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To extract intense ion beams with good beam optics from ion sources, controlling the distance deff between
the plasma meniscus (i.e., beam emission surface) and the beam extraction grid is important. This study conducts
a novel investigation into the dependence of the effective distance deff on the amount of surface H- production
S H-. For this purpose, a 3D PIC (three dimensional Particle-in-Cell) simulation is conducted to obtain a model
geometry of the extraction region for a H- ion source with S H- as a parameter. Based on results, deff significantly
depends on S H- and the H--electron density ratio (α = nH-/ne) in front of the extraction aperture for the same
plasma density; as S H- increases, deff decreases. The results suggest that S H- is critical for controlling deff and the
resultant beam optics extracted from the negative ion source.
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1. Introduction
Negative hydrogen ion (H-) sources are utilized in a

wide range of fields; for example, high energy particle
physics [1,2], fusion plasma heating [3–6], and medical ap-
plications [7, 8]. Ideally, H- ion sources must produce high
intensity beams with good convergence. To improve beam
convergence, controlling the effective distance deff between
the plasma meniscus (beam-ion emitting surface) and the
extraction grid (EG) is important. In other words, the so-
called perveance matching is indispensable for improving
beam quality [9].

Figure 1 shows the schematic relationship between the
plasma meniscus and EG. In Fig. 1, the gray region shows
the region around the extraction aperture with plasma.
Blue parallel lines represent the plasma grid (PG) and the
EG. Based on the geometrical distance d between the PG
and EG, deff is classified into the following three cases: i)
deff = d (Fig. 1 (a)), ii) deff < d (Fig. 1 (b)), iii) deff > d
(Fig. 1 (c)).

As seen from Fig. 1, controlling deff is important for
improving beam convergence. In Fig. 1 (a), the plasma
meniscus (beam-ion emitting surface) is flat, achieving
perveance matching; moreover, the extracted beam has
good quality. In Fig. 1 (b), the plasma meniscus is convex,
resulting in a diverged extracted beam. The plasma menis-
cus is concave in Fig. 1 (c), resulting in an over-focused
extracted beam, which then diverges.

For positive hydrogen (H+) ion extraction in a positive

author’s e-mail: phy-kh@keio.jp

ion source, deff is estimated as follows [10]:
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where nse is the H+ ion density at the sheath edge and V
is the extraction voltage between EG and PG. Te is the
electron temperature. In addition, e, ε0, and k are the ele-
mentary charge, vacuum permittivity, and Boltzmann con-
stant, respectively. Equation (1) is obtained by equating
the current density js of the ion saturation current with the
current density jext of space-charge limited extraction cur-
rent, which are expressed as follows [9, 10]:
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where Mi is H+ ion mass. In Eq. (1), the effective distance
deff depends on the extraction voltage V , electron temper-
ature Te, and plasma density at the sheath edge nse in the
case of H+ extraction from ordinary plasma without nega-
tive ions.

However, the parameter dependence of deff is still un-
clear in the case of highly efficient H- ion extraction, i.e.,
for a large number of surface-produced negative ions.

In ordinary plasma, electrons reach the wall earlier
than positive ions due to their mass difference. Conse-
quently, the electric potential of the wall is lower than that
of the plasma. Accordingly, the sheath forms if the positive
ions fulfill Bohm criterion.
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Fig. 1 Geometrical distance d is the distance between the PG and EG. The effective distance deff is defined as the distance between the
plasma meniscus (beam-ion emitting surface) and the EG.

However, for plasma with a large number of surface-
produced negative ions that are much heavier than elec-
trons, the aforementioned mechanism is not necessarily
applicable to the formation of the positive ion sheath. Re-
cently, ion-ion plasma, which consists of only H+ ions and
H- ions without electrons, has been reportedly observed
near the extraction aperture [11]. The effective distance deff

and its parameter dependence are still unclear, especially
in cases with a large number of H- ions near the extraction
aperture.

This paper aims to clarify the effect of the amount of
surface-produced H- ions S H- on the effective distance deff

for H- extraction, with a focus on studying deff under the
case of a large number of H- ions being produced at the
PG surface. For this purpose, three dimensional Particle-
in-Cell (3D PIC) simulations are conducted. In these simu-
lations, only S H- is changed and other parameters are fixed,
i.e., nse, V , and Te are maintained almost constant. The
model is described in Sec. 2. The results of the effects of
S H- on deff in 3D PIC simulations are detailed in Sec. 3.
In Sec. 4 the conclusion is summarized, and future work is
discussed.

