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Abstract

Plasma recombination phenomena were observed in the interactions of hydrogen or hydrocarbon gasses with low

temperature helium plasma stream along the longitudinal magnetic field, which simulated the divertor region. The

reduction of the ion saturation current implies the existence of molecular activated/assisted recombination (MAR)

processes. The recombination efficiency is much stronger in the methane and ethane than in the hydrogen injection case,

namely, He � H2 � CH4 < C2H6. In order to clarify the dominant processes in the hydrocarbon-enhanced MAR

phenomena, spectroscopy on the A2D–X2P band of CH radical was conducted. In the electron temperature lower than

about 6 eV, the dominant dissociation and emission processes of the CH radicals have qualitatively been revealed to be

related to their charge exchange with bulk ions, which can be followed by the dissociative recombination with elec-

trons.
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1. Introduction

Volumetric recombination processes in experimental

fusion edge plasmas have been recognized as being rel-

evant to plasma detachment phenomena, which drasti-

cally reduce particle and heat fluxes to the wall [1].

Atomic and molecular processes, which play a crucial

role in achieving the detached condition, have been

studied comprehensively in linear divertor simulators

[2,3]. Conventional electron-ion recombination (EIR)

for high density (�1013 cm�3) cold (�1 eV) plasma and

recently recognized molecular activated/assisted recom-

bination (MAR) associated with vibrationally excited

hydrogen molecules in higher temperature (<2–3 eV) are

regarded as the main mechanisms [4]. Recently, Janev

et al. predicted that the ionization of hydrocarbon

molecules CxHy due to charge exchange with bulk ions

leads to an enhanced dissociative recombination with

electrons in a higher temperature regime (<8 eV) [5].

This could be another type of MAR process and expand

the operation temperature window for divertor detach-

ment up to around 8 eV. The condition, under which

this hydrocarbon MAR is responsible, is that the charge

exchange ionization of hydrocarbon radicals should be

more frequent than the electron impact ionization, since

the latter cannot drastically enhance the recombination

other than lowering the electron temperature, while the

former can act as a catalysis to transfer more electrons

to bulk ions throughout the dissociative recombination

cycles of the hydrocarbon radicals.

For the purpose of identifying the dissociation pro-

cesses of hydrocarbon radicals, intensities of the CH

band spectra, mostly radiative transition A2D–X2P
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around 430 nm, can be used together with some disso-

ciation and emission models.

This paper studies the MAR phenomena observed in

a variety of gas injection experiments in the helium

discharges. After a brief description on the experimental

setup in Section 2, the decay of the ion saturation cur-

rent along the plasma column and its dependence on the

neutral pressure are investigated with the injection of

methane (CH4) and ethane (C2H6), in Section 3. The

comparison with the helium (He) or hydrogen (H2) in-

jection case is provided. In Section 4, the CH band

emission is measured and compared with the calcula-

tions using two major dissociation and emission models,

charge exchange and electron impact chains. Finally, the

main conclusions are summarized in Section 5.

2. Experimental setup

The diagnostics as well as the target chamber of the

divertor/edge plasma simulator, MAP-II (Material and

Plasma), is schematically shown in Fig. 1. Plasma stream

with a diameter of about 5 cm along a longitudinal

magnetic field of about 0.02 T are generated in an arc

source region between a flat LaB6 cathode plate and an

anode pipe. The plasmas are transmitted to a gas target

chamber at a distance of 1.5 m from the plasma source

and finally terminated at the floating target plate. Al-

though a differential pumping system enables a good

pressure isolation between the source chamber and the

target chamber connected with a drift tube [6], the gate

valve on the former, GV1, was closed to lower the

electron temperature at the entrance of the target

chamber for the detachment experiments. In contrast,

with GV1 open, the electron temperature Te as well as

the electron density ne can be controlled over a wider

range by an additional helium puff into the target

chamber. This option is suitable for the spectroscopic

study.

