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Spatial profiles of the atomic (H®) density and the resultant H, line intensity are investigated in a large
negative ion source (the Japan Atomic Energy Agency (JAEA) 10 A negative ion source). The H? density analysis
has been done in the present study with the effects of production, transport, and ionization processes by taking
into account the non-Maxwellian component of electron energy distribution function (EEDF). The H° density
profile shows a non-uniform spatial profile due to the local enhancement of the H production rate even with
the flattening effects by the ionization and the transport processes. The H, line intensity observed from the
viewing ports in the spectrometry is compared with the line intensity in the calculation to validate the numerical
results. The both results show a good agreement in the spatial profile. It has been shown that the non-Maxwellian
component of the EEDF plays an important role to determine the profile of the H, line intensity in the plasma

production region.
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1. Introduction

To develop the negative ion based neutral beam injec-
tor system for fusion devices such as JT-60SA [1], the un-
derstandings for the non-uniformity of large negative ion
sources have been one of the most serious problems to ob-
tain sufficient injection power in fusion plasmas. It was
observed in the Japan Atomic Energy Agency (JAEA) 10
Ampere negative ion source (10 A source) [2] that a high
intensity negative ion beam was extracted from a high elec-
tron temperature (7) region (~ 4 eV) under the Cs-seeded
condition. Since the negative ions are considered to be
produced from the atoms in the Cs-seeded negative ion
source [3], it has been shown that the local enhancement
of the atomic (H®) density due to high-T in the driver re-
gion and the resultant non-uniform H® flux to the plasma
grid are possible origins of the H™ beam non-uniformity in
the 10 A source [4]. The local enhancement of the H® den-
sity is mainly due to the enhancement of the dissociation
for H, molecules which results in the H? production.

Recently, it has been reported in Ref. [5] that the spa-
tial profile of H production rate has been calculated with
the effect of the non-Maxwellian EEDF in the 10 A source.
In addition, the spatial profile of the H° production rate
has a strong correlation with that of the H, line intensity
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obtained by the spectrometry. From the comparison, it has
been suggested that the high energy tail of the EEDF en-
hances the non-uniformity of the H production. However,
not only the effect of H? production, but also the effect of
transport and ionization loss of H atoms should be taken
into account to calculate directly the HC density. It is also
important to evaluate the H° density for the direct compar-
ison of the numerical results with the H, line intensity by
spectrometry.

The purpose of this study is to obtain the H® density
with the effects of transport and ionization processes, and
to compare directly the numerical results of H, line in-
tensity with that by experiments. For this purpose, firstly,
atomic transport analysis which takes into account the non-
Maxwellian EEDF and the resultant ionization processes
is developed to obtain the spatial profile of the H® den-
sity. Moreover, a Collisional-Radiative (CR) model is also
developed to obtain the population ratio of excited atoms
and the resultant H, line intensity with the effect of non-
Maxwellian EEDF.

2. Experimental Setup of Spectrome-

try and Spatial Profile of H’ Pro-
duction Rate in Previous Study

Before going to the numerical analysis, here, we

© 2014 The Japan Society of Plasma
Science and Nuclear Fusion Research



Plasma and Fusion Research: Regular Articles

Volume 9, 1401011 (2014)

Langmuir Probe
| Plasma
<
=
(T—:
£ B
£ )
o 3
) U8
hd 0
© L
£ ]
2 3
= o]
5 filaments g
-
| 1
magnet
r;ansver - ; Y
8,
40’??:7; o Driverregion: z X

Z=80-140mm

Fig. 1 Schematic drawing of the JAEA 10 ampere (10 A) nega-
tive ion source; cited from Ref. [5].

briefly summarize the JAEA 10 A source [2] and experi-
mental setup for the H, measurement. Figure 1 shows a
schematic drawing of the 10 A negative ion source. Hy-
drogen plasma is produced by arc discharge between the
rectangular source chamber (anode) and tungsten filament
cathodes installed in the longitudinal direction. The di-
mension of the source chamber is 240 mm in the trans-
verse direction (X), 480 mm in the longitudinal direction
(Y) and 200 mm in depth (Z). The discharge conditions in
the present study have been fixed as following values; arc
power: 10 kW, arc voltage: 60V, arc current: 166.7 A, and
H, gas pressure: 0.30 Pa.

