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A multi-cusp DC arc-discharge hydrogen negative ion (H™) source has been developed for proton cyclotron,
which is used for Boron Neutron Capture Therapy (BNCT). The purpose of this study is to understand the
dependence of H™ production on the operation parameters and optimize H™ production in the source. In this
paper, we focus on the effect of magnetic filter field on H™ volume production. The H™ density in the extraction
region has been numerically estimated in the three patterns of magnetic filter field by using 3D electron transport
code and 0D rate equations. The result suggests that the magnetic filter field which is localized in the vicinity of
the extraction region is suitable for the efficient H~ volume production.
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1. Introduction

A multi-cusp filament-driven DC arc-discharge H~
ion source has been developed for proton cyclotron, which
is used for Boron Neutron Capture Therapy (BNCT). In
order to shorten the treatment time of BNCT, it is required
to obtain high extracted beam current from the source. The
present goal of this study is to understand the dependence
of H™ production on the operation parameters of the model
H™ ion source [1-3] and optimize H™ production in the
source.

The mechanisms of H™ production in the hydrogen
plasma are mainly classified into two processes, i.e., vol-
ume production [4] and surface production [5]. Although
the surface production is more efficient to obtain a large
amount of H™ ion, it is necessary to operate an ion source
with cesium seeded condition. Therefore, the H™ ion
source is now operated as a volume production (cesium-
free) type.

The volume production is mainly through the follow-
ing two steps,

(@) Hy(v) + efast = Ha(V) +e,  (EV)
(b) Ho(v') + eqow = H™ + H,  (DA)

where v and V' stand for different vibrationally excitation
levels (v < v"). The first reaction (a) is the production of vi-
brationally excited H, molecules (EV process) by the fast
electrons (E > 20 eV), and the second reaction (b) is the H™
production (DA process) by the slow electrons (E < 1eV).
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In order to promote these processes, the plasma source
volume is divided into two regions by the transverse mag-
netic field so called “magnetic filter field”. One is “driver
region” where the electron temperature is high and the EV
process is promoted, and the other is the extraction region
where the electron temperature is low and the DA process
is enhanced.

We presently focus on the effect of the magnetic fil-
ter field on the H™ volume production. We have already
simulated the H™ density in the extraction region with two
patterns of the magnetic filter field [6]. In order to con-
firm that our results are robust, the same calculation has
been done with third pattern of magnetic filter field in this
paper.

The simulation process mainly consists of following
two steps, i) 3D electron transport analysis and ii) zero-
dimensional analysis for the production of vibrationally
excited H, molecules and H™ ions. In the former, the
electron energy distribution function: EEDF has been
calculated by KEIO-MARC code (Kinetic modeling of
Electrons in the IOn source plasmas by the Multi-cusp
ARC-discharge) [7-9]. In the latter, the rate equations
for the vibrationally exited H, molecules and the particle-
balance-equation for H™ ion have been solved.

2. The H™ Ion Source

Figure 1 shows a schematic drawing of the model H™
ion source. The source consists of a cylindrical plasma
chamber made of copper, a pair of arch shaped filaments
made of tungsten, permanent magnets for the multi-cusp
magnetic field, dipole magnets for the magnetic filter field,
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Fig. 1 Schematic drawing of the model H™ ion source [1].

and three electrodes system (PE: Plasma Electrode, EE:
Extraction Electrode and GE: Grounded Electrode).

Hydrogen plasma is generated by the arc-discharge
between the filaments and the chamber wall. The anode
and cathode are the chamber wall and the filaments, re-
spectively. The H™ beam is extracted from a single aper-
ture located in the center of PE (the bottom circle of the
cylindrical chamber in the extraction side). The internal
radius and length of the plasma chamber are R = 97.6 mm
and Z = 159.1 mm, respectively, where the origin of R and
Z axis corresponds to the center of PE.

The filter magnets are located in the vicinity of PE
(Z =0 ~ 20mm in the reference case) to create the mag-
netic filter field whose direction is perpendicular to the cen-
tral axis of the chamber. As mentioned above, the cham-
ber volume is divided by the magnetic filter field into the
driver region (high energy electron region for the EV reac-
tion) and extraction region (low energy electron region for
the DA reaction).

