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Abstract

The effect on H production by injecting primary electrons with
different energies into the three regions of a magnetically filtered
multicusp source has been investigated. A substantial increase in H
yield occurs only when very low energy electrons (E = 1 eV) are added to

the plasma in the filter or extraction chamber region. If the H ions are

formed by dissociative attachment of vibrationally excited HZ’ then the
low-energy electron injection scheme could maintain a low average H don

energy which in turn could improve the brightness of the extracted beam.
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Introduction

H and D  ions are used to generate efficient neutral beams with energies
in excess of 150 kev.] It has been demonstrated that volume-produced H ions,
extracted from a filter-equipped multicusp source can provide high quality H
beams with sufficient current density (~ 40 mA/cmz) to be useful for both
neutral beam heating of fusion plasmas and accelerator appﬁcations.2 In
order to produce this high H current density, it was necessary to operate the
prototype source with a discharge current as high as 350 A. Several methods
to improve the efficiency of the filter équipped H™ source have been
investigated and reported. By optimizing the extraction chamber length, a
factor of 6.improvement in the H output has be'en,achieved.3 Experimental
results have also indicated that the H yield can be enhanced by choosing
aluminum or copper as the chamber wall materia1.4

In this paper, the effect on volume H production by injecting e]ectrons
with different energies into the three regions of the source is studied. We
have found that a substantial increase in H yield occurs only when very low
energy electrons (E = 1 eV) are added into the filter or extraction regions.
If dissociative attachment of vibrationally-excited molecules is the primary
pFocess responsible for forming the H ions, then this low-energy electron

injection scheme could maintain a low average H ion energy which could in

turn improve the brightness of the extracted H  beam.

1. Experimental Setup

A schematic diagram of the apparatus is shown in Fig. 1. The stainless

steel source chamber (20 c¢m diam by 24 cm long) is surrounded externally by



10 columns of samarium-cobalt magnets which form a longitudinal line-cusp
| configuration for primary electron énd plasma confinément.5 These magnet
columns Are connected at the end flange by four extra rows 6f magnets. A
samarium-cobalt magnet filter divides the entire chamber into an arc discharge
and an extraction region. Detailed description of this filtered multicusp

2,3,6 In brief, the filter

source arrangement has been repbrted previously.
provides a limited region of transversg magnetic field which is strong enough
to prevent the energetic primary electrons from entering the extraction zone.
However, both positive and negative ions, together with cold electrons are
able to penetrate the filter and they form a plasma in the extraction region.

The open end of the source chamber is enclosed by a two-electrode
acceleration system. Positive or negative ions were extracted from the source
through a small 0.1 x 1.0 cm2 slot. In order to optimize the H output, the
first accelerator (or plasma) electrode was biased at a potential equa1-to, or
more positive than the chamber wa11.5 A steady-state hydrogen plasma was
produced by primary electrons emitted from two 0.05-cm-diam tungsten filaments
(indicated as set 1 {n.Fig. 1). The entire chamber wall, together with the
filter rods, served as the anode for the discharge.

Plasma parameters were obtained by small planar Langmuir probes located at
the center of the source and extraction chambers. A compact magnetic
deflection mass spectrometer.7 located just outside the extractor was used for
relative measurement of the extracted H dions as well as for the analysis of
positive ion species. In this experiment, a dc discharge of 80 V, 2 A_was
employed to generate a source chamber plasma density of appfoximate]y 1.5 x

10" em™ at a source pressure of 2 X 1073 Torr. The plasma density in the

extraction regfon was about 6 x 10]0 cm-3.



II. Experimental Results

A second tungsten filament is used to inject additional electrons into the
background plasmas. This filament (indicated as set 2 in Fig. 1) can be

installed in the source chamber, the filter region or in the extraction

e

chamber. In order to reach the emission temperature, this 0.05-cm-diam
filament is typically heated by a dc current of ~ 22 A. The magnetic field
generated around the filament by this heater current is strong enough to
prevent low energy electrons from leaving the fi]ament.a- Thus, emission from
the filament is difficult to obtain when the voltage vd app]ied between the
filament and the anode 15 Tow.

