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Plasma distributions near the extraction region in a hydrogen negative ion source are investigated analytically.
Where surface produced hydrogen negative ions and volume produced hydrogen negative ions are considered in
addition to electrons and hydrogen positive ions. The plasma-sheath equation is derived analytically and the
distributions of the electric potential and the plasma density near the extraction region are obtained by solving
the plasma-sheath equation. It is shown that the region consisting of the positive ions and the negative ions more
than the electrons is formed near the extraction region for a case of large production rate of the negative ions.
Dependence of the plasma density on the temperature of the negative ions is also shown.
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1. Introduction

Neutral beam injection (NBI) using a hydrogen neg-
ative ion source is one of the most promising method
of heating plasma confined magnetically. In the hydro-
gen negative ion source, it is important to understand the
plasma characteristics near the extraction region in order
to extract a large amount of hydrogen negative ions. The
emission of electrons from a cathode into the sheath in
plasma containing positive ions, electrons and negative
ions has been analyzed by Amemiya et al. [1]. For the case
of the emission of negative ions from the cathode into the
sheath, transport of surface produced negative ions from
a cathode has been analyzed by McAdams and Bacal [2].
Their results are in good agreement with the 1D3V PIC
code [3]. Formation of a plasma well has been also shown
by one-dimensional analytical model of the sheath in the
negative ion source [4]. The plasma well and the particle
density in the negative ion source have been studied and
confirmed also by 2D PIC model simulations [5,6]. On the
other hand, an experiment in the NIFS-R&D ion source
has suggested that a “double ion plasma layer” which is
a region consisting of mainly hydrogen positive ions (H")
and negative ions (H™) exists near a plasma grid (PG) sur-
face [7]. The distribution of the plasma density near the
wall is related to the electric potential distribution. Emmert
et al. have investigated formation of the potential by using

author’s e-mail: fukano @metro-cit.ac.jp

*) This article is based on the presentation at the 27th International Toki
Conference (ITC27) & the 13th Asia Pacific Plasma Theory Conference
(APPTC2018).

3403096-1

a plasma-sheath equation for plasma consisting of positive
ions and electrons [8]. The distribution of the plasma den-
sity near the extraction region in a surface produced nega-
tive ion source has been studied analytically and it has been
shown that as the production rate of the surface produced
H™ ions increases the double ion plasma layer is formed
near the PG surface [9]. However the effect of the volume
produced H™ ions has not been considered.

In this paper, we will study the distributions of the
electric potential and the plasma density near the extrac-
tion region in the hydrogen negative ion sources, where
surface produced H™ ions and volume produced H™ ions
are considered in addition to electrons and H* ions. The
plasma-sheath equation is derived analytically and the dis-
tributions of the electric potential and the plasma density
are obtained. Effect of the production rate and the tem-
perature of the H™ ions on the plasma distribution near the
extraction region are shown.

2. Analysis of Electric Potential

2.1 Analytical model and basic equations
The geometry of the extraction region in the model is
shown in Fig. 1. It is assumed that in the hydrogen nega-
tive ion source the surface produced H™ ions are produced
on the PG surface and launched to the interior of the ion
source and the volume produced H™ ions and the H* ions
are produced whole in the ion source. The problem is
treated as one-dimensional model in x-direction, which is
the direction of beam extraction. In the analysis, the PG is

© 2019 The Japan Society of Plasma
Science and Nuclear Fusion Research



Plasma and Fusion Research: Regular Articles

Volume 14, 3403096 (2019)

Extraction region

® ®
volume produced 100 (_@ Plasma Grid (PG)

negative 1on
@ surface produced |
negative ion |

electron
|

Fig. 1 Geometry of the extraction region of the model.
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Fig. 2 Geometry of the potential in the analytical model.

considered to be the walls on both sides in order to main-
tain a conservation of particles. It is assumed that the elec-
tric potential ¢(x) is symmetric about x = 0 and decreases
toward the walls and is zero at x = 0 as shown in Fig. 2.
The walls at x = +L are assumed to be perfectly absorbing
and electrically floating. The total energy F; of the H ion,
E, of the volume produced H™ ion, and E of the surface
produced H™ ion in the x-direction are