3. Method
3.1 Magnetic filter field

The H™ density in the extraction region has been nu-
merically estimated with three patterns of the magnetic fil-
ter field. Figure 2 shows the strength of the magnetic filter
field along with Z axis with the three patterns.

The pattern A is a reference configuration of the mag-
netic filter field used for the present H™ source model. In
the pattern B and C, the magnetic filter field is stronger
than that of pattern A. In addition, the starting locations of
the magnetic filter field are set to be closer to the back plate
compared with pattern A. The magnetic field which can be
seen in the range of Z = 120 - 160 mm is introduced for the
plasma confinement near the back plate.

3.2 KEIO-MARC code

KEIO-MARC code is a 3D test-particle Monte-Carlo
simulation model for the electron transport analysis in the
multi cusp arc-discharge H™ ion sources. Realistic 3D
geometries and 3D magnetic field configurations of the
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Fig. 2 Strength of magnetic filter field along with Z axis.

sources can be taken into account. KEIO-MARC code fol-
lows the trajectories of the test electrons by solving their
equations of motion with the Buneman-Boris version of
leap-frog method [10].

medve/dt = gv. X B, €))]

where me, ve, g, and B are the electron mass, velocity,
charge, and magnetic field, respectively.

The electric field is neglected under the assumption
of the quasi-neutrality in the source. The quasi-neutrality
condition can be valid since the Debye length becomes
10~* ~ 107> m for the typical plasma (electron density n, ~
10'°- 10" m=3 and electron temperature T, ~ 1-5eV) in
the multi cusp arc-discharge H™ ion sources. The sheath
potential drop at the chamber wall is, however, taken into
account by using the standard formula [11]. The initial en-
ergy of the test electrons emitted from the filaments is set
to be arc voltage by assuming the cathode-sheath acceler-
ation after passing through the thin sheath layer.

In the KEIO-MARC code, collision processes are
modeled by Monte-Carlo method. More than 500 elas-
tic and inelastic collisions between electron and hydrogen
species (H, Hy, H*, HJ, H;“) can be modeled by the “Null-
Collision Method” [12], and the Coulomb collision is mod-
eled by the “binary collision method” [13].

On the basis of the above model, the EEDF in
the H™ source has been calculated with the three pat-
terns of the magnetic filter field. The volume inside
the plasma chamber is divided into numerical cubic cells
(2mm X 2 mm X 2 mm) and the EEDF has been calculated
in each cell. The arc-discharge power, voltage and H, gas
pressure has been taken as input parameters: 2240 W, 80 V
and 1.6 Pa respectively in this simulation.

As mentioned in Sec. 1, the production of the vibra-
tionally excited H, molecules, which play a key role for the
H~ volume production, are mainly caused by the energetic
electrons (E >20eV). In order to calculate the H,(v) den-
sity and following H™ density accurately, it is important to
take the non-equilibrium characteristics of the EEDF into
account. Therefore, the 3D particle simulation of the elec-
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tron transport explained above is essential in this study.

3.3 0D analysis of H,(v) production

The density of vibrationally excited H, molecule has
been calculated by the OD rate equations for each vibra-
tional state (0 < v < 14).

dn,/dt = nen,R(eV; Vv — v) + nenyR(EV; Y — v)
—nenyR(EV;V = v) + nen,R(EV;v — V)
—neny,R(diss; v) — nen,R(EV; v)

—n,nyg + RAC;v)
—yn,/T+ S, (2)

where n. and ny- are the electron and ion density, respec-
tively.

Assuming the quasi-neutrality, ny- is set to be the
same as 7. This is because we assume that H* is the dom-
inant positive ion in the source plasma as an initial step of
this study. In the future, we need to study the population
ratio of ions such as H*, HJ, H} and H™ by solving the rate
equation for these ions.

The electron density n. can be calculated by the fol-
lowing equation with using the EEDF f.(E) obtained by
the KEIO-MARC code,

ne = ff;:(E)dE7 3)

where the E is the electron energy.

