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Abstract

The effect of H2 transport on the onset of MAR in the relatively lower plasma parameter regime of a detached state

(ne ¼ 1� 1019 m�3, Te ¼ 1 eV) is investigated theoretically. The vibrationally excited molecular densities and the degree

of MAR are evaluated by using a 1-D Monte Carlo method (with transport effect), and by solving time-dependent 0-D

rate equations without the transport term (without transport effect), respectively. It is found that the degree of MAR

with transport is smaller than that without transport under the same H2 flow rate. Especially, the degree of MAR is

negligible near the gas inlet. This smaller degree of MAR with transport is due to the lack of highly excited vibrational

molecules which contribute to MAR. The hydrogen molecular density available for MAR is determined by the external

hydrogen molecular source and the outflow due to transport, i.e., a �net� confinement time.
� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The reduction of heat load and particle influx onto a

divertor plate is one of the critical issues to realize steady

state or long pulse operation in magnetic fusion reac-

tors. The detached plasma operation mode [1–3] is

considered to be a promising candidate for the

achievement of this requirement. The detached state is

characterized by the simultaneous decrease of electron

temperature and density, low heat load and decrease of

ion influx toward the divertor plates.

The volume recombination process is one of the

reasons for the reduction of the ion influx onto the di-

vertor plates. Especially the molecular activated re-

combination (MAR) has been predicted to enhance the

recombination rate in many theoretical models [4,5]. It is

considered that MAR consists of two channels; (i) neg-

ative ion production: H2ðvÞ þ e! H� þH, followed by

H� þHþ ! 2H, and (ii) molecular ion production:

H2ðvÞ þHþ ! Hþ
2 þH, followed by Hþ

2 þ e! 2H. The

effect of MAR has been verified in the linear machine,

NAGDIS-II [6]. However, the effect of MAR has not

been observed clearly in tokamaks [7].

The discrepancies between theories and tokamak

experiments, or experimental results obtained with dif-

ferent types of devices are due to underlying parameters

essential for the effect of MAR such as the plasma

density and temperature, the hydrogen molecular

source, and the confinement times of ions and neutrals.

Thus, it is important for a comprehensive explanation of

MAR to clarify the conditions under which MAR be-

comes effective.

For the relatively higher plasma parameter regime

(ne > 1:0� 1020 m�3, Te � a few eV), it is reported that

the effect of the re-ionization of excited atoms and the

conversion of Hþ
2 into Hþ þH are essential processes

for the onset of MAR [8,9]. This physical mechanism

explains well the reason why the onset of MAR does not

appear in tokamaks.

On the other hand, for the relatively lower plasma

parameter regime in a linear machine (ne � an order of

1019 m�3, Te5 1 eV), it has been recently reported that
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the H2 flow rate plays an important role for the transi-

tion from electron-ion recombination to MAR in the

volume recombination process [10]. The relation be-

tween the H2 flow rate and the onset of MAR is also

pointed out in Ref. [11].

The H2 flow rate corresponds to a hydrogen molec-

ular source. In the particle conservation of hydrogen

molecules, the outflow during transport should be si-

multaneously taken into account. In order to clarify the

MAR physics in the relatively lower plasma parameter

regime, we investigate the effect of hydrogen molecular

transport on the onset of MAR. In relation to the

transport effect, the correlation between the H2 flow rate

and the onset of MAR is also reported in this paper.

2. Numerical model

The rate equations for vibrationally ground and ex-

cited state molecules are generally given by

o

ot
nH2

ðvÞ ¼ SðvÞ þ Cin � Cout: ð1Þ

The term SðvÞ is the source/sink due to atomic and
molecular processes. The term Cin is the molecular

source which is externally introduced by gas puffing,

while the term Cout corresponds to the outflow of mol-

ecules by their transport. Two cases with/without the

transport term Cout are compared to investigate the effect

of molecular transport on the onset of MAR.

The spatial distributions of H2(v) densities and the
recombination rate due to MAR are numerically eval-

uated by using a Monte Carlo method [12] for the case

with transport. From the assessment of the relaxation

times of the population (�60 ls for ne ¼ 1:0� 1019 m�3,

Te ¼ 1 eV) and the residence time (�100 ls), the tra-
jectories of each vibrationally excited molecule are

followed separately [13,14]. An illustration of the cal-

culation model is shown in Fig. 1. A simple one-

dimensional flow direction is modeled. Thus, hydrogen

molecules are introduced from the one side and flowed

out of the other side. As for the vibrationally excited

molecular source term Cin, hydrogen molecules in the

vibrationally ground state are assumed to be provided

by gas puffing. The vibrationally excited state molecules

are generated from the vibrationally ground state by

electron impact excitation/de-excitation. The vibration-

ally excited molecules are assumed to move with the

velocity of room temperature. As a typical lower plasma

parameter regime of the detached state, the plasma

density and the plasma temperature are taken to be

1� 1019 m�3 and 1 eV, respectively. The atomic and

molecular processes taken into account in the present

model are listed in Table 1. The excitation and de-exci-

tation of H2(v) through excitation to the electronically
excited states are not taken into account since this pro-

cess is negligible in the low electron energy region

(electron energy < 12 eV) [15].