Er = 3 Mit? + 4o, 1
1

E, = 5 M) - (%), )
1

E, = ngvi - gp(x), 3)

where M;, M., and M are the masses, v;, vy, and v, are the
velocities, ¢ and -q are the charges of the H* ion and the H~
ion, respectively. The subscripts “i”, “v”, and “s” denote
value belonging to the H* ion, the volume produced H™
ion, and the surface produced H™ ion, respectively through-
out this paper. The kinetic equations for the H* ion and the
H™ ion in the phase space (x, Ej), (x, Ey), and (x, E) are
described by

ovi(x, E)w = Si(x. Ey), )
oui(x, E)W = Su(x.E), 5)
ooy(x, E)W - Sy(xEy), ©)

where o = %1 is the direction of the particle motion,
filx, E;,00), fy(x, Ey,0), and fi(x, Es, o) are the distribu-
tion functions, and S;(x, E;), Sy(x, E,), and S (x, E;) are
the source functions. We assume a symmetry about x = 0
for the source functions. Furthermore, we assume that par-
ticles are not reflected at the walls, then the boundary con-

ditions of the distribution functions are f,(—L,E;, +1) =
filL,E,—-1) =0, f(-L,E,+1) = f,(L,E,,—1) = 0, and
f;(_L9 ES3 +1) = f‘S(L9 E87 _1) = 0

2.2 Plasma-sheath equation

From Egs. (1), (2), and (3), the ion velocities are given by
v = [Q/ME; - d(ON'2, vy = [QIME, + qd())"2,
and v, = [(2/M)(Es + q¢(x)}]'/>. The energy space of
the particle is divided to some regions, which is based on
the condition that v;, vy, and vy must be real number, that
is, Ei — qo(x) > 0, Ey + gé(x) > 0, and E + gp(x) > 0,
respectively. The particle motion depends on its energy.
The distribution functions fi(x, E;, o), fu(x, Ey,0), and
fs(x, Eg, o) for o = £ 1 are obtained by integrating Eqs. (4),
(5), and (6) for particle trajectory with the boundary con-
ditions. The ion densities are obtained by taking the
sum of the distribution functions about o = +1 for each
energy region and integrating them for Ej, E,, and Ej,
respectively, as

3 _ f(-x El’o-)
ni(x) = Z dE; By @)
Sv(x Ey,0)
ny(x) = Zde NEVR )
.fS(x ES’O-)
we=, [anE ©)
where
LG.(v F.
2f Sl(xi,El)dx',,
o u(x,E) !
(0 < E; < )
2B gy
v Zf ——dx/,
v Ui E) !
(Emin < Ei < 0)
(10)

L Sv(x;a EV) 7
2| ey,
0 vv(xv’ Ev)

(_q¢min < EV < 00)
fo“‘ Sy(xy, Ey )
0o wx, E ) v
(Emmf <E,< q¢m1n)
sz SV('x}n EV)d)C:,,
X2 oy (X3, Ey)
(—Q¢(iL) <E< _Q¢min)

D By o) =

(11)
ZfL Ss(x;, ES)dx’,
o Us(xg, E) s
Zf( E.o) (=qPmin < Es < 0)
S x, S’o— = b
= 5 fL S B
Xst vs (x5, Es) v
(Emin— < Es < _Q¢min)
(12)

where x7, x|, and x{ are the generation positions of the ions,
xiy and xg are the turning points of the H* ions and the
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surface produced H™ ions, respectively, xy and x,o are
the turning points of the volume produced H™ ions for x;, <
Xmin and X}, > Xmin, respectively, and xpi, is the position of
the minimum potential, Eni, = géd(x) and Enin— = —qd(x).
By interchanging the order of integrations of Egs. (7), (8),
and (9), the ion densities are obtained as

ni(x) = fdxf ap L SiGhED
l a9 (x) "vi(x, E) vi(x], E)’

13)

L o0 1 Sy, E)

=2 | dx dE v v

() fo a fE Vo Ey) (X Ey)
(14)

- ® 1 S\x.LE
ny(x) =2 f dx, f dE, s, Bo)
0 qPmin Us(‘x Eq) US('x59 Es)

_q¢ln|n 1 S( Xé, EJ)
+2 dx - ,
X, qq)(x) Us(xs Ey) vs(xg, Es)

min (1 5)

where Ey9 = max{—q¢(x), —g¢(x;)}. As the source func-
tion we use the expression same as the Emmert et al. [8]

o Siohi(x) _Ei —q¢(x)

