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Abstract

Electron temperature and density of a hydrogen plasma are measured using laser Thomson scattering in divertor sim-
ulator MAP-II. Population of hydrogen atom calculated using the temperature and density are compared to that obtained
from Balmer series emission spectroscopy, showing molecular assisted recombinations (MAR) contribute to populating
process. One of the MAR, mutual neutralization following negative ion production is indicated by increase of p = 3 excited
state, while dissociative recombination of molecular ion ðHþ2 Þ increases p = 4–6 states.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Understanding of molecular assisted recombina-
tion (MAR) processes in divertor plasmas is an
important issue to achieve plasma detachment
[1,2]. In hydrogen plasma, dissociative attachment
(DA) of vibrationally excited molecular hydrogen
followed by mutual neutralization (MN) assists
recombination (referred to as ‘DA-MAR’) as well
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as ion conversion (IC) or charge-exchange (CX) fol-
lowed by dissociative recombination (IC-MAR) [3].
These processes are summarized in Table 1. CX
process in hydrogen plasma is not distinguished
from IC process. On the other hand, suppression
mechanisms of the MAR processes also exist, in
which intermediately produced ions (H� produced
by DA, Hþ2 by IC) are destroyed by high-energy
electron impact, for example. Thus measurements
of the product in the final stage of the MAR are
important as well as those of the intermediate pro-
ducts [4].

Population density of excited hydrogen atom can
be indicative of mutual neutralization, because
.
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Table 1
Molecular assisted recombination processes in hydrogen plasma.
In reaction equation, H2(v) represent vibrationally excited mol-
ecule, H*, an excited atom

Label Reaction

DA-MAR DA H2(v) + e!H� + H
MN H� + H+! H + H*

IC-MAR IC, CX H2ðvÞ þHþ ! Hþ2 þH
DR Hþ2 þ e! HþH�
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hydrogen atom is selectively excited to p = 2,3
states through this process, where p represents prin-
cipal quantum number. However these excited
states are affected by photon absorption from
ground state atom. The effect of IC-MAR should
also be considered, since the process generally has
larger reaction rate than DA-MAR. For example,
rate coefficient of IC-MAR is 6 · 10�11 cm3/s
(vibrational quantum number, v = 0) to 1 · 10�9

cm3/s (v = 4), while DA-MAR, 1 · 10�12 cm3/s
(v = 0) to 4 · 10�11 cm3/s (v = 4) for electron tem-
perature Te = 2.0 eV and electron density ne =
1015 cm�3 [5].

The population is determined by complicated bal-
ance of various atomic processes. In order to extract
the contributions of the MAR processes to the pop-
ulation experimentally, reaction rates for the pro-
cesses have to be evaluated. Thus electron
temperature and density should be measured as well
as hydrogen atom and molecule densities. Investiga-
tion of the recombining plasma requires reliable
measurement methods for electron temperature
applicable to low-temperature recombining plasmas,
since reaction rate in low temperature plasma
strongly depends on the electron temperature. While
Langmuir probe method in recombining detached
plasmas has sometimes anomaly in the current (I)–
voltage (V) characteristics [6–9], laser Thomson
scattering method is supposed to be an alternative
candidate for this purpose. We developed a laser
Thomson scattering system, which is equipped with
a double monochromator to obtain narrow Doppler
broadening, for the measurement of electron temper-
ature in low-temperature recombining plasmas
[10].

In the present paper, hydrogen-MAR in divertor
simulator MAP (material and plasma)-II is investi-
gated in terms of the final-stage product, i.e., excited
hydrogen atom. In Section 2, experimental setup
is described. Results and discussion are presented
in Section 3. Then the paper is summarized in
Section 4.
2. Experimental setup

The experiments were performed in the steady-
state linear divertor/edge plasma simulator, MAP
(Material and Plasma)-II [11–13]. The MAP-II
device consists of two chambers jointed each other
by a drift tube. The plasma, which is generated by
DC arc discharge, is transmitted along an axial
magnetic field of about 20 mT through a first
chamber (source chamber) into a second chamber
(gas target chamber). In the present experiment,
hydrogen plasma in the first chamber is investi-
gated, where relatively high-density plasmas are
maintained.

A laser Thomson scattering system installed in
the MAP-II device is described in Ref. [10]. Here
we describe the system briefly. A frequency-doubled
Nd:YAG laser (10 Hz, 500 mJ, 532 nm) beam is
directed to a plasma with a mirror located beneath
the chamber. A lens with a focal length of 1 m
focuses the beam on the center of the plasma. Scat-
tered light from a scattering volume is collected at
90� to both the magnetic field and the incident laser
beam. An F/4.1 collection lens images the scattering
volume onto a bundle fiber array, which transfers
the light to a double-monochromator. An image-
intensified charge-coupled device (ICCD) detects
dispersed spectra. Wavelength resolution of the
light detection system is 0.13 nm, while spatial reso-
lution is 4.5 mm in radial direction in the present
experiment. Scattering signal of 18000 laser pulses
(30 min) are accumulated for each plasma con-
dition.

