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Molecular activated recombination (MAR) has been clearly observed for the first time in a divertor
plasma simulator. A small amount of hydrogen gas puffing into a helium plasma strongly reduced
the ion particle flux along the magnetic field, although the conventional radiative and three-body
recombination processes were quenched. Careful comparison of the observed helium Balmer spectra
with collisional radiative atomic and molecular data indicates that the population distribution over the
atomic levels with relatively low principal quantum numbers can be well explained by taking the MAR
effects into account. [S0031-9007(98)06573-9]

PACS numbers: 52.40.Hf, 52.25.Ya, 52.20.Hv

Recently, volumetric plasma recombinations have at- Studies of weakly ionized plasmas with high neutral
tracted considerable interest in detached plasmas observpressure, such as discharge for gaseous lasers [10] and
in tokamak magnetic divertors and in linear divertorplasma jets [11], also show that the conversion of atomic
plasma simulators [1-5]. The plasma recombination isons into molecular one as a result of ion-neutral reactions,
expected to play an essential role in strong reduction o&nd electron attachment to the neutrals may drastically in-
ion particle flux along the magnetic field, resulting in acrease the plasma sink due to fast dissociative and charge-
decrease in the heat flux to plasma-facing componentsxchange recombination. However, these conditions are
[6]. Continuum and series of visible line emissions fromquite different from the divertor plasmas.
highly excited levels were observed in detached plasmas The present paper gives the first experimental evidence
in these devices. The analysis of these spectra shows thatt MAR observed clearly in hydrogéhelium mixture
the radiative and three-body recombination (EIR) is im-plasmas. A low concentration of hydrogen molecules
portant for divertor plasma conditions and gives the elecexceeding some critical level in a helium plasma leads to
tron temperaturd’, of less than 0.4 eV in detached pure a strong reduction of ion particle flux along the magnetic
helium plasmas in linear devices [5] and around 1 eV irfield. We have analyzed the population of the excited
detached hydrogen plasmas in tokamaks [3]. states of the helium atom by using collisional radiative

On the other hand, the importance of another recombiatomic molecular data modetRAmD code [9]) to show
nation process associated with molecular reactions, that ithat the intensities of the observed helium Balmar spectra
the molecular activated recombination (MAR) involving a
vibrationally excited hydrogen molecule suchiag(v) +
e — H  + H followed by H- + A™ — H + A, and
Hy(v) + A" — (AH)* + Hfollowedby(AH)" + ¢ —

