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The relationship between enhancement of hydrogen negative ion H~, volume production, and
behaviors of fast primary electrons is studied theoretically. Trajectories of fast primary electrons are
calculated, including collisional effects with hydrogen molecules. Active region of fast electrons
depends strongly on the field intensity of the magnetic filter (MF), Byg, and filament position.
Therefore, spatial distributions of ionization and vibrational excitation collision points are also
affected with changing Byg. Although number of vibrational excitation collision points is much
smaller than that of ionization collision points due to different mean free path, the relative intensity
is varied by changing energy of fast electrons. According to the results and discussions including
transport of produced vibrationally excited molecules, for enhancement of H™ production, it is
desired that fast electrons should approach the MF position and move intoe the downstream region
as deep as possible without destruction of H™ ions. To realize these conditions, good combination
between filament position and the intensity of the MF should be required. © 2008 American

Institute of Physics. [DOL: 10.1063/1.2805381]

I. INTRODUCTION

Sources of H™ and D™ ions are required for efficient gen-
eration of neutral beams with energies above
100 keV/nucleon. The bucket (magnetic multicusp) ion
source equipped with magnetic filter (MF) has been shown to
be a promising source.

For H™ volume production in hydrogen (H,) discharge
plasmas, highly vibrationally excited molecules H,(v”=35)
are indispensable and the following two-step process is
dominant production mechanism: '

H,(v" = 0) + ef(Eg, > 20 eV) — Hy(v") + ¢/, m

H,(v"=5)+e (T,~1eV)—H +H, 2)

where e, means fast primary electrons and e, means plasma
electrons. The role of e is important for enhancement of
negative ion production, i.e., collisional excitation of H,(v")
and production of high density plasmas.

The purpose of the present study is to understand the
behaviors of e, in the rectangular negative ion source
equipped with external MF. Although there are some
studies™* on behaviors of ey, discussion concerning produc-
tion of H,{v"”) and then H™ production is not reported. Taking
into account our experimental study,” © the following two ar-
ticles are discussed: (1) movable regions of fast primary
electrons ey for different magnetic field intensities of the ME,
By, and filament positions, and (2) combination effect of
By and filament positions for controlling behaviors of fast

a)Contributed paper, published as part of the Proceedings of the 12th Inter-
national Conference on Ion Sources, Jeju, Korea, August 2007.
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electrons. Trajectories of ¢; are calculated numerically by
solving three-dimensional (3D) motion equation, including
collisional effects with hydrogen molecules.

il. NUMERICAL MODEL
A. Simulation model

Figure 1{a) shows the schematic diagram of the model
for our rectangular discharge chamber.” The coordinate is
also shown in the figure. The origins of the x and y axes are
at the center of the ion source (i.e., the center of the plasma
grid) and the z axis is at the position of the filter magnets.
The size of the discharge chamber is 25X 25X 19 cm?®. The
chamber walls are fully surrounded by bar magnets. The
magnetic field is calculated by using the 3D analytical solu-
tion based on the magnetic charge model.” Typical distribu-
tion of the magnetic field strength in the y-z plane at x
=0 cm is shown in Fig. 1(b).

B. Tracing of an electron orbit

An equation of motion of ¢ is solved three dimension-
ally by using the Runge-Kutta-Gill methods as shown in
Eq. (3).

mdvldt=q(v X B) + F, (3)

where m and g are a mass and a charge of an electron, re-
spectively, B is the magnetic field, ¢ is the time from an
electron’s occurrence, v is the electron’s velocity, and F, is
the collision term, which is obtained by using the Monte
Carlo method.™® In this simulation, the elastic, ionization,
excitation, and vibrational excitation collisions are consid-
ered. Primary electrons are launched isotropically from the
four hairpin-type filaments with an initial energy of Eg, (i.e.,
40, 50, 80, and 100 V). Filament position z; is also changed

© 2008 American Institute of Physics
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FIG. 1. Simulation model: (a) model for the rectangular discharge chamber

and (b) arrangement of permanent magnets and distribution of the field
strength in the y-z plane at x=0 cm.

along the z axis (i.e., zp=4.5, 8.5, and 12.5 cm).