The vibrationally excited molecular densities without

transport are evaluated by directly solving the rate

Fig. 1. An illustration of the calculation model. The term Cin is

the molecular source which is externally introduced by gas

puffing, while the term Cout corresponds to the outflow of

molecules by their transport.

Table 1

Atomic and molecular processes included in the present model

Processes Reaction formulae

1. Excitation/de-excitation (Dv ¼ 1) eþH2ðvÞ ! eþH2ðvþ 1Þ
2. Dissociation eþH2ðX1Rþ

g Þ ! eþH2 	 ðb3Rþ
u ; a

1Rþ
g ; and c

1PuÞ ! eþHð1sÞ þHð1sÞ
3. Ion conversion H2ðvÞ þHþ ! Hþ

2 ðvÞ þHð1sÞ
4. Dissociative attachment H2ðvÞ þ e! H� þH

5. Mutual neutralization H� þHþ ! Hðn ¼ 2Þ þHð1sÞ
H� þHþ ! Hðn ¼ 3Þ þHð1sÞ

6. Dissociative recombination Hþ
2 ðvÞ þ e! Hð1sÞ þHðnÞ

7. Electron impact detachment H� þ e! Hð1sÞ þ eþ e

The data is obtained from Refs. [18,19].
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equation (1) without the transport term Cout. The initial

Hþ density is assumed to be equal to the initial electron

density. As for the H2 source term Cin, the hydrogen

molecules in the vibrationally ground state are assumed

to be provided by gas puffing, which is similar to the case

with transport. In the present calculations, the initial H2

density is set to be zero. Thus, the vibrationally excited

state molecules are generated from the vibrationally

ground state by electron impact excitation/de-excitation.

The numerical solutions are obtained by using Gear�s
method.

3. Results and discussion

To quantify the degree of MAR, we define the en-

hancement factor of the recombination rate by

ðmMAR þ mRþ3Þ=mRþ3, where mMAR is the recombination

rate due to MAR and mRþ3 is due to radiative and three-
body recombination. The rate coefficients of radiative

and three-body recombination are taken from Ref. [16].

The effect of the re-ionization of excited atoms as

described in Section 1 were examined prior to the pre-

sent analysis. We verify that this re-ionization effect is

quite small as far as the present calculation condition is

concerned. Whether the re-ionization of the excited

atoms becomes effective or not strongly depends on the

plasma parameter regime. The details will be reported

elsewhere.

The spatial distributions of this enhancement factor

with/without H2 transport are shown in Fig. 2. The flow

rate of hydrogen molecules for the case without trans-

port is determined to become the ratio nH2
=ne � 0:1 in

the quasi-steady state, where nH2
is the sum of densities

of the vibrationally ground and all excited states, i.e.,

nH2



P14

v¼0 nH2ðvÞ. As for the case with transport, the

following two cases of the flow rates are investigated:

Case I flow rate ¼ 4:2� 1020 s�1 (this value is the same

as that without transport).

Case II flow rate ¼ 1:1� 1021 s�1 (the ratio nH2
=ne is

the same as that without transport).

The enhancement factor is evaluated to be 8.7 with-

out transport. Moreover, the channel through negative

ion production is dominant in MAR. In Ref. [4], it is

reported that (i) the enhancement factor is estimated to

be 30, and (ii) the dominant channel of MAR is mo-

lecular ion production rather than negative ion pro-

duction. This discrepancy is caused by the smaller rate

coefficient of ion conversion due to the lower H2 energy

in the present model. In fact, both the enhancement

factor and the dominant channel of MAR are in good

agreement with Ref. [4] when the H2 energy is 1 eV.

In spite of the same flow rate, the enhancement factor

for case I is less than half of the enhancement factor

without transport all over the calculation region. In

particular, the enhancement factor is approximately 1

near the gas inlet, which means that the effect of MAR is

negligible. For case II, the enhancement factor is larger

than for case I. Although the effect of MAR is also

negligible near the gas inlet, the enhancement factor far

from the gas inlet is as much as the value without

transport.