As shown in Fig. 2, eight viewing ports for spectrom-
etry are located along the Y direction on the side walls
at Z = 81 mm in the axial direction (in the driver re-
gion). Each viewing port has same viewing angles with
+5degrees. The line intensity obtained at each port is an
integrated value along the line of sight inside the viewing
angles.

Figure 3 shows the comparison between the H, line
intensity obtained in the spectrometry and the calculated
H° production rate in Ref.[5]. The H° production pro-
file calculated with the non-Maxwellian component of the
EEDF has a strong correlation with that of the H, line in-
tensity. As was discussed in Ref. [5], however, the effect
of the transport and the ionization loss of H atoms should
be taken into account to calculate the H? density, since the
calculation of the H® density is required for the direct com-
parison of H, line intensity between the spectrometry and
the numerical analysis.

Line Oflsights T Y (Longitudinal direction)

Axial position :
Z=81mm

8 Viewing ports for
spectrometry

Fig. 2 Schematic diagram of spectrometry in the 10 A source
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Fig. 3 Spatial profiles of the calculated H° production rate from
the total EEDF (blue circles), the calculated H® pro-
duction rate with only the thermal electron component
(¢ < 25eV) of the EEDF (green squares) and measured
H, line intensity (red triangles); cited from Ref. [5].

3. Atomic Density Analysis
First, the details of the atomic transport analysis are
shown. The H° density is calculated from the Boltzmann
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equation, which describes the H° distribution function
Sfu(r, vy, 1) over position, r, atomic velocity, vy, space and
time ¢,

Ofu(r,vn, 0)/0t + vy - Vfu(r,on, 1) = C(f). (1)

The H° density at each position can be calculated by in-
tegrating distribution function in the velocity space, as
ny(r) = ffH(", vy)doy.

In the collision term, we may include the following
three effects; (1) H° production (Sprop), (2) loss due to
ionization (S1p) and (3) momentum transfer due to charge
exchange (S cx) as,

C(fu) = Sprop — S10 + Scx- ()

The H° production term Sprop is given by Sprop =
Spiss(Mé(vy — vo)/4m, where vy = V2E/my, E and my
are velocity, energy and mass of hydrogen atom, respec-
tively. The produced atoms are assumed to be Franck-
Condon atoms which have initial energy E = 2.15eV and
have isotropic velocity distribution. The dissociation rate
S piss(r) above is,

Spiss(r) = fsz(r» sz)f”sz = vellopiss
X fe(rs ve)dvedezs 3)

where vy,, ve, opiss are velocities of H, molecules and
electrons, and cross-section for dissociation processes.
The distribution functions of molecules is denoted as
fu,(r,vn,) which is assumed to be Maxwellian distribu-
tion function with molecular temperature 1000 K and den-
sity 2.83 X 10" m=3 as in Ref. [5]. The electron distribu-
tion function f.(r,v.) is equivalent with the EEDF which
has been obtained in electron transport analysis shown in
Ref. [6,7].

The terms for ionization loss rate, S1o, and charge ex-
change rate, S cx, are described, respectively, as follows;

S10 = fia(r,om) f 0w — velloio fu(r.v)doe, (4)
Scx = filr, vH)f”UH — wyllocx fu(r, wy)dwy

~ fulr.ow) f low = villoex fir. oo, (5)

where wy, v;, oo and ocx are HC velocity before collision,
ion (H*) velocity and the cross-sections of ionization and
charge exchange, respectively. The ion distribution func-
tion is assumed to be spatially uniform Maxwellian distri-
bution function with ion temperature 1000 K and density
10" m~3. As mentioned in Ref.[8], the ion temperature
is considered to be in the range between gas temperature
(1000K) and Franck-Condon energy of atoms. We have
simply assumed the ion temperature to be equal to the gas
temperature as an initial calculation.