Passive spectroscopy of hydrogen atom and mol-
ecule emission also use the same collecting optics,
while the plasma emission collected to a fiber trans-
ferred to a 1 m Czerny–Turner monochromator
with a 2400 lines/mm grating and detected by a pho-
tomultiplier tube. Typical wavelength resolution in
the present experiment is 0.02 nm. Intensity of Bal-
mer series emission from 656 nm (p = 3 excited
state) to 383 nm (p = 9) and Fulcher-a bands
(600–640 nm) are observed.

Spatial distribution is obtained by changing t
he height of the collecting optics, movable range
of which is from the center to r ’ 15 mm, covering
core of the plasma column. To obtain local emis-
sion intensity from line-integrated emission,
Abel inversion method is applied, where integral
is performed up to r = 40 mm corresponding
to radius about twice larger than the plasma
column.
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3. Results and discussion

Radial distribution of the electron temperature
and that of the electron density measured using
the laser Thomson scattering are shown in Fig. 1.
The electron temperature Te(0) = 6.8 eV and the
density ne(0) = 2.3 · 1012 cm�3 in the center are
achieved in a typical discharge condition: a dis-
charge voltage 90 V, a discharge current 30 A, and
hydrogen gas injected to the arc discharge region
with a flow rate 0.34 Pa m3/s. Parabolic curves rep-
resent profile fitting: Te(r) ’ 6.8 � 0.015r2 and
ne(r) ’ 2.3 · 1012 � 0.67 · 1010r2, showing zero-
cross points, Te ’ 0 at r ’ 21 mm and ne ’ 0 at
r ’ 19 mm. Although the estimation is naive, these
radii roughly correspond to sum of the cathode
radius (15 mm) and Larmor radius of proton
(7 mm for Ti = 1 eV, for example). Thus we extrap-
olate Te and ne with the parabolic curves to obtain
those of r = 15 mm for input value in calculations.

Since the MAR rates are sensitive to vibration-
ally excited state of hydrogen molecule [14], rota-
tional and vibrational temperatures of hydrogen
molecule are evaluated. In order to obtain these
temperatures, Fulcher-a band emission spectra are
used with measured Te(r) and ne(r) [15]. The rota-
tional and vibrational temperature are determined
to be Trot = 700 K and Tvib = 6000 K, respectively,
where the radial distribution of these temperatures
are almost constant in the plasma column.

To estimate contribution of MAR to population
of excitation state of hydrogen atom, atom/mole-
Fig. 1. Radial distributions of electron temperature and density
measured by laser Thomson scattering.
cule density ratio (or dissociation degree, equiva-
lently) should be determined. In the present
experiment, it is determined from Balmer/Fulcher
emission ratio [4], and the resulting atom/molecule
density ratio is about F = 0.35 ± 0.1 inside r =
15 mm. Then the densities of atomic and molecular
hydrogen, nH and nH2

, respectively, are determined
by following equations:

F ¼ nH=nH2
; ð1Þ

p ¼ nHT H þ nH2
T H2

: ð2Þ

Total pressure, p, is considered as that measured
at the chamber wall, p = 1.2 Pa. Atomic tempera-
ture, TH, is assumed to be 0.6 eV, while molecular
temperature, TH2

, is the same as the rotational tem-
perature, 700 K. Here we chose the atomic temper-
ature so as to be enough higher than the molecular
temperature and to be enough lower than dissocia-
tion energy of molecular hydrogen. Thus the atomic
density nH = 9.8 · 1012 cm�3 and molecular density
nH2

= 2.8 · 1013 cm�3 are obtained.
With these experimentally obtained temperatures

(Te, Tvib, Trot) and densities (ne, nH, nH2
Þ, densities

of ions (H�, H+, Hþ2 , Hþ3 ) are determined by source
balance equation with charge neutrality condition.
Radial distributions of the ions shown in Fig. 2 indi-
cate a major ion is proton. Substantial amount of
molecular ion Hþ2 produced by IC exists as the inter-
mediate ion of the MAR process, while negative ion
H� produced by DA is minority. We also note that
the density of Hþ3 is the same order as that of Hþ2
and much smaller than proton in the present
experiments. Thus the contribution from Hþ3 related
Fig. 2. Radial distribution of ion and electron densities calcu-
lated from source balance equation. Electron temperature is also
shown for reference.