The Langmuir probe system consists of three tung-

sten electrodes located at distances of 5, 25 and 35 cm

from the entrance of the target chamber, which referred

to P1 (upstream), P2 (midstream) and P3 (downstream),

respectively. The probe electrodes were often cleaned by

both positive and negative biasing with hydrogen puffing

to avoid contaminations by hydrocarbon radicals. For

spectroscopy, a 1 m Czerny-Turner monochromator with

a 1200 graves/mm grating equipped with a photo-multi-

plier tube was used. The wavelength resolution is about

0.042 nm at 50 lm slit width. An object lens collects light

from the line-of sight across the plasma stream focusing

on the region 2 mm in diameter where the probe P2 is

located.

3. Rapid decay in the ion flux by molecular gas injections

In this study, a discharge voltage and current were set

to 70 V and 45 A, respectively. Operations with GV1

closed were applied to achieve low temperature experi-

ments for the MAR studies in the helium plasma stream.

Firstly, the evolution of ne and Te as increasing helium

gas pressure in the target chamber is shown in Fig. 2(a)

and (b) as a reference for the different gas puffing ex-

periments. The helium base pressure without additional

gas puff was 6.3 mTorr, yielding Te at P1 about 4 eV.

With additional helium puffing to 22 mTorr, Te at P1 can

be even lowered to 2 eV. A small increase in ne at P1 can

be seen in the first half of the pressure scan in which

slightly more ionization occurs in the target chamber as

the base pressure increases. Moderate decays in ne along

the column are mainly due to the radial diffusion and

may partly be due to the EIR in the cold peripheral

region, while that in Te due to the electron-ion and

electron-neutral inelastic collisions.

When the molecular hydrogen is puffed in the target

chamber, however, the pressure dependences of ne and

Te are different as shown in Fig. 2(c) and (d), respec-

tively. Because of the higher ionization rate than that of

helium, ne increases while Te decreases as the pressure

increases below 8 mTorr. On the other hand, both ne

and Te at P1 and P2 rapidly decrease when the neutral

pressure increases in the range from 8 to 14 mTorr.

Because the radial diffusion behavior in the cases of

small amount of hydrogen additional injection may not

be much different from that in the pure helium case, this

ne reduction can be explained by so-called volumetric

recombination induced by hydrogen molecules, namely

the MAR processes. The fact that the MAR rate exceeds

the ionization rate at about 2 eV may contribute to the

rollover in the ne evolutions.

As seen in Fig. 2(d), Te values at P1, P2 and P3 begin

to increase again when they become close to about 1 eV.
Fig. 1. Schematic view of the vacuum chamber and the diag-

nostic system of the MAP-II device.
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However, there is no apparent physical mechanism to

increase Te, because the plasma discharge region, in

which electrons are accelerated by a discharge voltage, is

far from the target chamber and the source condition is

not much changed by varying the pressure in the target

chamber. This unphysically high Te evaluation is caused

by the distorted single probe I–V characteristics,

namely, the decrease of the electron saturation current

as neutral pressure increases. This anomaly in single

probe characteristics has widely been reported in the

recombining (EIR and MAR) plasmas both in divertors

[7] and in divertor simulators [8], which is considered

due to the plasma impedance between a probe tip and a

reference electrode, and/or by fluctuating space potential

[9]. Thus, we intrinsically regarded that this anomaly

could be a symptom of MAR since plasma parameters

in this experiment is far beyond EIR to be effective.

Therefore, for the purpose of investigating the MAR

phenomena, quantitative comparisons as to ne or Te

measured with single probes are sometimes impossible.

Rather, a relative change of the ion saturation current,

namely ion flux, is supposed to be more desirable to give

a comparison of various gas species on the effect of en-

hanced plasma recombination.

