = 3} does not decrease dramatically with increasing
pressure. This seems reasonable since we did not observe
such a decrease with increasing pressure for n{+" = 5) in the
configuration with the front plate on cathode potential.’®
We did observe that ny; does increase with gas pressure.'’
Thus, loss of H™ by associative detachment can explain the
decrease of _ with pressure in this source geometry. These
processes can also explain the almost linear increase of r_
with discharge current at optimum pressure. The densities of
the species invoived with the production of H ™, #”, and n,
both increase almost linearly with current, whereas #y and
n; increase also almost linearly with current. The result is an
almost linear increase of #__ with discharge current.

In the geometry without magnetic filter and front plate
on cathode potential, the H™ density saturates with pres-
sure. These measurements on the H™ density can be dis-
cussed in terms of our measurements on the densities of vi-
brationally excited molecules.' H™ densities are calculated
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FIG. 15, Various H™ destruction terms as a function of discharge current
{100 V and 1 Pa).
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FIG. 16. (a) Experimental and calculated H™ densities as a function of
discharge current (100 V and 1 Pa). (b) The same as (a) but now as a
function of pressure (10 A and 100 V). The experimental H™ densities are
derived from Fig. 8(b).

by substituting the values for the densities of vibrationally
excited molecules, of atoms, of primary and of plasma elec-
trons, of positive ions, and the values for the cross sections
and rates listed in Table I in Eqgs. (8) and (11). The calcula-
tions show that the loss by atom collisions sy (o, ty; ) and
positive ions ;{0 v} are comparable. Figure 15 shows
the most important destruction terms in Eqg. (11) as a func-
tion of current. Figure 16 shows the measured and calculat-
ed n_ as a function of current and pressure, respectively. In
the calculations of n_, we took two times the n(v" = 5)
density, as a measure of n” (4 < v" < 13). This seems reason-
able, if we extrapolate the vibrational densities presented in
Figs. 5 and 6 in a separate paper.'® The qualitative agreement
is good, so the processes, which we took into account, can
explain the experimental data qualitatively well. However,
the calculated H ™ densities in Fig. 16 are a factor of 2 lower
than the measured densities. This may be due to three rea-
sons: (1) The estimate of n” by two times the v" = 5 density
is too pessimistic; (2) the estimate of the atomic density
(upper Limit'') is too high; and (3} other production pro-
cesses may contribute to the production of H™. Additional
production processes are DA of electrons to metastables or
polar dissociation of H, or H," by primary electrons. Qual-
itatively, Eq. (12a)}, production of H™ via dissociative at-
tachment of an electron (o metastables, cannot describe the
measurements. At higher pressures n, saturaies and #n, de-
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creases. % Since at higher pressures the destruction processes
given in Eq. {11) saturate or decrease, one would expect #_
to decrease as fast or faster than », with increasing pressure.
This contradicts our measurements. Furthermore, the pro-
duction term of H™, 51,1, {c 4 V. }, 18 a factor of 100 lower
thann”n, {op, U, ), dueto the low density of metastables {#,
<3%x10%em™?) (Ref. 14). Polar dissociation [ Egs. (3) and
{12b) ] contributes less than 10% to the production of H™.
Hiskes and Karo” remark that polar dissociation may play a

role at plasma densities > 10" cm 7.

Vi. CONCLUSIONS

The positive ion density and the electron density in-
crease and saturate with pressure and discharge voltage.
This is in agreement with & qualitative model based on rate
equations.

Extraction measurements and H™ density measure-
ments were performed in a discharge without filter and with
the front plate at filament potential. For low pressures {as-
suming 30% loss by gas collisions) this gives a drift velocity
of =7000 m/s for H™. This drift velocity is focund to be
compatible with both the thermal velocity of H™ and the ion
acoustic speed.

The H™ density increases at low pressures and saturates
or decreases at higher pressures. Without the magnetic filter
the H™ density is proportional with pressure and then satu-
rates. This can be explained by a qualitative model in which
H™ is mainly produced by dissociative attachment of ther-
mal electrons to vibrationally highly excited molecules. Sat-
uration of r_ at these pressures means that H™ is predomi-
nantly quenched by discharge-produced particles such as
electrons, positive ions, and H atoms. The model is further
supported by calculations based on rate equations.

The measurements and calculations exclude production
of H™ by dissociative attachment of thermal electrons to
metastable molecules or polar dissociation under the studied
discharge conditions as dominant processes.

Note added in proof. Dr. D. A. Skinner of the Ecole
Polytechnigue at Palaiseau, France, brought to our atten-
tion that an error might have occurred in the wiring of the
filaments. After inspection this turned out to be the case. As
a consequence, the primary electron energy is 5-15 eV high-
er than indicated in this and previous work.® This leads to a
degradation of the confinement of the fast electrons, when
the source is operated without magnetic filter. We thank Dr.
Skinner for bringing this to our attention.
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