Si(x, Ey) = T, exp{ KT }, (16)
_ Svohy(x) _ Ey + g¢(x)

Sv(x, Ey) = T, P { T, } ., A7
_ S sohs(x) _ E; + g¢(x)

Ss(xv ES) - szg exp{ kTg }9 (18)

where k is the Boltzmann’s constant, T;, Ty, and T are
the temperatures, h;(x), hy(x), and hs(x) are the source
strengths, and S, Syo, and Sy are the average source
strengths. The averages about x of h;(x), hy(x), and hs(x)
are normalized to 1. By substituting Egs. (16), (17), and
(18) to Egs. (13), (14), and (15) and integrating them for
E;, E,, and E,, we obtain

12 L
ni(x>=(§Z‘£) Sio fo QI G, (19)
MVﬂ- 1/2 L ’ ’ ’
nv<x>=(2kTv) Svo fo A1, (x Xy (), (20)

M)\
ns<x)=(2kTs) S ols(x, Lhs(D), @1)

where hy(x}) = hs(L) due to the surface produced H™ ions
are produced only on the wall surface, and

gp(x)) — qé(x)
*P kT,

[{qm) q¢(x)}”2
-erfc [{ —M8™—
kT;

)

Lix, x)) = qe(x}) > ge(x),

qé(x]) — qp(x)
exp —kTi

qP(x;) < qé(x),
(22)

ex —qp(x}) + qp(x)
P kT,
erfo| [ 2420 + 49 12
L(x,x) = kT ’
v qp(x;) < qp(x),
ox —q(x}) + qp(x)
p kT, :
qp(x;) > qé(x),
(23)
—qé(L) + qp(x)
exp {—kn }
-erfc [{ ~qPmin + qP(x) }1/2}
I(x,L) = kT
X < Xmin
—qé(L) + gp(x)
P {T}
X > Xmin,

(24)

where erfc(x) is the complementary error function. For the
electron density, we use a Boltzmann distribution

ne(x) = ng exple¢(x)/kTe], (25)

for simplicity, where ny is the electron density at x = 0, —e
is the electron charge, and T, is the electron temperature.
Substituting Egs. (19), (20), (21) and (25) into Poisson’s
equation, the plasma-sheath equation is derived

Ep(x)  nge (e¢(x>) Sloq(Mfr)”2
0o

A2 & kT, g0 \2kT,

L
. f dx{Li(x, x))hi(x))
0

12 AL
S M,
N qu( ”) fdxglv(x,x’v)hv(x:/)
0

&0 ZkTv
Ssoq Msﬂ 12

I(x, L)hg(L).
- (szs) (. (L)

(26)

The average source strengths S, Syo and S are de-
termined by the equilibrium of the fluxes of the plasma
particles at the wall, that is, jew + jiw + jyw — jsw = 0
and by defining the production rate of the volume pro-
duced H™ ion to be By = Syo/Sio and that of the sur-
face produced H™ ion to be S5 = Ss/Sio. Where jey,
Jiws Jwvw, and jg are the current densities at the wall,
and jew = _gno[kTe/(Zﬂ'me)]l/z explegy/(kTe)] from j. =
(1/4nee(ve), (ve) = [8KTe/(rm.)]2 and Eq. (25), ji =
qSiOL from V - Ji = qS(x)’ Jvw = _quOLs Jsw = —quoL,
and ¢, is the wall potential.

o eny kT, edy

S0 = L0+ B By (27rme) eXp(kTe)’ @7
_ Bveng kT 12 edw

S = T+ B =By (27rme) eXp(kTe)’ (28)
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SsO