The density of hydrogen molecules at different vi-
brationally excited levels are denoted as n, and v'. The
symbols y and 7 represent the reflection rate at the cham-
ber wall and the confinement time of H, molecules. The
parameter vy is taken to be 0.125 for simplicity, and 7 is
also simply determined as L/vy,, where L is the radius of
the plasma chamber and vy, is the thermal speed of H;
molecules.

The symbol S is the gas feed for ground state of H,
molecules which is determined by the H, gas pressure.

In addition, R denotes the reaction rate coeflicient for
each reaction process. The symbol (e.g. eV) in the paren-
thesis for R stands for the reaction species listed in Table 1.
It should be noted that the rate coefficient R can be calcu-
lated with the EEDF f.(E) obtained by KEIO-MARC code
as follows,

R(Reac.) = f FE)orenc (EWVe(E)E, @)

where 0 geac. and ve are the cross section for each reaction
process and the electron velocity, respectively.

As mentioned above, the production of the vibra-
tionally excited H, molecules mainly occurs in the driver
region. Therefore, n. and R, which are required for solving
Eq. (2), have been calculated with the EEDF obtained by
averaging the EEDFs in each cell over the plane with Z =
80 mm in the central field free region with 0 < R < 20 mm,
as a representative of the driver region.

Table 1 Reactions which are taken into account in Egs. (2) and

3).
Reactions Ref.
e+ Hy(X'2};v)
eV —>e+H2(XlZ;;v’=vil) [14]
e+ Hy(X'Z;v) > e + Hy(CUITL,)
EV - e+ Hy(X'ZHv') [14]
e+ Hy(X'Z;v) > e + Hy(B'L,)
BY > e+ Hy(X'ZH; ') [14]
e+ Hy(X'2};v) > e + Hy(b%Z))
Diss — e+ H(1s) + H(1s) [14]
DA H,(v) +e—>H +H [14]
IC H* + H,(v) » H(1s) + Hf [14]
ED H +e—->H+e+e [14]
MN H- +H*>H+H [14]
AD H +H-H,+e [15]
NAD H - +H->H+H+e [15]

For initial study, we assume that the production of
H,(v) molecules and transition of vibrationally excited lev-
els are mainly caused by the collisions between electron
and hydrogen molecule. Therefore, in the present model,
other processes of the H,(v) production, e.g. the reverse
reaction of IC; H(ls) + H — H* + Hy(v) is not taken
into account. In addition, the excitation and de-excitation
process at the chamber wall is also neglected. In the future,
however, we need to take into account these effect for more
detail analysis.

3.4 0D analysis for H™ ion density
The H™ density has been estimated by the following
simple OD particle balance equation for H™ ions,
nen,R(DA; v)
" " WR(ED) + nyg- ROMN) + ngR(AD,NAD) + -1’
&)

where the numerator is the H™ production rate by DA pro-
cess, and the denominator is related to the loss term of H™

ions. The first three terms in the denominator are the re-
action loss due to the Electron Detachment (ED), Mutual
Neutralization (MN), Associative Detachment (AD) and
Non-Associative Detachment (NAD), respectively, listed
in Table 1. The last term of the denominator is the H™
transport loss. The symbol 7y- is the confinement time of

3401160-3



Plasma and Fusion Research: Regular Articles

Volume 14, 3401160 (2019)

H™ ion. In this simulations, the 7y- is simply determined
as L/vy, where L is the radius of the plasma chamber and
Ve, 18 the thermal speed of H™ ion.

The density of vibrationally excited H, molecule n,
can be obtained by Eq. (2) by assuming that the H, density
is spatially uniform inside the source. In addition, n. and
R have been calculated from the EEDF obtained by aver-
aging the EEDFs in each cell over the length with Z = 0-
20 mm in the central field free region with 0 < R < 20 mm
as a representative of the extraction region.

4. Results
4.1 Electron energy distribution function

In Ref. 15, the EEDF in the H™ ion source has already
been calculated with the pattern A, C’s magnetic filter field
seen in Fig. 2. In this paper, we have newly calculated the
EEDF with the pattern B. The similar result to Ref. 15 has
been obtained as explained below.