2. Simulation Model
A 3D PIC code (Keio-BFX) is used to study the effect

of S H- on deff . Detailed explanations of the Keio-BFX code
have already been reported [12–14]. Herein, the model
used in the present study is briefly summarized using the
Keio-BFX code.

The motion of H+ ions, electrons, and H- ions is de-
termined by the following equations of motion:

dx
dt
= u,

du
dt
=

q
m

(E + u × B), (4)

where x, u, q, and m are the position, velocity, charge, and
mass of a particle. Furthermore, E and B are the electric
and magnetic field at the particle position. The equation of
motion is discretized using the Buneman-Boris Leapfrog

method [15].
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where the subscript k (= 0, 1, 2 . . .) denotes the time step
of the Leapfrog method.

The electric field in Eq. (4) is solved using the Pois-
son equation in a self-consistent manner with the particle
motion, as follows:

∇2φ = − ρ
ε0
, (7)

where φ is the electric potential, and ρ is the charge den-
sity. The electric field is given by E = −∇φ. Charge
density ρ is calculated from the particle positions obtained
using the aforementioned equations of motion (Eq. (4)).
Poisson equation (Eq. (7)) is numerically solved using the
Bi-Conjugate Gradient Stabilized Method to compute the
electric potential at each mesh point using the Algebraic
MultiGrid method as a preconditioner [16, 17].

Figure 2 shows the model geometry used in this study.
It is the same model geometry as that in Ref. [14] for the
extraction region of the Linac4 ion source [1, 2]. The sim-
ulation domain is 3D, and the initial plasma is generated
inside a cylindrical source on the left side of Fig. 3. The
z-axis is along the direction of the negative ion beam ex-
traction.

As shown in Fig. 3, Dirichlet boundary conditions are
used for the PG surface as well as the inner wall of the
plasma chamber, where the potential is set as zero. To set
the boundary condition on the right-hand side boundary
(EG-side boundary) of the simulation domain in Fig. 3, the
potential values VEG-S are calculated for a given EG voltage
VEG (7 kV) on the EG of the Linac4 ion extraction system
under the vacuum condition prior to the present 3D PIC
simulations. Next, Dirichlet boundary conditions are used
on the EG-side boundary. In addition, the boundary con-
ditions for the particles reaching the simulation boundaries
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Fig. 2 Model geometry in the simulation.

Fig. 3 Cross-sectional view of 3D PIC numerical domain along
with the initial loading of particles and boundary condi-
tion imposed on each boundary to solve Poisson equation.

Fig. 4 Boundary conditions imposed on the particles in the
3D PIC simulation. The condition depends on particle
species and the boundary where each particle crosses.

are the same as those in Ref. [14] and are schematically
shown in Fig. 4.

The magnetic field profile is also the same as in Ref.
[14]. The profiles for the strength of the magnetic field B
are shown in Fig. 5 and Fig. 6. Figure 5 shows the 2D pro-

Fig. 5 Magnet field strength in the y-z plane.

Fig. 6 Magnet field strength along the extraction axis (z-axis) of
the simulation domain.

file in the y-z plane, while Fig. 6 shows the 1D profile along
the extraction axis (z-axis). As seen from these figures, the
magnetic field strength is approximately in the range of 12
- 18 mT in the upstream region of the extraction aperture
and the direction is perpendicular to the extraction axis (z-
axis).

Table 1 lists the parameters used to define the simula-
tion domain and the mesh used in the PIC model. These
parameters are based on the results obtained from simula-
tions using the NINJA code [18, 19]. They are almost the
same as those in Ref. [14] except for the surface H- produc-
tion. The simulations in Ref. [14] only consider the volume
H- production. In contrast, this study considers the surface-
produced H- ions. The current density of surface-produced
H- ions from the PG is provided as a fixed parameter for
simplicity. In this study, small surface production case
(Case A) and large one (Case B) are simulated with cur-
rent densities of 1168 A/m2 and 2336 A/m2, respectively.