Fig. 3. Population density dependence on principal quantum
number in r = 0 mm (a) and r = 15 mm (b). Filled square
represents total population from CR model calculation; open
square, electron collision excitation; filled triangle, dissociative
excitation; open triangle, IC-MAR; pair triangle, DA-MAR;
filled circle, Lyman-a absorption; filled diamond, Lyb; open
diamond, Lyc; and open circle, Balmer emission spectroscopy.
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processes to the population of hydrogen atom is
negligibly small.

Then collisional radiative (CR) model is applied
to determine the population density of hydrogen
atom. The CR model is based on Ref. [16], and
includes MAR processes [5]. Ion temperature Ti ’
0.1 Te is assumed for H+ related processes (IC,
MN). Radiative transport is also calculated [17],
where absorption of Lyman series emission up to
p = 10 is considered. Population balance due to
emission and absorption is solved iteratively.

Population densities can be independently deter-
mined only using the Balmer emission intensities in
the same experiment, where radial distribution is
obtained using Abel inversion method. Comparison
between the population densities of hydrogen atom
obtained from the CR model and that from the
emission intensities are shown in Fig. 3, where the
experimental ones are normalized to the calculation
at p = 4 state. The calculation well agrees with the
experimental result. Although excitation from
ground state atom (ex) dominates populating pro-
cess, the total population density is clearly higher
than that from ex process. The population increas-
ing from that of ex process in p > 4 state is mainly
caused by the IC-MAR processes. Contribution of
the IC-MAR process accounts for 14% of total pop-
ulation in p = 6 state, while it decreases in p = 3 and
p P 7 states. Comparing population density in the
center of the plasma (Fig. 3(a), Te = 6.8 eV and
ne = 2.3 · 1012 cm�3) to that in peripheral region
(Fig. 3(b), Te = 3.4 eV and ne = 0.8 · 1012 cm�3),
dependence of the IC-MAR process on Te and ne

is rather weak.
In p = 3 state, while contribution of dissociative

excitation (H2 + e! H + H* + e) follows that of
the excitation from atomic ground state in the cen-
ter of the plasma (Fig. 3(a)), photon absorption and
DA-MAR are secondary important processes in
peripheral region (see Fig. 3(b)). The population
caused by MN, which is known as p = 2,3-selective
populating process, reaches about 18% of total pop-
ulation in the peripheral region. The calculated total
population in p = 3 state is 24% higher than that of
the experiment in the center of the plasma, and 35%
higher in the peripheral region. About the overesti-
mation of p = 3 population, we consider the follow-
ing: (i) The effect of movement of ions is ignored in
the CR model calculation, while the actual ions
move away. Considering the transport of negative
ion [4,18] reduce MN rate resulting in decreasing
of p = 3 population. (ii) The negative ion could van-
ish in mutual neutralization with Hþ3 . Since few reli-
able cross section of the process has been reported,
the process cannot be included in the calculation.
Considering the process as well as the transport of
negative ion will also improve p = 3 population.
(iii) The contribution of radiation transfer (H(1) +
hm13! H(3)), which is also important process in
the population in low electron-temperature and
low electron-density region, is affected by atomic
temperature. The atomic temperature is assumed
to be constant (TH ’ 0.6 eV) from the core plasma
to chamber wall. To check the assumption we calcu-
late the atomic temperature using a Monte Carlo
simulation code developed by Sawada and Goto.
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The code, which includes atom–molecule and mole-
cule–molecule elastic collision, was originally writ-
ten for transport calculation on hydrogen atom
and molecule in the Large Helical Device. Then
TH ’ 0.2 eV out of the plasma column are obtained.
The assumption is partly overestimated resulting in
underestimation of p = 3 population. Therefore this
is not the reason. Quantitative understanding of
p = 3 overestimated population remains to be our
future work.

4. Summary

Electron temperature and density of a hydrogen
plasma are measured using laser Thomson scattering
in divertor simulator MAP-II. Rotational and
vibrational temperature of hydrogen molecule are
obtained from Fulcher-a emission spectroscopy with
the electron temperature and density. Populations of
hydrogen atom are obtained from a collisional radi-
ative model including molecular assisted recombina-
tion (MAR) processes and radiative transfer. The
populations are compared to that obtained from
Balmer emission spectroscopy, showing MARs con-
tribute to populating processes. One of the MAR,
mutual neutralization following negative ion
production is indicated by increase of p = 3 excited
state, accounting for 18% of total population in a
low temperature (Te = 3.4 eV) and low density
(ne = 0.8 · 1012 cm�3) plasma. On the other hand,
dissociative recombination of molecular ion ðHþ2 Þ
increases p = 4–6 states, which reaches up to 14%
of total population even in a relatively high temper-
ature (Te = 6.8 eV) and high density (ne = 2.3 · 1012

cm�3) plasma. Overestimation of p = 3 state popula-
tion implies reduction of MAR rate caused by trans-
port and destruction of hydrogen negative ion.
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