The presence of the heater voltage Vh also introduces the possibility of a
broad spectrum of energies for the emitted electrons. In principle, the
energy acquired by these electrons can vary between evd and (eVd + th),
depending on whether the discharge power suppjy is connected to the positive
or negative terminal of the filament heater supply. If vd < Vh’ the spread of
the emitted electron energies can be very large and in this case, the result
of the H 1ion output measurement would be difficult to interpret.

Both problems can be resolved if data are obtained immediately after the
heater current of this second filament is pulsed off as this removes both the

magnetic field and V Because of the relatively long thermal time constant

he
of the tungsten filament, Fig. 2(a) shows that with Vd = 0 V, a nearly .
constant emission current of 1 A can be maintained for more than 100 ms. A
fast sweep of the spectrometer 1s‘;aken within a period of 50 ms after the
heater voltage is pulsed off. The H or the positive ion spectrum can be

displayed on a storage oscilloscope as shown in Fig. 2(b) and (d).
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(a) Electron 1nigct{on into the source chamber

The data presented in Fig. ﬁ were obtained with the'béckground hydrogen
plasma produced by a dc discharge of 80 V, 2 A from the filaments of set 1.
Figure 3 (a) shows the H output as a function of the discharge voltage of the

second filament set when it was positioned in the source chamber. The

emission current from the filament of set 2 was maintained at approximately 1
A. When electrons with energies of several eV are emitted into the source
chamber, the H output gradually decreases and reaches a minimum at

Vd =~ =12 V. As Vd becomes more negative, the H yield increases again.

The reduction in the H output for 0 > Vd > =23 V (compared with no
electron emission) is due to several effects. Injection of electrons into the
source plasma with energies less than the ionization potential energy of the
hydrogen gas can increase the_plasma electron temperature Te but slightly
reduce the source plasma densi'cy.g']0 Because of the increase in Te and the
presence of more energetic electrons, the stripping rate of H ions by
electrons is enhanced. The cross section for this interaction peaks at

n which is almost equal to the electron

E~13eV (a=5.5x10° cmd)
injection energy when the H output is the minimum. In addition, the rate of
H formation by dissociative attachment of vibrationally-excited H2 molecules
or by dissociative recombination of H; ions also decreases as Te increases and
the plasma density decreases. > % Due to these combined effects, the H
output is much reduced as vd is changed from 0 to -20 V.

When V, is adjusted below -20 V, the injected electrons will have enough

d
energy to ionize or to vibrationally excite the neutral molecules. The

background plasma density increases but with no significant change in Te, As
a result, the production rate of the H 1ions in the whole chamber is enhanced
and the H_ output is improved. 1In fact, Fig. 3(a) shows that the H yield is

even higher than the yield when there is no emission from this second filament.



(b) Electron_injection into the extraction chamber

The effect on the H yield when electrons were emitted into the extraction

chamber from the second filament is illustrated in Fig. 3 (b). When the

electron energy is increased by increasing the negative bias on the filament,
the H™ output is reduced. However, unlike the data shown in Fig. 3(a), the H~
yield decreases monotonically even when vd is beiow -20 V. The contfnuous
drop in H yield is caused by the presence of energetic electrons which
contribute mainly to the destruction of H dions. The extraction chamber now
becomes essentially a multicusp source without a filter. Extraction of H
ions becomes difficult due to the presence of a larger potential gradient.

The H outpuf decreéses which is cbnsistent with the result observed in a
previous experiment.6

As the bias voltage on the second filament becomes slightly more positive
than the anode potential, the H™ output increases and reaches a maximum at a
filament bias of about +2.5 V. At this point, there is an increase of about
27% over the yield when there is no emission from the filament. As determined
from Langmuir probe traces, the potential of the plasma in the extraction
chamber is about +3.5 V with respect to the anode walls. Thus, the maximum H
yield occurs when the electron injection energy is approximately 1 eV.

When the filament is biased more positive than the plasma potential,
electron emission becomes difficult as there is no potential to remove
electrons from the filament. In addition, the entire filament becomes a loss
eTement as it can absorb H 1ions and cold electrons from the surrounding
plasma. As a result, the H don density and therefore the extracted H  beam

decreases again as illustrated in Fig. 3(b).