A direct and precise evaluation of S H- in experiments
is difficult because of many unknown factors (e.g., Cs
coverage, wall surface temperature, and neutral fluxes).
Herein, following Ref. [20], the values of S H− for Cases
A and B are specified in Table 1. These values are consid-
ered as reasonable, at least the orders of magnitude of these
values are not significantly different from the values in typ-
ical experiments with a large number of surface-produced
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Table 1 Plasma and PIC parameters.

H- ions from Cs-seeding.
Surface production is simulated as described next.

First, the location of the starting point is uniformly chosen
on the PG surface using uniform random number. Second,
the angular distributions of the polar angle θ and the rota-
tion angle φ with respect to the normal of the PG surface
are sampled from a cosine distribution and uniform dis-
tribution, respectively. Finally, the velocities of surface-
produced H- ions are selected from the Maxwell distri-
bution with an average energy of 1.6 eV using the Box–
Muller method.

The following reaction processes in the plasma vol-
ume are considered using the null collision method [21]:
i) H- production DA (Dissociative Attachment: e + H2 →
H− + H); and ii) H- destruction process by neutral atom
AD (Associative Detachment: H− + H → H + H + e and
H− + H → H2 + e) [22]. A more systematic approach on
collision species and their cross section data is an avenue
for future research as discussed in Sec. 4.

In the present simulation, the reduced-size-scaling ap-
proach with a scaling factor (s = 3.5 × 10−2) is adopted
to save on the computational cost by setting important
normalized parameters ρ∗j (= rL j/L) and λ∗jk (= λ jk/L)
the same as those in the real system. Note that L is the
characteristic scale length of the real system, while rL j

and λ jk are the Larmor radius and collision mean free
path, respectively. The symbols j and k denote particle
species. To study the basic characteristics of low-density
and low-temperature plasmas close to the wall including
the thin sheath region in large scale devices, the reduced-
size-scaling approach is very useful and effective for PIC
modeling because the calculation cost for PIC simulations
is significant, especially for 2D and 3D PIC modeling. This
idea of setting the important normalized parameters in a

numerical simulation model the same as those in the cor-
responding real system is similar to the similarity rule in
fluid dynamics. The reduced-size scaling has been already
used for various PIC simulations; for example, the Scrape-
off Layer and divertor plasmas in large fusion tokamak de-
vices [23] as well as the H- ion source plasmas [24–28].

To set ρ∗j and λ∗jk in the present simulations of H- ion
extraction the same as in the real system, the magnetic field
and the collision mean free path are scaled as Bsim = s−1B
and λsim = sλ jk, respectively, while the system length fol-
lowing the reduced-size scaling is given by Lsim = sL.
Note that the normalized Debye length λD/Lsim (Lsim is
the scale length of the simulation model) becomes larger
than in the real system after implementing the reduced-
size scaling. However, the sheath property limitedly de-
pends on the value of λD/Lsim, if λD/Lsim in the simulation
is set small enough (λD/Lsim < 10−2 − 10−3), at least for
a simple 1D problem. This has been confirmed by the ki-
netic study in Ref. [29] by numerically solving the plasma-
sheath equation derived by the Vlasov equation and Pois-
son equation.

As mentioned earlier, various studies [24–28] have
adopted the same type of PIC model as the present model
with the reduced-size scaling to understand the H- ion ex-
traction process. The simulation results and effectiveness
of the reduced-size-scaling approach are verified step-by-
step through model validation by comparing with various
experiments and other theoretical results [20,30]. The pro-
posed model gives useful insights into the H- extraction
process as well as effectively identifies basic and intrinsic
mechanisms of various interesting phenomena at the least
in a qualitative manner.
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3. Results
At the initial time step (t = 0), plasma particles are

loaded at a random position inside the source region with
the mixing ratio listed in Table 1 (ne : nH+ : nH+2

: nH+3
:

nH− = 0.985 : 0.740 : 0.074 : 0.186 : 0.015). After
that (t > 0), the boundary conditions shown in Fig. 4 are
imposed on the particles crossing each boundary at each
time step. With the boundary conditions shown in Fig. 4, a
quasi-steady state is obtained for each case after approxi-
mately 100000 time steps. Figure 7 shows the time evo-
lution of the total number of particles for each particle
species in Case A. To obtain a reasonable statistical ac-
curacy, the time average of the plasma parameters and po-
tential is evaluated over 2500 time steps after reaching a
quasi-steady state.