Ill. NUMERICAL RESULTS AND DISCUSSION

‘We have traced primary electron trajectories until the
electron energy becomes smaller than a certain limit Ej;
due to collision processes. The energy Ej;,; is taken to be
15 eV. Figure 2 shows trajectories of fast electrons for two
different By, where Eq=80 eV and the number of test elec-
trons is 4000. Here, trajectories of 30 test electrons are plot-
ted. Movable region (i.e., active region) of fast electrons de-
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FIG. 2. Typical electron trajectories for two different magnetic field inten-
sities of the magnetic filter Byr: (a) Byp=150 G and (b} 80 G.
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FIG. 3. Distribution of collision points: Ionization collision points (a) and
vibrational excitation collision points (b) are plotted in the y-z plane when
Byp=150 G.

pends strongly on Byg. It is clearly shown that decreasing
By allows the primary electrons to approach the extraction
region. Namely, ionization and vibrational excitation occur
more frequently in the downstream region (see Fig. 3) and
also increase n, as shown in our experiment.”

According to the motion of fast electrons, ionization and
vibrational excitation collisions are taken place in the dis-
charge chamber. Figures 3 and 4 show the distribution of
collision points, i.e., ionization (a) and vibrational excitation
{(b), when Byg are 150 and 80 G, respectively. Calculation
conditions (E;, and the number of test electron) are the same
as the ones in Fig. 2. Distribution of these collision points is
very similar to the trajectories of fast electrons shown in
Fig. 2.

Figure 5 shows the number of collision point for the
ionization N; and for the vibrational excitation N,, as a func-
tion of z axis, where E¢,=40 eV and 8 X 10* test electrons are
used. Collision points are focused in the vicinity of the fila-
ment position where z;=8.5 cm. In the downstream region
(i.e., z=8 to -2), the number of collision points has tendency
to increase with decreasing Byg. Because fast electrons ap-
proach easily near the MF position with decreasing Byg as
shown in Fig. 2, then plasma conditions in the extraction
region are varied with Byp.

As is shown clearly in Figs. 3-5, N; is much larger than

y(em)

Ll, M I
4 2 1 W 5 0 &
Axial pasition z {cm)

Axial position z {em)

FIG. 4. Distribution of collision points: Ionization collision points (a) and
vibrational excitation collision points {b} are plotted in the y-z plane when
Byr=80 G.
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FIG. 5. Axial distribution of collision points for three different MFs: (a)
ionization collision and (b) vibrational excitation collision points.

N,. This difference is caused by mainly the difference of
mean free path between the ionization collision and the vi-
brational excitation collision. With changing Eg, however,
the ratio of vibrational excitation collision points to ioniza-
tion collision points (i.e., N,/N;) is varied. This is shown in
Fig. 6. With decreasing E;,, vibrational excitation collision
becomes efficient.

Figure 7 shows axial distribution of collision point num-
ber for two different combinations of the Byy and the fila-
ment position. As is shown clearly, plasma conditions in the
extraction region are varied remarkably by changing the
combination of the Byr and the filament position. Recently,
we have shown that the extraction probability of negative
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FIG. 6. Ratio of vibrational excitation collision to ionization collision as a
function of primary electron energy.
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FIG. 7. Control of collision points with changing combination of the inten-
sity of the MF and filament position: (a) ionization collision and (b) vibra-
tional excitation collision points.

ions depends strongly on the upstream distance from the ex-
traction electrode.” Then, for enhancement of extracted H™
ion current, H™ volume production should be increased and
also optimized in the vicinity of the extraction electrode. In
the sourcef’ due to the external MF, the width of the half
maximum of the Byg is wide. Varying Byr also indicates
varying the strength of magnetic field distribution in both the
source and extraction regions. Thus, the external MF has the
merit of changing the plasma parameters in the extraction
region. Optimum combination of Byg and z; should be
required.

Recently, to clarify the physical mechanism of the
plasma spatial nonuniformity observed in tandem-type nega-
tive ion source,” the primary electron-transport process has
been analyzed.'” The primary electrons have been lost from
the source region to the extraction region due to the magnetic
drift in the filter magnetic region. We have also confirmed
this drift in the present simulation (not shown here)."!

Iv. SUMMARY

Active region of fast electrons depends strongly on the
field intensity of the ME By, and filament position. There-
fore, spatial distributions of ionization and vibrational exci-
tation collision points are also affected with changing Byg.
Although the number of vibrational excitation collision
points is much lower than that of ionization collision points
due to different mean free path, the ratio of collision number
is varied by changing energy of fast electrons. According to
the results and discussions including transport of produced
vibrationally excited molecules, for enhancement of H™ pro-
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duction, it is desired that fast electrons should approach the
MF position and move into the downstream region as deep
as possible without destruction of H™ ions. To realize these
conditions, good combination between filament position and
the intensity of the MF should be required.
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