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Abstract

We have performed experiments on detached hydrogen plasmas associated with molecular activated recombination

(MAR) in a linear divertor plasma simulator. Reductions of the ion particle ¯ux and heat load to the target plate were

clearly observed in hydrogen plasmas with the hydrogen gas pu�. Detailed analysis of Balmer series spectra with the

Collisional-Radiative Atomic-Molecular data (CRAMD) code shows that MAR mainly appears as a weak dependence

of the Balmer series emission intensities on experimental conditions in detached hydrogen plasmas. The plasma con-

ditions necessary to obtain plasma detachment through MAR or EIR (electron ion recombination including the ra-

diative and three-body recombination) in tokamak divertors are also discussed. Ó 1999 Elsevier Science B.V. All rights

reserved.
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1. Introduction

Recent experiments in diverted tokamaks and di-

vertor simulators have shown that the volumetric plas-

ma recombination in detached divertor regime plays an

essential role for the reduction of the particle ¯ux and

heat load to the divertor plate [1±3]. In these experi-

ments, continuum and visible line emissions from highly

excited levels can be attributed to EIR in detached

plasmas. On the other hand, a new recombination pro-

cess associated with excited hydrogen molecule, so called

molecular activated recombination (MAR), was theo-

retically predicted in divertor plasma conditions [4±7].

This MAR process is described as follows; (1)

H2(v) + e ) Hÿ + H followed by Hÿ + A� ) H + A

(charge exchange recombination), and (2)

H2(v) + A� ) (AH)� + H followed by (AH)� + e )
A + H (dissociative recombination), where A�(A) is a

hydrogen or an impurity ion (atom) existing in divertor

plasmas. The MAR is expected to lead to an enhance-

ment of the reduction of ion particle ¯ux, and to modify

the structure of detached recombining plasmas because

the rate coe�cient of MAR(KMAR) is much greater than

that of EIR (KEIR) at relatively high Te above 1.0 eV (see

Fig. 8). Our recent experimental results in a linear di-

vertor simulator gave the evidence of MAR, showing the

reduction of ion ¯ux in hydrogen/helium mixture plas-

mas [8]. In a tokamak, the superposition of MAR and

EIR spectra was dicussed in Alcator C-Mod experiments

[9]. However, no systematic experimental investigation

on the hydrogen detached plasmas due to the MAR

e�ects has been done yet.

In this paper, we will present the comprehensive

study on the detached hydrogen plasmas in the linear

divertor plasma simulator of Nagoya University,

NAGDIS-II [3]. The reduction of the ion particle ¯ux
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and heat load to the target plate were clearly observed in

hydrogen plasmas with the hydrogen gas pu�. Detailed

analysis of Balmer series spectra with the Collisional-

Radiative Atomic-Molecular date (CRAMD) code [7]

shows that the in¯uence of MAR is to make the Balmer

series spectral emission insensitive to experimental con-

ditions in detached hydrogen plasmas.

2. Experimental setup

Fig. 1 shows a schematic of the NAGDIS-II, which

consists of a dc plasma discharge region and a divertor

test region equipped with solenoid magnetic coils to

generate a magnetic ®eld strength up to 0.25 T. The

anode and the vacuum vessel are connected to the

ground. Primary gas (hydrogen) was introduced into the

discharge region to generate hydrogen plasmas in a

steady state by the sophisticated dc discharge system,

which is designed to improve the ionization e�ciency

using a cusp magnetic con®guration and a heated LaB6

disk cathode [10]. A generated hydrogen plasma

(ne � 1 ´ 1019 mÿ3, radius �2 cm) ¯ows into the di-

vertor test region.

In the case of an attached plasma, the plasma is ter-

minated by the water-cooled target plate at X� 2.05 m,

where X means the distance from the anode. Neutral

pressure P was measured with capacitance manometers

(baratron gauges) at X� 1.06 m. The P can be varied

from less than 1 mTorr to 30 mTorr by introducing the

secondary gas to the vacuum vessel or controlling the

pumping speed of two turbo molecular pumps. The

changing of P in the divertor test region has little e�ect

on the discharge condition because there is a substantial

pressure di�erence between the discharge and the di-

vertor test regions. Owing to the above reasons, this

device makes it possible to do ¯exible plasma±gas in-

teraction experiments.