The EEDF mainly consists of following two compo-
nents: (i) Maxwellian components with thermal low en-
ergy electron (E < 20eV) and (ii) non-equilibrium tail
component with high energy electron (E > 20eV). In the
latter, the EEDF has a peak at £ = 80eV. This is because
the arc-voltage is 80V, and the initial energy of the elec-
trons emitted from the filaments is set to be the same as the
arc-voltage as mentioned in Sec. 3.2.

In the extraction region (Z = 0-20mm), the non-
equilibrium tail component is significantly reduced com-
pared to that in the driver region (Z > 80 mm). The elec-
tron temperature in the extraction region, which can be cal-
culated from the Maxwellian components, is also lower
than that in the driver region. As mentioned above, the
filter effect has clearly seen in this simulation.

4.2 Electron density

Figure 3 shows the electron density at each Z coor-
dinate in the three patterns of the magnetic filter field.
The electron density has been calculated by Eq. (3) using
the averaged EEDF over the central field free region with
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Fig. 3 The electron density at each Z coordinate.

0 < R < 20 mm at each Z coordinate.

The graph has a peak at Z = 140 mm in every pat-
tern of the magnetic filer field. This is because there is the
electron source by the filaments around Z = 140 mm. In
the region of Z < 140 mm, the electron density tends to
decrease with decreasing Z value due to the filter effect.

The electron density in the extraction region (Z = 0 -
20 mm), which is important for the DA process, clearly
depends on the patterns of the magnetic filter field as seen
in Fig.3. The electron density averaged over the length
with Z = 0-20mm is 4.6 x 107 m™3 for the pattern A,
1.8 x 10" m~3 for B and 5.5 x 10'® m~3 for C. The width
of the magnetic filter region and its strength are the largest
in the pattern C, followed by B and A in order, as seen in
Fig.2. These results suggest that the strong and widely-
applied magnetic filter field reduces the electron density in
the extraction region.

4.3 Density of vibrationally excited H,
molecule
The calculation of the H,(v) density has been already

done in Ref. 15 for the magnetic configurations of profile/
pattern A and profile/pattern B in Fig. 2. The results show
that there are no significant differences of the H,(v) density
between the pattern A and B. In this paper, the same calcu-
lation has been newly done with the pattern C. The almost
same result with the previous two has been obtained also
in the pattern C.

4.4 H~ density in the extraction region

Table 2 shows the H™ density and electron density in
the extraction region (Z = 0-20mm). The H™ density is
the largest for the pattern A, followed by B and C in order.

This result can be mainly explained by the electron
density in the extraction region. As seen in Table 2, the
dependences on the magnetic filter patterns are similar be-
tween the electron density and H™ density. Namely, the H™
density in the extraction region strongly depends on the
electron density in the extraction region.

Here, we discuss the reason why such a tendency
has been seen. Table 3 shows the calculated values of
each term in Eq.(5). Regarding the H™ production rate
nen,R(DA), A is the largest, followed by B and C. This
result is mainly due to the difference of the electron den-
sity in the extraction region because the differences of #,

Table 2 Electron density and H™ density in the extraction region

Z = 0-20mm).
A B C
H™ Density 5.0 2.8 0.75
[X 10 m~3]
Electron density 4.6 1.8 0.55
[X 107 m™~3]
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Table 3 Electron density and H™ density in the extraction region

1.0010"

H density [m™]

1.0010"

1.0x10"®

1.0x10"®

1oxt™ b=
1.oxi0"

1.0x10®

1.ox10?

confinement time of H [s]

1.oxto™

Z = 0-20mm).
A B C
nen,R(DA) | 1.6 x 1022 | 73 x 102 | 1.8 x 102
[m=3s71)
n.R(ED) 8.2 x 10* 2.9 x 10* 1.1 x 10%
[s71
n+R(MN) | 22x10* | 88x 103 | 2.6 x 10
[s71
nyR(AD,NAD) | 2.2 X 10% 2.1 x 10* 2.1 x 10*
[s71]
1/ty- 20%x 105 | 20x 105 | 2.0 x 10°
[s7]

and R(DA) are much smaller than that of n. in this cal-
culation. The H™ destruction terms such as n.R(ED) and
ny+R(MMN) = n.R(MN) are also largely dependent on the
electron density. Even so, the numerator of Eq. (5) which
is the H™ production rate is more sensitive to the electron
density than the denominator which is related to the H™
loss because of the terms which do not depend on the elec-
tron density such as ngR(AD,NAD) and 1/7g-. Due to
the above reason, the H™ density in the extraction region
strongly depends on the electron density in the extraction
region.

