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Double charge transfer processes of impurity
ions with hydrogen molecule in steady-state

plasma and edge region of Tokamak
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The charge transfer process is one of the dominant processes in plasmas with high neutral
abundance, e.g., the edge region or divertor of tokamak plasmas. Recently, double charge transfer
processes of multiply charged ions with molecules are of great interest, because it was reported
that a certain process (H<:24“+H2 -> He*+H*+H?) has a large cross section. In this case, the cross
section is larger than single one in low energy collisions (E<1000eV) and observed to be the
Langevin type; the cross section is proportional to E-0-5 and kept large even under low temperature
conditions.

We have then considered possibilities of large cross sections for double charge transfer
processes of carbon ions (dominant impurities in present fusion oriented plasmas) in collision with
H,. According to Over-the-Barrier Model, double charge transfer of C3+ (C3++H,, ->C**+H*+H*)
is expected to be similar to Hesz-H2 process on the analogy of recombination energies of He2+->
He[1s31] (55.9eV) and C3+->C+*(50 ~60eV), which can be regarded as ener getically resonant.
However, the cross section for this process has not been measured, though that for single charge
transfer was already reported.

In this study, we have tried to find that the double charge trans fer process in (33“‘-H2 collision
has a large cross section in low energy collisions and plays an important role in the edge region of
tokamak plasma with spectroscopic method.

First, pulsed H, gas injection experiment was carried out in TPD-II steady-state plasma
apparatus (T,~5eV, n_~10'%cm-3), which produces a carbon doped helium plasma, to
investigate charge transfer processes of carbon ions with neutrals. Immediately after the start of H,
gas injection, emissions of hydrogen lines and molecular bands begin to be enhanced obviously.
The inelastic collisions of electrons with H and H, cause a rapid fall of electron temperature in the
target plasma. Since this fall of electron temperature decreases electron impact excitation rates,
most of the line emission intensities of helium, carbon, and their ions in the target plasma decrease
rapidly in a few milliseconds. However, CII line emissions in doublet states show anomalous
enhancements and were investigated in detail under two operating modes: a mode with a high
abundance of C3* in the plasma (C*: C2+: C3+ =10: 8: 4) and a mode with a low abundance of C3+
(10: 7: 1). These two modes are defined by controlling a flow of CO gas introduced into the
plasma. The observed intensities of CII doublet lines, e.g., 54.3nm (2p2P-6d2D) and 657. 8nm
(3s28-3p?P), increase rapidly with significant dependence on the abundance of C3+. These
increases appear so fast (in a few milliseconds) that the three-body and radiative recombination
. processes of C2+ may not take place. Furthermore, dependence on the abundance of C3+ also
suggests that the enhancement of CII doublet lines are not due to recombination processes of C2*,
but of C3+. While in quartet transitions of C II, line intensities decrease after the gas injection
similarly with other Hel, Hell, CIII, and CIV lines and are almost independent of the C3+
abundance. These results, which show the significant influence of the C3+ concentration on the
CII line intensities, are the evidence that a charge transfer of C3+ causes the enhancement of CII
doublet line emission.
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Then, spatial distributions of line emissions were measured to identify whether a charge transfer
process takes place with H or H,. Enhanced CII line emissions are distributed in a hollow shape,
though all of the carbon line emissions have a Gaussian like distribution in the steady-state.
However, H  emission has a Gaussian-like distribution which is obviously narrower than that of
the enhanced CII lines. The CII hollow distribution thus implies that the increased CII line
emissions are not attributed to a charge transfer with H. On the other hand, H, is distributed in a
hollow shape because the H  emission indicates decay of H, by the target plasma. The double
charge transfer of C3* with H, is therefore thought to cause enhancement of CII doublet lines after
the H, gas injection.

The total rate coefficient which causes the enhancement in CII line emissions was estimated to
be 3+2X 108cm3s-1. This rate is in relatively well agreement with the value (2X 10 -8cm3s1)
predicted with the Langevin cross section, and equivalent to the cross section of ~10-14cm? in
several eV.

In addition, one important characteristic of charge transfer process is a selectivity of capturing
electronic state. As contrast with the clear state-selective capture in H<32+-H2 collision, the product-
states in doublet configuration show a gradual dependence on the excitation energy. However ,
there is an large difference between the doublet and quartet states. An electron seems to be mainly
captured to a doublet state.

Based on the above observations, we have investigated the contribution of this double charge
transfer process in the edge plasma of JIPP T-IIU tokamak.

UV-Visible spectroscopic system was used to observe line emissions from the edge plasma of
the JIPP T-ITU. One difficulty is in the measurement of concentration of H, at the edge region
because of its weak band emissions. In this experiment, concentration of H, (~10°cm-3) was
estimated from observation of Hel lines in H,/He discharge with the well established double
charge transfer cross section in Hez‘*-H2 collision. CII line emissions are measured from Omsec to
20msec after the breakdown of the discharge. As impurities are successively ionized with
increasing of T, and n,, population densities of an ion are governed dominantly by electron impact
excitation processes (ionizing phase). CII spectral distribution in the jonizing phase is therefore
regarded as a reference distribution which is not affected by recombination processes, particularly
by charge transfers with H and H,,.

From 60msec after the breakdown of the discharge, the plasma current is kept constant (current
plateau phase) with the plasma parameters of T,=1.5keV and n =1.5X 1013¢m3 at the plasma
center. In this phase, recombination processes are expected to have large effects on the ionization
balance and spectral distributions. The difference between the CII spectral distributions in the
ionizing and the current plateau phase thus corresponds to the influence of charge transfer
processes. Of course, each absolute line intensity of CII changes significantly from the ionizing
phase to the current plateau phase as plasma parameters change. However, variation of each
absolute line intensity is not important to find out the contribution of recombination processes for
our spectros copic observation. The variation of CII spectral distribution shows two obvious
characteristics: first, it is significant that the ratios of doublet lines are largely different from those




of quartet lines, secondly the ratios of doublet lines show a gradual dependence on excitation a
energies. The CII spectral distribution at the edge plasma of JIPP T-IIU tokamak was compared )
with the result of H, gas injection experiment in TPD-II apparatus. Fairly good agreement between

the two observations shows that the change in CII spectral distribution is mainly caused by the |

double charge transfer of C3+ with H,. 1

It is concluded that the Langevin-type double charge transfer processes (C3+ -H, and He?+ -H,) ‘
are thought to be dominant recombination processes in the edge region of high temperature plasma ,,
and divertor plasmas. S
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