Three fast scanning double-probes were located at

X � 0.25, 1.06 and 1.72 m, which are referred to as

`entrance', `upstream' and `downstream', respectively.

Spectra of the visible light emissions were also observed

at the upstream and downstream positions. Heat ¯ux

onto the target plate was measured with the calorimetric

method.

3. Experimental results

Fig. 2 shows the dependence of the heat load to the

target plate on the hydrogen gas pressure P. The dis-

charge current Id was 100 A. With an increase in P, the

heat load is found to drop rapidly, and at P � 7.0

mTorr, to be an order of magnitude smaller than that of

the initial value at P � 1.3 mTorr (without gas pu�).

Radial pro®les of the ion particle ¯ux measured in the

entrance (X� 0.25 m), upstream (X� 1.06 m) and the

downstream (X� 1.72 m) are shown in Fig. 3. The

plasma density at the center of the plasma column is

about 1.0 ´ 1019 mÿ3 at the entrance. At P�4.0 mTorr,

the ion particle ¯ux along the magnetic ®eld is found to

reduce by an order of magnitude from the entrance to

the downstream. When P is increased to 10 mTorr, there

is little change of the ion particle ¯ux in the entrance,

however, the ion particle ¯ux in the downstream be-

comes almost 1/50 as large as that in the entrance. The

change of the ion particle ¯ux is thought to be mainly

due to the change of plasma density because of the weak

dependence of the ion current on the electron tempera-

ture. We can see a strong reduction of the ion particle

¯ux by the addition of a small amount of hydrogen gas.

However, the strong reduction of the ion particle ¯ux

cannot explained by taking account of the particle loss

due to the radial di�usion process alone. This means

that some plasma volumetric recombination process

should occur in the present hydrogen plasma condition.

Fig. 1. Schematic of experimental apparatus, NAGDIS-II.

Fig. 2. Averaged heat load to the target plate as a function of

the neutral pressure P in the divertor test region.
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Fig. 4 shows the spectrum of visible light emission in

the range 355±445 nm observed in the upstream for the

neutral pressure P of 4 mTorr. It is found that no

prominent continuum and series of visible line emissions

from highly excited levels due to the conventional EIR

[3,8] were observed in both upstream and downstream at

any gas pressure. It indicates that the EIR is not re-

sponsible for the reduction of the ion particle ¯ux. Fig. 5

shows the intensities of the hydrogen Balmer series for

n� 3±9 (a,b) and intensities normalized by the intensity

at 656.3 nm (n� 3) (c,d) observed in the upstream and

downstream locations. The intensity decreases with in-

creasing neutral pressure P, which corresponds to a

decrease in the ion particle ¯ux as shown in Fig. 3. On

the other hand, it is found from Fig. 5(c) and (d) that the

distribution of normalized intensities does not change

against the neutral pressure, and is almost the same in

the upstream and downstream, although the ion particle

¯ux (plasma density) is quite di�erent. This experimental

result cannot be explained by the EIR and the electron

impact excitation from the ground state as will be dis-

cussed later. These experimental results suggest that the

plasma volumetric recombination process comes from

the e�ect of MAR.

4. Discussion

The Balmer series spectra were analyzed with the

CRAMD code [7] by adjusting the source of the popu-

lation of the excited state of hydrogen atoms, corre-

sponding to (i) EIR, (ii) electron impact excitation from

the ground state of atoms, and (iii) MAR. Fig. 6(a)

shows the calculated results with the CRAMD code at

Te�2.0 eV, ne�5 ´ 1018 mÿ3 and the neural hydrogen

molecule density �1 ´ 1020 mÿ3, which corresponds to

the experimental condition in Fig. 3(a). Open triangles,

closed triangles, and open squares show the contribu-

tions of MAR, the electron impact excitation, and EIR,

respectively. All emission intensities are found to come

from the contribution of MAR due to the high con-

centration of hydrogen molecules. Electron impact ex-

citation and EIR have little e�ect on the emission

intensities. Fig. 6(b) shows the calculated intensities

normalized by the intensity at 656.3 nm (n� 3) as pa-

rameters of the electron temperature and density. The

variation of the emission intensities through n� 3±9 has

Fig. 4. Visible light emission spectra from the hydrogen plasma

with hydrogen gas pu� at P�4.0 mTorr observed in the up-

stream.