A + H, whereA™(A) is the hydrogen or the impurity ion
(atom) existing in divertor plasmas, was pointed out in
theoretical investigations and modeling [7-9]. MAR is
expected to lead to an enhancement of the reduction of ion
particle flux, and to modify the structure of detached re-
combining plasmas because the rate coefficient of MAR is
much greater than that of EIR at relatively higlh above
0.5 eV as shown in Fig. 1 [9]. Therefore, in order to con-
trol a huge amount of ion particle and heat fluxes to the
plasma-facing components in next generation fusion de- !
vices intended to have a long pulse or a steady state op- 1 2l , , ) , , ,
eration, a deep understanding of such a detached plasma 0 05 1 15 2 25 3 35
regime associated with MAR effects is one of the most T, [eV]
urgent issues in a magnetic confinement fusion research. o o )
However, no clear experimental evidence of MAR haSFIG. 1. Rate coefﬂmen?s of colhspnal processes as afur)ct!on
been reported so far in a relevant plasma to the divertogf eIectror_l temperature; electron-ion recombination (radlaflve
- . > M nd three-body recombinatiorfz;r, molecular activated re
condition, in which the plasma density is more than aboutombinationSyar, and electron impact ionizatiosi,,, where
10" m~3 and the neutral gas pressure is around 10 mtortthe electron density is assumed tobe 10'8 m3.
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in a hydrogerihelium mixture plasma can be explained population follows the Saha-Boltzmann distribution; that
by the effect associated with MAR, because the MARIs, those excited states above a critical quantum number
produces neutrals in a low excited or ground states irin ~ 5) are in local thermodynamic equilibrium (LTE)
contrast to the case of EIR where originated neutrals are iwith free electrons in the plasma [5]. Analysis of the pho-
highly excited states. ton energy dependence of the continuum emission intensi-
The experiment was performed in the linear divertorties also provides the same valueTof[5].
plasma simulator NAGDIS-II [12] as shown in Fig. 2.  When a hydrogen gas was introduced into the he-
Helium plasmas are produced by the modified TP-D typdium plasma at a low hydrogen gas concentration as
dc discharge [12]. The neutral pressuitén the divertor shown in Fig. 3(a) at the total pressuref~ 5.5 mtorr,
test region can be controlled from 1.0 to 20 mtorr bycorresponding to the partial pressure of hydrogen gas
feeding a secondary gas and/or changing the pumping0.5 mtorr, the continuum and the series of visible line
speed. The change &fin the divertor test region has no emissions become weak, but can still be observed. They
effect on the plasma production in the discharge region duare similar to that in pure helium as shown in Fig. 3(c).
to 3 orders of magnitude pressure difference between th@n the other hand, the spectrum is found to be changed
discharge and the divertor test regions. Spectra of visibldramatically in Fig. 3(b) when the partial pressure of hy-
light emissions are detected at two different axial positionglrogen gas exceeds a critical level .4 mtorr. There are
of X = 0.92 and 1.58 m from the discharge anode. Twoneither continuum nor series of visible line emissions. It
sets of fast scanning probes are also installed at the samsbows that EIR does not occur at all in this plasma condi-
positions to measure plasma parameters. tion, which means thdf, goes up om, goes down with
First we generated the helium plasma at a discharge cuthe hydrogen gas puff. Radial profiles of the ion flux mea-
rentl; = 50 A without any secondary gas puff, where the sured both in the upstream and the downstream are illus-
electron density:, andT, in the upstreaniX = 0.92 m) trated in the insets of Figs. 3(a)—3(d). The reduction of the
are6 X 10'® m—3 and 3.5 eV, respectivelyP is kept to  ion flux along the magnetic field due to the EIR is found
be 5.0 mtorr, which is a critical value for the plasma to starin the right-hand insets of Figs. 3(c) and 3(d). The reduc-
to detach from the target plate, by controlling the pumpingion rates of the ion flux from the upstream to the down-
speed. In this detached helium plasma regime, our recestream in Figs. 3(c) and 3(d) are almost the same, because
experimental studies have shown that the electron-ion erof a very small helium pressure difference. On the other
ergy exchange process followed by the ion-neutral chargkand, in the inset of Fig. 3(b), we can see a strong re-
exchange is a key to redu@g along the magnetic field to duction of the ion flux by the addition of a small amount
a temperature less than 1 eV, where the EIR occurs, lea@df hydrogen gas associated with the complete quenching
ing to the detached plasmas [13,14]. of the EIR processes. Moreover, the ion flux in the up-
Figure 3 shows the change in spectrum of visible lightstream has already decreased compared to that in the case
emission from 310 through 370 nm observed in the downef the pure helium detached plasma. This means that some
stream ¥ = 1.58 m) with a hydrogen or helium gas puff. plasma volumetric recombination process already starts to
For a pure helium plasma, a continuum and a series afccur in the upstream, whetg is relatively high. This is
visible line emissions from highly excited levels due to thewell reproduced by the one-dimensional fluid simulation
conventional EIR were observed as shown in Figs. 3(cjor the present configuration [15,16]. From these experi-
and 3(d) [5,12]. Detailed analysis of the population dis-mental results, we can conclude that there is the plasma
tribution over the highly excited levels shows thatis  volumetric recombination process coming from the effect
about 0.4 eV by using the Boltzmann relation, because thef the molecular hydrogen (MAR) in our heliythydrogen
mixture plasma.

Test Plasma Region | Discharge The observed helium Balmer series spectra were ana-
{} Secondary Gas (Hz or He)  yb- PF:ien?;O” lyzed with theCRAMD code [9] by adjusting the source of
| X=M.58m _ ]0.92m v Gasry{} the population of the excited state of helium atoms, cor-
(He) responding to (i) EIR, (ii) electron impact excitation from

L]
[
Target 4 Scanning t -

Pligte Y1 probes B the ground state of atoms, and (iii) MAR. It should be

noted that this analysis does not directly involve kinetics
of long living vibrationally excited states of hydrogen
molecules, where an applicability of local collisional-
Optical Ports radiative approximation is questionable [17]. Precise com-