4.5 Sensitivity of H™ density to the confine-
ment time
As mentioned above, the parameter Ty- is simply de-

termined as L/vy in this calculation. The radius of the
plasma chamber L and the thermal speed of H™ ion vy, are
4.88 x 102 m and 9.79 x 10° m/s, respectively. Therefore,
the reference value of 75~ becomes ~ 5.0 x 10~°. By con-
sidering the ambiguity of this approximation, the sensitiv-
ity of the H™ density to 7y- has been analyzed in the range
of Ty~ = 1/10 X (L/vy) ~ 10 X (L/vy,). Figure 4 shows the
dependence of the H™ density on 7y-.

As can be seen in Fig. 4, the H™ density is the largest
for the pattern A, followed by B and C at all values of 7y-.
This result suggests that our simulation result of the H™
density in the extraction region is qualitatively robust.

The values of the H™ density, however, has widely
changed with all patterns of the magnetic filter field.
Therefore, more detailed estimation of - by simulating
the 3D transport process of H™ ion is needed for the quan-
titative analysis.

S. Discussion

Generally, it is believed that the role or effect of the
magnetic filter field is to control the electron temperature,
not the electron density.

Fig. 4 Dependence of the H™ density on the confinement time
of H™ ion.

As shown above, however, our present simulation re-
sults suggest that the difference of the electron density
for the pattern A, B and C in the extraction region is the
main/dominant effect of the magnetic filter. In other words,
the difference of the electron density in the extraction re-
gion is more dominant effect on the H™ production rate
and explains the resultant difference of the H™ density in
the extraction region by the OD analysis.

Most of the previous theoretical and simulation study
of the effect of the magnetic filter field have been done
with a relatively simple magnetic configuration of the filter
magnetic field. More specifically, the filter magnetic field
configuration exists independently with the cusp magnetic
field and is modeled as a simple transverse magnetic field.

However, in reality, installing strong filter magnets
affect the original multi cusp magnetic configuration, es-
pecially in the boundary region of the driver and extrac-
tion region. Electron particle and energy transport process
in such a complex magnetic field configuration should be
taken into account in order to obtain deeper understanding
of the filter effect.

In fact, our KEIO-MARC code simulation takes into
account the 3D realistic magnetic field configuration in-
cluding the effects of the mutual interference between the
filer field and multi-cusp magnetic field. This mutual in-
terference makes it difficult to understand the real effect of
the magnetic filter.

The role or effect of the filter field cannot be explained
by previous simple modelings of the filter effect using sim-
ple magnetic configuration.

The detailed analysis of the effects of the mutual in-
terference between the magnetic filer field and multi-cusp
magnetic field on the EEDF and optimization study of the
filter field configuration of the H™ production is beyond the
scope of this paper and will be published elsewhere.

6. Conclusion
In order to understand the effect of the magnetic filter
field on the H™ volume production, the H™ density in the
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extraction region has been estimated with the three patterns
of the magnetic filter field.

The simulation result shows that the strong and
widely-applied filter field reduces the H™ density in the ex-
traction region mainly due to the decreasing electron den-
sity in the extraction region by the filter effect. These re-
sults suggest that the magnetic filter field which is local-
ized in the vicinity of the extraction region is suitable for
the efficient H~ volume production.

7. Future Work

In the present study, however, we have used a sim-
ple OD model for transport of the neutrals (H,, H) and H™
ion. Moreover, spatial profile effects have been neglected.
In order to make the evaluation of the H™ density more
quantitative and the present conclusion more robust, it is
necessary to take into accounts these effects in the future.
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