= Pseno ( KT )1/2 exp(e¢w). (29)
qL(1 + Bs — By) \ 2mtm, kT,

3. Numerical Solutions

Since Eq.(26) cannot be solved analytically, it is
solved numerically. We introduce the normalized vari-
ables such as n = (q/kTe)(pw — &), s = x/L, s’ = X'/L,
sy =xy/L, s; = xg/L, Ty = Te/Ti, Tv = Te/ Ty, 75 = Te/Ts,
and Z = gq/e, where Z = 1 for the hydrogen plasma. The
boundary conditions are dn/dsls=o = 0 and n(s = 1) = 0.
The profile of the normalized electric potential @(s) = —n
for various values of the production amount of the volume
produced H™ ion to the H* ion is shown in Fig. 3, where
T=2,75 =51, =256, =04, and Ap/L = 5 X 1072,
where Ap is the Debye length. We will use the value of
Ap/L = 5x1072 in all results of this paper. Although the ef-
fect of the volume produced H™ ion is not large, as the pro-
duction rate B, increases, the electric potential difference
between the PG and the inside decreases. It seems that this
is because the electrons toward the PG surface decrease
due to the volume produced H™ ions, as a result, the poten-
tial drop decreases. The profile of the normalized electric
potential for various values of the production amount of the
surface produced H™ ion to the H* ion is shown in Fig. 4,
where B, = 0.2 and the values of 7, 75, and 7, are same
with Fig. 3. The electric potential is qualitatively almost
the same as that without the volume produced H™ ions [9],
that is, as the production rate 3 increases a negative peak
is appeared near the PG surface, although the electric po-
tential is a little low due to the volume produced H™ ions.

The density distributions of the plasma particles are
derived from Egs. (19), (20), (21), (25) and the electric po-
tential. The profile of the plasma density normalized by
a sum of the H* ion density and the H™ ion density at
s = 0, that is, 7;(0) + ny(0) + ns(0), for cases of 8y = 0,
0.1, 0.2, and 0.3 is shown in Fig. 5, where other parameters
are same with Fig. 3. It is shown that the plasma density
strongly depends on the production rate of the volume pro-
duced H™ ion. As the value of 3, increases, the density of
other particles decreases, especially the electron density.
As a result, the region consisting of the H* ions and the
H™ ions more than the electrons appears near the extrac-
tion region. The profile of the normalized plasma density
for cases of s = 0, 0.2, 0.4, and 0.6 is shown in Fig. 6,
where other parameters are same with Fig. 4. The effect of
the production rate of the surface produced H™ ions on the
particle density is qualitatively almost the same with that
without the volume produced H™ ions [9], that is, as the
value of 3, increases the double ion plasma layer is formed
near the PG surface, although the electron density is low in
whole of the extraction region due to the volume produced
H~ ions, which is also found from comparison between
Fig.5 (a) and Fig. 6 (¢).

The effects of the temperature of the volume produced
H™ ion and the surface produced H™ ion on the electric po-
tential distribution and the density distribution of other par-
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Fig. 3 Profile of the normalized electric potential for various
values of B8, with7 =2, 7, =25, 7, =5,8, =04.
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Fig. 4 Profile of the normalized electric potential for various
values of By with7 =2, 7, =2.5,7,=5,8, =0.2.

ticles are small. In the case of the temperature of the vol-
ume produced H™ ion is low, that is, 7y is large, the density
of the volume produced H™ ion near the extraction region
becomes large except for near the PG surface as shown in
Fig. 7. It seems that this is because the low energy volume
produced H™ ions are moved to interior of the ion source
by the sheath potential. In the case of the temperature of
the surface produced H™ ion is low, that is, 7y is large, the
density of the surface produced H™ ion near the PG surface
becomes large as shown in Fig. 8. It seems that this is be-
cause the low energy surface produced H™ ions produced
on PG surface are difficult to move and stay near the PG
surface, as a result the density of the surface produced H™
ion becomes large near the PG surface.

4. Conclusions

The distributions of the electric potential and the
plasma density near the extraction region for the plasma
considering the surface produced H™ ions and the volume
produced H™ ions in addition to the electrons and the H*
ions are studied analytically. The plasma-sheath equation
is derived theoretically and solved numerically. As the pro-
duction amount of the volume produced H™ ion increases,
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Fig. 6 Profile of the normalized plasma density for various values of 8, with v =2, 7, = 2.5, 7, =5, 8, = 0.2.
the electron density is particularly decreased and the region ions are not considered. Although the effects of the tem-
where the H* ions and H™ ions exist more than the elec- perature of the volume produced H™ ion and the surface
trons appears near the extraction region. The effect of the produced H™ ion on the electric potential distribution and
surface produced H™ ions on the distributions of the elec- the density distribution of other particles are small, their
tric potential and the plasma density is qualitatively almost density distributions depend on their temperature, respec-
same as the result for the case that the volume produced H™ tively.
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