The relative change of the ion saturation current as a

function of the neutral pressure with puffing of helium

(a), hydrogen (b), methane (c) and ethane (d) gasses is

shown in Fig. 3. The initial value mainly corresponds to

the decay in relation to inelastic collisions and the dif-

fusion effect between P1 and P2 or P3. Thus, the de-

pendence of the ratio P2/P1 and P3/P1 on the neutral

pressure mainly indicates momentum loss mechanisms.

As seen in this figure, the relative reduction of the ion

flux can be described in an exponential decay form, and

strongly depends on the type of puffing gas. The e-

folding pressure for (P2/P1, P3/P1) can be deduced as

(44.8, 37.8), (13.2, 8.8), (2.3, 1.4) and (1.6, 0.4) mTorr for

He, H2, CH4 and C2H6, respectively. Similar to the

observations in several divertor simulators, the decay in

the ion flux by a hydrogen puff can be explained by the

hydrogen MAR.

However, much more rapid decay observed in CH4

and C2H6 puffs could imply the existence of the stronger

plasma recombination enhanced by hydrocarbons.

Fig. 2. Evolution of the electron density ne (a) and temperature

Te (b) as a function of neutral gas pressure for the He puff case.

(c) and (d) are for H2 puff cases.

Fig. 3. Evolution of the ion saturation current at P2 (mid-

stream) and P3 (downstream), normalized to P1 (upstream), as

a function of neutral pressure for (a) He, (b) H2, (c) CH4 and

(d) C2H6 puffing series. The values of P1=e denote the e-folding

pressures in mTorr. Note that the pressure scale of (c) and (d) is

expanded compared with that of (a) and (b).
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According to Janev�s calculations, 9.3% and 3.7% of

CH4 and C2H6 concentrations, respectively provide the

same MAR effects as H2 at Te ¼ 1 eV [5]. Although the

differences in the working gas, ambiguity in Te, transport

effects and other atomic and molecular processes as well

as experimental errors should be taken into account for

the integrative quantitative evaluations, the observed

e-folding pressures demonstrate at least a qualitative

tendency of the dependence of the recombination effi-

ciencies on the type of molecular gasses.

Inspired by these observations, a spectroscopic

measurement is performed to confirm if the charge ex-

change ionization of hydrocarbon molecules with bulk

ions exceeded the electron impact processes in dissocia-

tion cycles in this temperature regime.

4. Dominance of CX-DR in low temperature plasma with

hydrocarbon

Hydrocarbon MAR should be initiated from a

charge exchange, Heþ þ CxHy ! He þ CxH
þ
y , and it is

followed by a dissociative recombination, e þ CxH
þ
y !P

k;l Cx�kHy�l þ H. Thus, parametric dependence of the

CH band emission, A2D–X2P, was investigated to find

out experimentally the possibility of the process, shown

in Fig. 4. Background pressure is about 2 mTorr with

GV1 open, and is increased up to 10 mTorr by an ad-

ditional helium puff corresponding to the Te range from

about 10–4 eV, respectively. Partial pressure of C2H6

was fixed at only 0.15 mTorr to minimize the influence

of C2H6 on the plasma conditions. The discharge current

was set to be 30 A. The rotational structure of the

electronic state CH(A) is often characterized by the ro-

tational temperature Trot. The rotational distributions

having rotational quantum numbers K from 2 to 15 in

CH(A) with the vibrational ground state are deduced

from the well separated P-branch spectra, and Q- and R-

branch spectra are reconstructed to check if they re-

produce the observed Q- and R-branches, since there are

some lines in P branch which are contaminated by the

other spectra. It was observed that the rotational dis-

tribution could often be described in bi-Maxwellian

form at Trot�s of about 3000–5000 and 800–1500 K.

Thus, the total CH band emission is determined from

the photon flux expected from a best fit in either Max-

wellian or bi-Maxwellian rotational distribution. Note

that the objective in this study is to clarify if there is a

dominant dissociation process to a lowest order, and not

to determine the hydrocarbon radical fractions or ki-

netics. Therefore, for the data which are not available,

the �shape� of dependence of rate coefficients on Te is

alternatively used, especially in the process related to

C2Hm (m < 6). Data for electron impact processes was

taken from Ref. [10] and for charge exchange from Ref.