The spatial distributions of H2(v) densities with/

without H2 transport are shown in Fig. 3. The vibra-

tionally excited hydrogen molecular densities with

transport are much smaller than those without transport

near the gas inlet. The negative ion production effi-

ciency, i.e., MAR is mainly contributed from high vib-

rational states (v= 6). Therefore, the reason why the

effect of MAR is scarcely appeared near the gas inlet

with transport is the lack of highly excited vibrational

molecules. The vibrationally excited molecular densities

increase away from the gas inlet through excitation/de-

excitation by electron impact, whereas the ground state

molecular density decreases. However, the vibrationally

excited molecular densities are one-third as large as the

densities without transport. These smaller vibrationally

excited molecular densities result in the smaller effect of

MAR away from the gas inlet for case I.

Fig. 2. The spatial distributions of the enhancement factors of

recombination due to MAR with/without H2 transport are

compared. For the spatial distribution H2 with transport, two

cases of H2 flow rate are shown: The H2 flow rate is the same as

that without transport for case I, while the ratio nH2
=ne is the

same as that without transport for case II.
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The relation between the hydrogen molecular density

available for MAR and the transport effect can be ex-

plained as follows: the transport term Cout is given by

Cout ¼ nH2
ðvÞ=s, where s is the confinement time of hy-

drogen molecules. In the quasi-steady state, the sum of

Eq. (1) over all the vibrational levels leads to

0 � �
X

v

fSDAðvÞ þ SICðvÞ þ SdissðvÞgnH2
ðvÞne þ Cin

� nH2

s
; ð2Þ

where SDA, SIC, and Sdiss are the rate coefficients of dis-
sociative attachment, ion conversion, and molecular

dissociation, respectively. Let us define the average sink

due to these collisional processes as

ðsin kÞav 

P

vfSDAðvÞ þ SICðvÞ þ SdissðvÞgnH2
ðvÞne

nH2

: ð3Þ

By substituting Eq. (3) into Eq. (2), we obtain

nH2
¼ Cin

ðsin kÞav þ 1=s
: ð4Þ

It is explicitly shown in Eq. (4) that the hydrogen

molecular density available for MAR depends on the

source term Cin and the confinement time. The hydrogen

molecular density becomes smaller by a factor of 1=s
due to the transport effect. The value of ðsin kÞav is es-
timated to be 1–2� 103 s�1 under the present calculation

conditions. On the other hand, the value of 1=s is esti-

mated to be �1=ð0:2 m=1:1� 103 m=sÞ ¼ 5:6� 103 s�1

on the assumption that hydrogen molecules move with

the velocity of room temperature. Therefore, the trans-

port effect on the hydrogen molecular density is re-

markable. It is also suggested by Eq. (4) that the amount

of H2 flow rate should be increased to make MAR be-

come effective. This is apparent from the comparison of

the enhancement factor of the recombination rate be-

tween the case I and the case II as shown in Fig. 2.

4. Summary and future plan

We focus our study on the neutral transport effect as

one of the important parameters for the onset of MAR

under the relatively low plasma parameter regime (ne �
an order of 1019 m�3, Te5 1 eV). The effect of hydrogen
molecular transport on the onset of MAR is investigated

theoretically. The vibrationally excited molecular den-

sity and the recombination rate due to MAR are eval-

uated by using a Monte Carlo method (for the case with

transport) and solving time-dependent 0-D rate equa-

tions (for the case without transport). A simple 1-D flow

direction is modeled for the case with transport. It is

found that the degree of MAR with transport is smaller

than that without transport under the same H2 flow rate.

Especially, the degree of MAR is negligible near the gas

inlet. This difference in the degree of MAR is attributed

to the hydrogen molecular density in high vibrational

states. The hydrogen molecular density available for

MAR is determined by the both the external hydrogen

molecular source and the outflow due to transport, i.e., a

�net� confinement time of hydrogen molecules. There-

fore, the onset of MAR cannot appear if an amount of

the H2 source is not enough to compensate the outflow

of hydrogen molecules. The reason why the onset of

MAR strongly depends on the H2 flow rate in a linear

device seems to be the net confinement time of hydrogen

molecules. For comparison with experimental results, it

is required to model neutral transport in more detail.

For example, in the present model, hydrogen molecules

are assumed to be provided in the ground state. How-

ever, it is reported that hydrogen molecules are desorbed

in the vibrationally excited states from the surface of

tungsten [17] which is used as a material of the divertor

plate. Improvement of the neutral transport model will

be carried out in the future.
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