Fig. 3. Horizontal pro®les of the ion particle ¯ux measured at the neutral pressure of (a) 4 mTorr and (b) 10 mTorr. Circles, squares

and triangles are obtained at the entrance (X� 0.25 m), at the upstream (X� 1.06 m) and at the downstream (X� 1.72 m), respectively.
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a very weak dependence on the plasma parameters

within our experimental conditions. These calculated

results gives a qualitative agreement with experimental

data shown in Fig. 5 and also support the hypothesis

that the MAR dominates in the hydrogen plasmas of the

linear divertor simulator.

We now consider detached hydrogen plasma condi-

tions where one would expect either EIR or MAR to

before dominate. The plasma particle loss rate per unit

volume due the MAR and the EIR are described as

KMARne[H2] and KEIRn2
e respectively, where [H2] is the

hydrogen molecule density. KMAR and KEIR depend on

the electron density and temperature. Fig. 7 shows the

electron temperature dependence of the ratio between

the particle loss rate due to the MAR and EIR, that is,

R�KMARne[H2]/KEIRn2
e , as parameters of the plasma

density and the hydrogen gas pressure P. In the present

experimental conditions (P > 1 mTorr), the plasma

particle loss due to the MAR is much greater than that

due to the EIR. In order to realize the plasma condition

where the EIR is dominating, the electron temperature

should be cooled down to less than 0.3 eV. Furthermore,

to realize the detached hydrogen plasma due to the EIR

at a relatively high electron temperature of about 1 eV,

much denser plasma (>5 ´ 1019 mÿ3) with a lower con-

centration of the hydrogen molecules such as that seen

in Alcator C-MOD divertor plasmas [9] would be re-

quired.

Finally, we brie¯y discuss an in¯uence of energetic

electrons (fast electron) on the detached plasma condi-

tion. In the dc discharge system like the present device,

the existence of very small amount of electron beam

components, which can be generated by the primary

electrons from the cathode surface entering the divertor

test region directly, is thought to be a realistic situation,

especially for the hydrogen discharge rather than the

helium discharge because of its higher discharge voltage.

Fig. 8 shows the rate coe�cient for the hydrogen mol-

ecule ionization calculated with the CRAMD code,

taking into account the electron beam density nb of 0.1%

and 0.001% of ne with the beam energy Eb of 20 eV and

ne � 1018 mÿ3. A small amount of electron beam

component gives a strong enhancement of the ionization

process at the electron temperature less than about 2 eV.

If the electron beam density nb is more than 0.1% of ne,

even at the electron temperature less than 0.3 eV, the

Fig. 5. Dependence of emission intensities of Balmer series as a function of the wavelength in (a) upstream and (b) downstream as a

parameter of P, and normalized intensities by the intensity at 656.3 nm (n� 3) in (c) upstream and (d) downstream.
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ionization due to the electron beam component cancel

out the plasma particle loss due to the EIR. In order to

get a deeper understanding of the detached hydrogen

plasma, it is necessary to measure the energy distribution

of electrons more precisely.

5. Conclusion

We have performed the experiments on the detached

hydrogen plasmas associated with the molecular acti-

vated recombination (MAR) in a linear divertor plasma

simulator. Our conclusions are as follows:

1. The reduction of the ion particle ¯ux and heat load to

the target plate were clearly observed in hydrogen

plasmas with the hydrogen gas pu� due to the MAR.

2. Detailed analysis of Balmer series spectra observed in

the detached hydrogen plasmas has been done by

using the Collisional-Radiative Atomic-Molecular

data (CRAMD), which shows that the in¯uence of

MAR is to make the Balmer series spectral emission

intensities a weak function of plasma conditions. The

weak dependence of the Balmer series emission inten-

sities on the plasma density and temperature is found

to be consistent with experimental results.

3. In order to realize the detached hydrogen plasma

where EIR is dominating in the present divertor sim-

ulator, much higher density plasma or e�ective cool-

ing of the electrons is required.
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