At first, the formation of ion-ion plasma is verified
as in the experiments with a large number of surface-
produced H- ions. Figure 8 shows the spatial profile of the
density ratio of H- ions to electrons (α = nH−/ne) along the
extraction axis (z-axis). In this paper, z̃ represents the cell
number. The positions z̃ = 0 and z̃ = 128 correspond to the
left- and right-hand side boundaries, respectively. Blue and
red dots represent the α values for Cases A and B, respec-
tively. This result showcases that the proposed simulation
model successfully reproduces ion-ion plasma with α > 20
for both Cases A and B with reasonable S H- surface flux.

Figure 9 shows the 2D profile of electric potential
near the extraction aperture in the y-z plane. The left and
right sides showcase the profiles for Cases A and B, re-
spectively. The red contour marks the plasma potential of
1.5 V. Herein, plasma potential is defined as∆φsw = φs−φw
between the two typical points, namely, φs = 1.5 V at the
edge of source region and φw = 0 V at the wall. This value
is smaller than the following theoretical value of ∆φth pre-
dicted by the general sheath theory for ordinary plasma
comprising only positive ions and electrons without neg-
ative ions [31, 32]:

∆φth =
1
2

kTe

e
ln

(
1

2π
mi

me

)
.

Fig. 7 Time evolution of the total number N j of the j-th par-
ticle species ( j = e−, H+, H−vp, H−sp, H2+, and H3+,
where H−vp and H−sp represent the volume and surface-
produced H- ions, respectively).

For hydrogen plasma with only positive ions and elec-
trons, ∆φth is

∆φth ∼ 3
kTe

e
= 10.8 eV,

with Te = 3.6 eV used in the present 3D PIC simulation.
However, in this simulation, a large number of negative
ions exist in the plasma region, which are significantly
heavier than electrons. Furthermore, the loss of H- ions
from the plasma region is less than that of electrons. In
other words, H- ions easily stay with H+ ions in the plasma
region to maintain quasi-neutrality. Therefore, the plasma
potential for plasma with a large number of negative ions
is smaller than that for ordinary plasma without negative
ions.

As seen from the comparison of the two potential pro-
files, the extraction voltage penetrates more deeply into the
ion source region for Case A than that for Case B. This re-
sult implies that the effective distance deff increases due to
decreasing S H-.

To discuss deff more quantitatively, the position of the
plasma meniscus must be defined. As mentioned in Sec. 1,
for the case of positive (H+) ion extraction from ordinary
plasmas without negative (H-) ions, deff is estimated by
equating the ion saturation current at the sheath edge to the
space-charge-limited extraction current. This means that
the sheath edge is defined as the plasma meniscus for H+

extraction.
This definition is based on the following idea: In the

plasma region, plasma quasi-neutrality (ni ≈ ne) holds and
the electric field is approximately zero, i.e., E = −dφ/dz ≈
0. However, at the sheath boundary, electric potential starts
decreasing towards the wall. Therefore, the position of
plasma meniscus may be defined as the boundary where
the electric potential starts decreasing as dφ/dz < 0 from
dφ/dz ≈ 0 (Definition I). Definition II is discussed later.

In contrast, for negative (H-) ion extraction, the polar-
ity of extraction voltage is not negative but positive. There-
fore, with reference to Definition I for positive (H+) ion ex-

Fig. 8 Spatial profile of the density ratio of H- ions to electrons
α(= nH−/ne); z̃min and z̃max correspond to z = −28.75 mm
and z = 3 mm, respectively.

1401008-5



Plasma and Fusion Research: Regular Articles Volume 18, 1401008 (2023)

Fig. 9 Comparison of the 2D profiles of potential near the extraction aperture; z̃ = 96 and z̃ = 120 correspond to z = −4 mm and z = 1 mm
in the real geometry, respectively.

Fig. 10 Potential profile along the extraction z-axis (z̃ = 68 and
z̃ = 108 correspond to z = −11 mm and z = −1 mm in
the real geometry, respectively).

traction, plasma meniscus may be defined as the boundary
where the electric potential starts increasing as dφ/dz > 0
from dφ/dz ≈ 0 for the case of negative (H-) ion extraction.