Based on the test particle model, we solve the
Boltzmann equation (Eq.(1)). In the model the test par-
ticle trajectories are directly followed by numerically solv-
ing their equations of motion, which is equivalent to solve

Cusp Magnets Z (mm)
Numerical cell :
AV =20 x 20 x 20 mm?*
140
Z =80 — 140 mm
=] 100 ( )
80
Filament / Viewing port
— (Z =81 mm)
I Extraction region
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___________ —y
Filter Magnet o | Plasma grid (PG) X

Fig. 4 Geometry of the 10 A source in XZ plane and numerical
cells.

the Boltzmann equation. For the collision term C(fy) on
the right-hand side of Eq. (1), we applied the Monte-Carlo
method [9]. In addition, the particle and energy reflection
coefficients for test particles which reach the wall are in-
cluded in the analysis as in the same manner with those in
Ref.[4, 10, 11]. Moreover, test particles which reach the
extraction aperture are removed from the calculation. The
production rate of the test particles and the initial position
are determined from the production rate Sprop in the real
system. Each test particle has a weight w = 1.0 x 10'°,
As shown in Fig. 4, the source chamber of the 10 A source
is divided into total 2880 numerical cells with volume
AV = 20mm X 20mm X 20 mm. After reaching a quasi-
steady state, the total number of test particles in each cell,
Nr, is counted to calculate H? density as ny = Ny X w/4V.
The size of the cell is smaller compared with mean free
paths of ionization and charge exchange of H? atoms (both
are up to 0.1 - 1 m) which have largest reaction rates.

In the present model, transport process of atoms is
solved by Boltzmann equation without separating the ex-
cited levels. It is considered that the population density
ratio of each excited atom is immediately decided by colli-
sion processes after the total density for all excited levels of
atom is decided at each position by transport process. The
reason we have separated calculations of the two processes
(atomic transport process and transition of excited levels
due to collision processes) is that the time scales of the col-
lision processes and the transport process is much different
for atoms. As mentioned in Ref.[12], the characteristic
time scale of reaction processes which decide the popula-
tion density ratio of excited atoms is up to 1078 s while time
scale of the transport is 107 - 107> s which is estimated to
be the characteristic time scale of atoms to across the neg-
ative ion source chamber (the size of the source chamber
is L ~ 0.1 m and the atomic speed is 10* - 10* m/s). In that
case, the separation principle can be applied. The popula-
tion density calculation for each excited level is shown as
follows.

From the H° density distribution obtained from the
transport analysis, the H, line intensity is calculated by
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the CR model [8, 13]. As shown in Ref. [8, 13], the H, line
emission rate ey, (m~> s!) in the driver region of negative
ion sources is mainly described as,

€H, = NHMe {ng’H + (nm,/ "H)ng’Hz} ; (6)

with the usage of an effective emission rate coefficient for
H and H,,

XS = ApG.DRu(). XM = A4, 2)Re,3).
)

respectively. The coefficient Ax(3, 2) represents the spon-
taneous transition probability of atomic hydrogen from the
excited level 3 to 2. The population coefficients R;(p) (s
denotes the particle species; s = H, H;) are the ratio of
excited atoms with excited level p = 3 to the total density
of all excited states. Therefore, the coeflicients are denoted
as Ry(p) = nu(p)/ 24 ns(q) where ny(p) and ny(q) are the
population density in excited level p and g, respectively.
The population densities and the population coefficients
are calculated in the CR model as in the same manner as in
Ref. [8, 13] from the rate equations,

dny,(p)/dr = HZ Ciy(@,p) + ) Fi (g, p)} e

q<p q9>p
+ > Auy(q, )| mm,(9) - {Z Ci,(9, P)
q>p q<p
,(8)
+ Z Fuy(q, p) + Sw,(p) + Dﬁz(p)} Ne
9>p
+ ZAHz(q7 p) ”Hz(P)
q>p
dng(p)/dt = HZ Cula,p) + ) Fulg, p)} ne
q<p q>p
+ > Aug, p)} nu(g) - HZ Cu(g. p)
9>p q<p (9)

+ > Fulg.p)+ SH<p)} ne

>p

+ > Au(g, p)} nu(p) + Pl (p)

q>p

where Cy(p, q), Fy(p,q) and S(p,q) are the rate coeffi-
cients for excitation, de-excitation and ionization transi-
tion from excited level p to g, respectively. The main
reactions taken into account in this model are shown in
Table 1[13—18]. The rate coefficients are calculated by
substituting the non-Maxwellian EEDF from the electron

Table 1 Main Reactions taken into account in the CR models. The excited levels for atoms and molecules are denoted by p and q.