{} e Y {} Anode parison between the experimental spectra and the relative

Cathode line intensities obtained with theRAMD code gives us
TMP |Baratoron Gauge-» (| TMP which is the dominant population mechanism among the
FIG. 2. Schematic of experimental apparatus NAGDIS'“'abISi\:gttQ;Zﬁ ﬁgilgerl:etg.anal ze the helium Balmer series
The running magnetic field strength is 0.25 T. The length of ’ Y

the plasma in the test plasma region is 2 m and the diameté&gPectra inpure helium detached plasma, corresponding
of the vacuum vessel is 0.19 m. to Fig. 3(c) because the basic characterization of bulk
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FIG. 3. (a) and (b): Visible light emission spectra from helium plasmas with hydrogen gas puff and [(c) and (d)] with helium
gas puff. The insets show the radial profiles of the ion particle flux. Closed circles and open ones are obtained in the upstream
(X = 0.92 m) and in the downstrearfX = 1.58 m), respectively.

helium plasmas in the present device should give the basia the dc discharge system like the present device, the
for the later analysis on the helium Balmer series specexistence of a very small amount of electron beam com-
tra in heliunyhydrogenmixture plasmas. Solid circles ponents, which can be generated by the primary elec-
in Fig. 4(a) show the observed intensities of the heliumtrons with the energies somewhat below 100 eV from
Balmer series from ~ 3 to 7 normalized by the intensity the cathode surface entering to the divertor test re-
at 668.3 nmn ~ 3) in the pure helium detached plasma. gion directly, is thought to be a realistic situation, al-
In this case, only EIR and the electron impact excitatiorthough the gas pressure in the discharge region is quite
from the ground state contribute to the population in exhigh. The assumption about a small fraction of the
cited states. Open circles in Fig. 4(a) show the calculatethst electrons allows drastically to improve the match-
results with thecRAMD code at7, ~ 0.5 eV, in which  ing of Balmer series spectra in tipeire helium detached
the variation of intensities from = 3 through 7 is much plasma. Calculated intensities are shown by open tri-
weaker than that observed experimentally. It means thangles and squares in Fig. 4(a) for the electron beam
the EIR alone cannot reproduce the observed distributiodensity n, of 0.1% of n, with the beam energy,

of intensities in such a low,. The high population of of 25 eV, corresponding tos, ~ 10'® and 10" m™3,

low n (n ~ 3 and 4) relative to that of high (» ~ 6 and  respectively. Moreover, a further analysis shows a very
7) corresponds to that the excitation from the ground stateveak dependence of relative Balmer series line intensities
with relatively highT,. However, such a higlf, contra- on E;, within the range~10-50 eV, which is reasonable
dicts the observation of EIR as shown in Fig. 3. Therefrom the value of the discharge voltage, roughly 100 eV.
fore, the observed spectrum cannot be matched with @he ration,/n, changed from 0.1% to 0.001% also gives
single Maxwellian distribution for electrons. However, almost the same variation of line intensities oxer
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AL AR AR AR I A dicts thecRAMD results with the EIR and the electron beam
'F@ o o ::3'5 effect but without the MAR. On the contrary, an inclu-
s o 8 ] sion of the MAR effect, corresponding to open squares in
o1 [ o 2 ] Fig. 4(b), gives a very good agreement with experimental
TE 8 data. Thus, the analysis of experimentally observed Bal-
= F 5 ] mer series spectra in the heliyhydrogen mixture plasma
e o001 b Ee ® Experiment i also support the fact that the MAR becomes dominating in
g E 8 CRAMD wio EB | 3 the experimental environment with the hydrogen gas pres-
- F a) CRavDw EB | sure above 1.4 mtorr.
S 0001 LDemleesilon a0 In conclusion, we have performed the experiments on
s 1F b IS hydrogen gas puffing to the helium plasma to show clearly
E e () o) n=3 3 the MAR for the first time in the divertor plasma condition.
2 o1k o . At a hydrogen gas pressure above some critical level in the
a B 3 helium plasma, the continuum and line emissions due to the
001 L g O 4 ] conventional EIR disappeared, but the strong reduction of
5 :}Expen-mem g.im:orr ion particle flux was observed over a relatively long path
i 4mtorr | ] . g . .
0001 L = O CRAMDEB)wio MAR L] Iengt_h along thg magnetic flelql _assomat_ed with the MAR.
S O CRAMDEB)w MAR |3 Detailed analysis on the intensities of helium Balmer series
. 7 . ) ) ) 3 spectra also indicates that the observed rapid decrease
0.0001 mtmmmtmn o of intensities with the principal quantum number can be

350 400 450 500 550 600 650 700

Wavelength [am] explained only by taking account of the MAR.