According to the aforementioned Definition I, plasma
meniscus can be defined to evaluate the resultant deff . Ac-
cordingly, the potential profile along the extraction axis (z-
axis) has been plotted in Fig. 10. Blue and red dots repre-
sent the potential profile for Cases A and B, respectively.
The blue and orange lines are obtained by polynomial ap-
proximation of the corresponding potential profiles. For
Case B, the potential starts increasing closer to the EG (the
right-hand side boundary). The effective distance deff is
smaller for Case B than that for Case A.

In Fig. 10, plasma meniscus is defined by the potential
profile based on Definition I. Plasma meniscus may also be
defined in a different way using the density profile (Defini-
tion II). Whether the dependence of deff on S H- changes by
changing the definition of plasma meniscus must be veri-
fied.

Before describing Definition II for H- extraction in de-
tail, first the potential profile and the resultant density pro-

file near the extraction aperture are discussed for H+ ex-
traction. The electric potential starts decreasing towards
the wall at the sheath boundary for H+ extraction. Due to
this potential drop towards the wall and extraction aper-
ture, bulk electrons are reflected in the sheath region back
to the plasma region. Therefore, the electron density in the
sheath region is considerably smaller than the ion density,
and only positive ions exist primarily (nH+ ≫ ne). Ac-
cording to the sheath theory [31, 32], the electron density
becomes about half of bulk plasma density (ne ∼ 0.5np)
even at the sheath entrance and further decreases rapidly
closer to the wall in the sheath region with a significantly
thin layer (several Debye-lengths). Based on the aforemen-
tioned physical background, the position of plasma menis-
cus may be defined as the boundary where the electron
density is considerably smaller than the plasma density np

in the bulk plasma (np ≫ ne).
In contrast to H+ extraction, the polarity of the ex-

traction voltage VEG is reversed for H- extraction. More
specifically, a negative extraction voltage (VEG < 0) is ap-
plied to the EG with respect to the grounded PG (V = 0)
for H+ ion extraction, while a positive extraction voltage
(VEG > 0) is applied to the EG for H- ion extraction. Due
to this difference in the polarity of the extraction voltage
VEG, not electrons, but positive ions are reflected by the
positive extraction voltage near the extraction aperture for
H- extraction. To understand the difference more clearly, a
comparison of the electric potential profiles along the ex-
traction axis is schematically shown in Fig. 11. In addition,
the resultant particle dynamics for each species are shown
in Fig. 11, not only in the region between the PG and EG,
but also in the region close to the PG inside the ion source.

As seen from Fig. 11, for H+ extraction, electrons are
reflected at the point where all their initial kinetic energy
is consumed by the potential drop. However, for H- extrac-
tion, H+ ions are reflected at the point where all their initial
kinetic energy is consumed by the potential increase. Only
a few ions with significantly high kinetic energy/velocity,
enough to overcome the potential increase, can move fur-
ther towards the outside of the ion source throughout the
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extraction aperture. Consequently, H+ ion density signifi-
cantly decreases towards the extraction aperture.

Based on the aforementioned physical background,
the plasma meniscus (the plasma boundary) may be de-
fined (Definition II) as the boundary where the H+ ion den-
sity becomes considerably smaller than the bulk plasma
density (np ≫ nH+). H- ions start being extracted near
this low H+ ion density region. As already shown in
Fig. 10, note that the numerical result of the potential pro-
file along the extraction axis is approximately the same as
the schematic drawing shown in Fig. 11 (b); moreover, its
polarity is clearly opposite to the one for H+ extraction in
Fig. 11 (a).

Figure 12 shows the 2D density profiles of H+ ions
around the extraction aperture. Figures 12 (a) and (b) cor-
respond to those for Cases A and B, respectively. To apply
Definition II in this case, the H+ ion density that defines the
plasma meniscus and deff must be specified. In the present
study, a specific value of the ion density nH+ = 1017 m−3

Fig. 11 Electric potential profiles along the extraction axis and
resultant particle dynamics are compared between (a)
H+ extraction and (b) H- extraction.

Fig. 12 Comparison of nH+ density profile and plasma meniscus (z̃ = 68 and z̃ = 108 correspond to z = −11 mm and z = −1 mm in the real
geometry, respectively).

is used, which is smaller than the sheath edge density
nse = 0.5np ∼ 5 × 1017m−3 (np is the plasma density in
the quasi-neutral region, np ∼ 1018m−3) [31, 32]. Compar-
ing Figs. 12 (a) and (b), deff and S H- are clearly inversely
proportional to each other.