# Reaction Reference
1 (H, excitation) Hy(p) +e > Hy(g)te(p<q) [13, 14]
2 (H; de-excitation) Hy(p) +e > Hy(g) te(p>9q) [13]

3 (H, ionization) H)(p)+e —H, +e+e [13, 14]
4 (H, spontaneous radiation) H,(p) — Ha(g) + v (line emission) (p > q) [13, 14]
5 (H; dissociation ; Hy(p) +e — H(ls) + H(ls) + e [15]

Franck-Condon process)

6 (H, dissociative ionization) H,+e—H(ls)+H +e+e [16]

7 (H, dissociative excitation) H,+e— H(ls)+H (p) +e [17, 18]
8 (H excitation) H(p)+e —>H(g) te(p<q) [14]

9 (H de-excitation) H(p) +e —>H(g) te(p>q) [14]

10 (H ionization) Hp)+e—H +e+e [14]

11 (H spontaneous radiation) H(p) — H(g) + hv (line emission) (p > q) [14]
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transport analysis. The loss rate of ny,(p) due to the dis-
sociation is denoted as Dgz (p) and, conversely, the pro-
duction rate of ny(g) due to dissociation is denoted as
sz (q). From the above transport model (Boltzmann equa-
tion) and the CR model (rate equation), spatial distribu-
tion of population density for excited atom with principle
number p = 3 (H(3)), which contributes to the H, line
emission, is numerically obtained. It has been reported in
Ref. [19] that the H,, line intensity also shows strong corre-
lation with the spatial distribution of the negative ion den-
sity in the extraction region (distance from the plasma grid
to be Z < 30mm) via Mutual Neutralization (MN) pro-
cess in this region [20]. However, in the present analysis,
we focus on the driver region (Z > 80 mm) for the reason
mentioned in Sec. 1. In this region, the negative ion density
is generally very low because of high electron temperature.
Therefore, the production of H, line emission in the driver
region is mainly due to excitation, de-excitation, ionization
and spontaneous radiation of atoms and dissociative exci-
tation of molecules via electron impact (See Table 1). On
other hand, the negative ion density is relatively large in
the extraction region close to the PG. In the near future,
H, line emission in the extraction region will be studied
by taking into account the MN process to the CR model.

4. Calculation Results

Figure 5 shows the spatial profile of atomic density in
the XY plane of the driver region Z = 90 mm. As shown in
the figure, even with the effects of ionization and transport,
the H® density has a non-uniform profile. The high H°
density is obtained in the upper region (¥ > 170 mm) and

Driver Region HO density
(Z =90 mm) (x1077 m3)
T I
200 -
100 -
E ol
>
-100 -
-200 |~
-100 0 100
X (mm)

Fig. 5 Spatial profile of atomic density in the driver region; Z =
90 mm.

in the region near the filament cathodes inserted from the
side walls. This is mainly due to the local enhancement of
the H® production by the non-Maxwellian component of
the EEDF (fast electrons), as shown in Ref. [5]. The spatial
profiles of the fast electrons with kinetic energy 55 - 65 eV
and the H® production rate in the XY plane of the driver
region (Z = 90 mm) are shown in Figs. 6 and 7.

However, the H® density profile in Fig.5 shows
weaker non-uniformity compared with the spatial profile
of the H® production rate in Fig.7. This flattening of H°

-100
1

-120 0 20 " Fast electrons
X (mm) (55 — 65 eV)

Fig. 6 Snapshot of fast electrons in the source chamber with ki-
netic energy 55-65eV.

Driver Region H° production rate

(Z = 90 mm) (102 m3s1)
3.0
200
100 20
E o
>
1.0
-100
-200
0.0
-100 0 100
X (mm)

Fig. 7 Spatial profile of H® production rate in XY plane of the
driver region.
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Driver Region H? ionization rate
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Fig. 8 Spatial profile of H ionization rate in XY plane of the
driver region.

density profile is mainly due to the effects of H? ionization
loss and transport loss which are taken into account in the
present analysis. As shown in Fig.8, the ionization loss
rate of H° shows large value in the region where the H°
production rate is high. By this effect, the net production
rate of H° becomes smaller (up to ~ 70% compared with
the case without the effect of the ionization loss) in the up-
per region. As shown in Fig.5, however, it is noticeable
that the non-uniform spatial profile still takes place in the
H° density even with the flattening due to the ionization
and the transport effects.