[1]. The charge exchange rates of Hþ and Heþ with

ethane as a function of velocity were assumed to be the

same. By varying the residence time of radicals and the

ambipolar diffusion time of ions from 1/3 to 3 of the sim-

ple estimations, the sensitivity to the calculated photon

flux was checked and confirmed that the dependence on

the parameters remained similar.

Fig. 4(a) shows the evolutions of the plasma pa-

rameters at P2 together with that of the line-integrated

A–X emission intensity at the same location as a func-

tion of the helium pressure. Fig. 4(b) gives the com-

parison of the total emission intensities obtained from

experiments with the modeled emissions from EI-DR-

EE only and CX-DRE only for the same plasma pa-

rameters obtained in Fig. 4(a). CX-DRE represents the

CX-DR chain to form an exited state CH(A) while EI-

DR-EE represents the electron impact ionization (EI)

chain followed by a dissociative recombination (DR) to

form a ground state CH(X), then electron impact exci-

tation (EE) to a CH(A). Since the concentration is paid

on the parametric dependence of relative emission in-

tensities in the modeling rather than of the absolute

values, the emissions in the experiments as a function of

those from the modeling should be linear in any plasma

parameters if either EI-DR-EE or CX-DRE is domi-

nant. The linearity can be seen from CX-DRE when Te is

lower than 6–8 eV while no linearity can be found from

EI-DR-EE in Fig. 4(b). This suggests that CX-DRE can

Fig. 4. (a) Evolution of the ne, Te and CH band emission as a

function of the helium pressure. (b) Comparison of the calcu-

lated CH band emission with the measured value. The param-

eters in (a) are applied to two major models, CX-DRE (filled

circle) and EI-DR-EE (open square). Hysteresis seen in the EI-

DR-EE plot shows the discrepancy of the model used in the

calculation.
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be one of the dominant processes contributing to

CH(A)–CH(X) emission.

Although one may think that there are plenty of

dissociation-emission paths, the dependences of the

dissociation-relevant reaction rate on ne and Te may

generally be categorized by these two major processes,

electron impact (EI) and charge exchange (CX). For

example, since the Te dependences of reaction rate for

electron impact ionization (EI) and dissociation (ED)

are similar, the results are not much different even the

electron impact dissociation processes occurs in the EI-

DR chain. Therefore, the process which triggers the

dissociation chain can be dominant. One can also

speculate from the Fig. 4(b) that the deviation from

linearity in the CX-DRE model is mainly in the regime

where Te is higher than 8 eV. Namely, it can be said that

the CX-DR process plays a significant role in the dis-

sociation processes below 6–8 eV. It is also true for the

methane case [11].

5. Summary and conclusions

Strong reduction of the ion flux was observed in

helium plasma discharges with additional gas puffing of

hydrogen, methane, ethane and helium as a comparison.

The hydrogen MAR phenomenon clearly appears when

Te becomes lower than 2 eV. In the hydrocarbon case,

qualitative observations suggest the evidence of the hy-

drocarbon-enhanced MAR processes from the following

facts:

(1) The reduction efficiency of the ion flux is

He � H2 � CH4 < C2H6. This tendency qualita-

tively agrees with the theoretical value.

(2) Te without gas puff, 4 eV, is already in the region

where hydrocarbon MAR is expected to occur.

(3) It was strongly indicated that the CX-DR process

dominates the CH band emission below 6 eV.

However, the number of measurements is limited in this

work and a more quantitative approach, including dif-

fusion kinetics, might be important. Also, C3H8 or

C4H10 injection experiment may give more information

on the evidence of the hydrocarbon MAR processes and

on the divertor detachment scenario in fusion reactors.

These are the subjects of research for the near future.
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