Figure 13 shows a comparison of the H+ ion density
profiles along the extraction axis between Cases A and B.
Note that the H+ ion density starts decreasing near the ex-
traction aperture. In addition, the starting point of the den-
sity decrease is more on the inside (smaller z) for Case A
than that for Case B. This means that the plasma meniscus
for Case A is located more inside the source than that for
Case B, i.e., deff for case A is larger than that for Case B.

The effective distance deff in Fig. 10 and Fig. 12
(Fig. 13) is obtained by using two different definitions of
the plasma meniscus, namely, Definition I and Definition
II, respectively. The effective distance deff derived from
both definitions has the same tendency, i.e., deff becomes
smaller for larger S H-, while deff becomes larger for smaller
S H-. In other words, this tendency is unchanged in either
definition. Thus, this conclusion is reliable. Furthermore,
comparing this deff tendency with the α profile in Fig. 8,
note that deff becomes smaller for the case with higher val-
ues of α, while deff becomes larger for the case with lower
values of α in front of extraction aperture. Therefore, deff

diminishes in the ion-ion plasma with a high α. This is due
to the larger space charge effect of H- ions in comparison
with electrons. The electric field produced by the nega-
tively charged particles can prevent the penetration of the
electric field for extraction into the source plasma. This
may be the space charge effect. The mass of H- ions is sig-
nificantly larger than that of electrons; consequently, the
residence time around the plasma meniscus is longer for
H- ions than that for electrons. Thus, the space charge
effect may be more pronounced for H- ions than that for
electrons.
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Fig. 13 1D profiles of the H+ ion densities along the extraction
axis (z-axis) close to the extraction aperture (z̃ = 80 and
z̃ = 120 correspond to z = −9 mm and z = 1 mm in the
real geometry, respectively).

4. Summary and Future Problems
This study conducts a novel investigation into the ef-

fects of the amount of surface-produced H- ions S H- on the
effective distance deff using the Keio-BFX 3D PIC code
along with the model geometry for the Linac4 ion source.
In these simulations, only S H- is changed and the other pa-
rameters are fixed.

The dependence of deff on S H- is studied using the fol-
lowing two definitions of the position of plasma meniscus:

Definition I: the boundary where the electric potential
starts increasing as dφ/dz > 0 from dφ/dz ≈ 0.

Definition II: the boundary where the positive ion den-
sity becomes considerably smaller than the bulk plasma
density (nH+ = 1017 m−3 contour line).

Ion-ion plasmas with significantly large H--electron
density ratio α(= nH-/ne) > 20 have been reproduced for
large S H- in the 3D PIC simulation as in the recent experi-
ments.

The effective distance deff is demonstrated to depend
on S H- and α (= nH-/ne) in front of the extraction aper-
ture under the same plasma density. As S H- increases, deff

decreases, while deff increases with decreasing S H-.
The results of this study suggest that S H- is crucial

for controlling deff and the resultant beam optics extracted
from the negative ion source.

In the present study, the effect ofS H- on deff is inves-
tigated and other parameters are fixed, i.e., nse, V , and Te

are maintained almost constant. In the case that these pa-
rameters are changed, the effect of S H- on deff is unclear.
Therefore, a more systematic investigation of the effect of
S H- on deff while considering the changes in the aforemen-
tioned parameters is a scope for future study.

As described in Sec. 2, only the H- production and
H- destruction processes in the volume are considered in
this first study. In the future, more detailed collision
processes/species will be considered for a more system-

atic analysis of the effects of collisions. To elaborate, as
pointed out in Ref. [13], the Coulomb collision between a
surface-produced H- ion and H+ ion in the plasma is crit-
ical with regards to velocity reversal and the resultant H-

density profile around the extraction aperture. The surface-
produced H- ions originally penetrate towards the center
of the ion source from the PG. Therefore, the velocity re-
versal towards the extraction aperture is indispensable for
effective H- extraction. In addition, elastic collisions with
neutral molecules and atoms could significantly affect the
case of high neutral gas pressure, which can be applied to
this study as well.
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