Spatial profile of the H, line emission rate calculated
by the CR model is shown in Fig. 9. In comparison with the
HP density profile, the H,, line emission profile has stronger
non-uniformity with peaks at the region where the ratio of
fast electrons is high. Figure 10 shows the typical EEDF
in the upper end of the driver region (Z = 90mm and
Y = 190 mm) calculated in Ref. [7] and rate coeflicients of
dominant excitation processes for atomic production in ex-
cited state p = 3 which results in H,, line emission [13—-18].
Although the excitation from the ground state atom (EXC)
seems to have large cross-section than the dissociative ex-
citation (DE) process, the DE rate is comparative with
the atomic excitation rate because the H, density is up to
10" m=3. 1In the upper end of the driver region, the cal-
culated EEDF has typically two components; (1) thermal
component which obey Maxwellian distribution function
decided from the electron temperature 7. = 3 eV and den-
sity ne = 3.0x10'® m~3, and (2) high energy tail component
for electron energy larger than 20 eV. The Maxwellian dis-
tribution is also shown in Fig. 10 in solid line. It is notice-
able that the high energy tail component has large contri-

Driver Region H, line emission

(Z =90 mm) rate (x102° m3s™)
200
3.0
100
= 2.0
E o
>
A
00 1.0
-200
0.0
-100 0 100
X (mm)

Fig. 9 Spatial profile of H, line emission rate in XY plane of the
driver region.

107 | 10-15
5 \
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@ oo ' 3
u P00 s
1015 | —EEDF(Y=190mm) | 107
——Maxwellian(Y=190) “Q%%e
——EXC process
——DE process
1014 . . A ; ! : 11018
0 10 20 30 40 50 60 70

Electron Energy (eV)

Fig. 10 Typical non-Maxwellian EEDF calculated in the driver
region (Z = 90mm and ¥ = 190 mm), Maxwellian
distribution function with 7, = 3eV and n, = 3.0 X
10" m~3, rate coefficient of the electron impact excita-
tion of atom from ground state (EXC) to excited state
p = 3 and rate coeflicient of the dissociative excitation
of ground state molecule (DE) which produces atoms in
excited level p = 3.

bution to the both EXC and DE. This results in the high
population ratio for excited atoms with principle number
p = 3 and, therefore, the high H, line intensity in the up-
per end of the driver region.

Figure 11 shows the H, line intensity obtained in the
spectrometry and in the calculation. The spatial (longitu-
dinal) profile of the H density averaged along the line of
sight is also shown in the figure. The spatial profile of H,
line intensity calculated from the H° density profile (blue
circles) is in the same order with that of the H,, line inten-
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Fig. 11 Comparison of H, line intensity observed from the
viewing port in the spectrometry and in the present cal-
culation.

sity obtained from the spectrometry (red triangles). The
absolute values of the line intensity obtained in the cal-
culation and in the spectrometry are both in the order of
10'3 photons/s. On the other hand, spatial profile of the H’
density is different from that of the H, line intensity in the
upper region. Moreover, non-uniformity of the H® density
is weaker than that of the H, line intensity in the negative
ion extraction region (Y = —170-170mm). This differ-
ence is due to the enhancement of the population ratio for
p = 3 level by the non-Maxwellian component of EEDF
as shown in Fig. 10.

5. Summary

The atomic (H°) density profile has been obtained
with the effects of transport, ionization processes and the
non-Maxwellian component of EEDF. It has been shown
that non-uniformity of the H® density profile in the driver
region takes place due to the non-uniformity of the H pro-
duction rate even with the effect of flattening by transport
and ionization loss.

From the HC density, the H, line intensity profile
which can be seen from each viewing port has been cal-
culated in the driver region. The H,, line intensity obtained
in the calculation shows a good agreement with that ob-
tained in the spectrometry. It has been shown that the non-
uniformity of the H, line intensity is stronger than that of

the H® density profile. This is because the fast electrons
with the energy larger than 20 eV enhances the excitation
processes of ground state atoms and molecules which pro-
duces excited atoms with the principle number p = 3 and
the resultant H, line intensity.

From the non-uniformity of H° atoms, the surface pro-
duction of the negative ion (H™) and the resultant extrac-
tion physics of H™ will be investigated in the future to un-
derstand the H™ beam non-uniformity.
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