(c) Electron injection into the filter region

Figure 3(c) shows the results obtained when the second filament is
installed at the center of the magnetic filter. It is difficult to determine

accurately the plasma potential in the filter region due to the presence of

the magnetic field. Since the maximum of the H yield now occurs at Vd = 0

vV, the plasma potential in the central plane of the filter cdu]d be 1 V more
positive than the anode potentia]Q

The region between two filter rods resembles a Penning discharge
geometry.15 If tﬁe plasma potential is slightly more positive than the
potential of the filter rods, low energy electrons ahd H™ ions can be trapped
by the potential barrier while both positive ions and energetic electrons can
be lost to the filter elements. Low energy negatively charged particles
oscillate along the field 1ines between the rods and their presence can cause:
a depression in the local plasma po'centia].]6 Figufe 3(c) shows that the
presence of a higher concentration of electrons with £E = 1 eV did enhance the
H yield by more than 52%, while the increase in total discharge power was
less than a percent. Langmuir probe traces indicate that the p]asmé density
in the extraction chamber has also increased by approximately 50%. However,
there was no appfeciable change in the positive hydrogen ion species
distribution as illustrated by the mass spectra in Figs. 2(c) and (d).

The above results indicate that only very low energy electrons can enhance'
the formation of the H ions in the filter or extraction chamber region. But
both dissociative attachment of vibrationally excited H molecules and

2

dissociative recombination of H; ions have the .highest reaction rate for
forming H at these low electron energies.]4 Thus, further investigation is
required in order to determine the exact process which is responsible for

generating the H ions.



(d) Improving the brightness of the H_ beam

In the past, it has been observed that as the discharge power is
'1ncreased, the electron temperature in both the source and extraction chambers
increase accordingly. Electron temperatures as high as 2 eV or more have been
measured near the extractor when a discharge power of 30 kW was supplied to

7 We have also observed L

this filtéred multicusp source geometry.
experimentally that as the discharge power is increased, the emittance of the
H beam grows, indicating that the H 4ion temperature may have increased. 2

The quality of the extracted H beam is commonly defined by the

18 ¢

"brightness" which varies inversely proportional to the H temperature.
one assumes that dissociative attachment of vibrationally excited H2 molecules
js the main formation process, then the average energy of the H ions formed
will depend on the electron temperature in the region where the H ions are
produced. The dependence of the average H™ ion energy on Te has been
calculated by Wadehr'al.]9 It is found that the average H energy rises rapidly
(about a factor of 4) when Te is increased from 0.5 to 2 eV. Thus, the need
for cold electrons in the filter and extraction regions may be important for
improving the H beam brightness as well as for increasing the H- production.
Attempts have been made to reduce the electron temperature of the p1ésma
in the extraction chamber by the cold electron injection technique described
in the previous sections. The experiment was performed with a low source
pressure of 4 x 'IO_4 Torr. With the source operated at a discharge of 80 V, 3 3
A from the filaments of set 1, a higher electron temperature of 1 eV was
obtained for the extraction chamber plasma as illustrated by the probe trace

in Fig. 4(a). The Ho output is small as indicated by the spectrometer output

signal (Fig. 4(a)). When electrons with energies =~ 0.5 eV were injected into



the extraction chamber from the second filament, the electron temperature was
reduced to 0.5 eV as shown in Fig. 4(b). The probe trace also indicates that
the density of the extraction chamber plasma has increased by a factor of 3.
However, the H yield has improved by more than a factor of 4. The additional
increase in the H yield is due to the reduction in Te which has already been
discussed in the previous sections.

Although we have not as yet shown experimentally thaf the decrease in Te
has resulted in a decrease in the H energy as we suspect, we are planning to
meaéure the H energy before and aftef tﬁe injection of the cold electrons.

The results of this investigation will be reported in the near future.
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Fiqure Captions

Schematic diagram of the multicusp ion source equipped with a magnetic

filter. -

Oscilloscope traces showing (a) the emission current from the second
fi]ament and the magnet current as a function of time, (b) the H ion

signal, and (c¢) and (d) the positive hydrogen ion species distribution

without and with 16w energy electron emission from the second filament.

H yield as a function of the discharge voltage of the second filament
when it is installed inside (a) the source chamber, (b) the extraction
chamber, and (c) the filter region. The data shows the H yield when

the filament is operated with and without electron emission.

Oscilloscope traces showing the Langmuir probe characteristics and the

H 1ion signal when the source is operated (a) without, and (b) with

very low energy electrons emitted into the extraction chamber.
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