The authors express their deep gratitude to Dr. D.J.
FIG. 4. Emission intensities of helium Balmer series fromSigmar, Dr. P. Catto, Dr. O.V. Batishchev, Dr. Y.

(@) pure helium detached plasmarat~ 5.7 mtorr; (b) helium  Uesugi, and Professor R. Cross for their fruitful discus-
and hydrogen mixture detached plasma. In (a), solid circlegjons and M. Takagi for his great technical support for

are experimental data. Open circles are obtained with the . . .
CRAMD code assuming’, ~ 0.5 eV without any nonthermal this experiment.  This work was partly supported by

electrons. Triangles and squares are obtained by taking accoufgrant-in-Aid for Exploratory Research from the Ministry
of the electron beam component, whose densjtys 0.1% of  of Education, Science, Sports and Culture, Japan.
n. ~ 10'% and10' m3, respectively. In (b), solid circles and
solid squares are measured intensitieB at 5.4 and 6.4 mtorr,
corresponding to Figs. 3(a) and 3(b). Calculation by taking
account of the electron beam componentngyn, ~ 0.1%
gives open circles. Open squares are obtained by taking[l] M. Mertens et al., in Proceedings of the 16th IAEA
account of MAR as well as the effect of the same electron Fusion Energy Conference, Montreal, Canada, 1996e
beam component as in the pure helium case. Agency, Vienna, 1997), F1-CN-64/A4-4.
[2] M.A. Mahdavi et al., in Proceedings of the 16th IAEA

We now consider the analysis on the Balmer series Fusion Energy Conference, Montreal, Canada, 1996
spectra in helium plasma with the hydrogen gas puff.  (Ref. [1]), F1-CN-64/A4-3.
Figure 4(b) shows the normalized intensities of helium [3] D- Lummaet al., Phys. Plasmag, 2555 (1997).
Balmer series in this condition. Hydrogen molecules are [4] R- Isleret al,, Phys. Plasmas, 2989 (1997).
assumed to be vibrationally excited by the bulk electrons 2! J- Park, Ph.D. thesis, Princeton University, 1998.

. — g . [6] S.I. Krasheninnikowet al., Phys. Plasma4, 1638 (1997).
with T, ~ 0.5 eV, because the rate coefficient of the vi [7] S.1. Krasheninnikowt al.. Phys. Lett. A214 285 (1996).

brational excitation peaks arourid ~ 1.0 eV. O_n the 8] D.E. Post, J. Nucl. MateR20—222 143 (1995).

other hand, the electron beam component has little effectg] A vu. Pigarovet al., Phys. Lett. A222, 251 (1996).

on the generation of the vibrationally excited hydrogen[1o] D.N. Astadjovet al., Opt. Communa5, 279 (1985).
molecules, because of the low electron beam densjty [11] M.J. de Graakt al., Phys. Rev. E48, 2098 (1993).

of 0.1% of n, and the high beam enerdy, of 25 eV. [12] N. Ezumi et al., in Proceedings of the 24th European
Solid circles and solid squares are experimental data cor- Physical Society Conference on Controlled Fusion and
responding to Figs. 3(a) and 3(b). The distribution of in- Plasma Physics, Berchtesgaden, Germany, 1@9ax-
tensities at a low concentration of hydrogen ga®at Plank Institute fir Plasma Physik, Garching, 1997),
5.5 mtorr is found to be in good agreement with ttraMD 3 \I(IO|E§L}rﬁi;a;r '5" El.uilzzl\iéter 241243349 (1997)
results shovyn by open circles, taking the electron beal 4] N. Ohnoet al., Contrib. Plasma Phys6, 339 (1996).
component into account. On the other hand, at the co

. f hvd b itical | | wh 15] T.K. Soboleveet al.,in Proceedings of the 24th European
centration of hydrogen gas above a critical level wher Physical Society Conference on Controlled Fusion and

the total pressure is 6.4 mtorr, the line emission intensity  pjagsma Physics, Berchtesgaden, Germa(ief. [12]),
from n ~ 4 has already decreased by more than an order  vp. 21A, Part Ill, p. 1053.

of magnitude comparing te ~ 3. This kind of strong [16] D. Nishijimaet al., Contrib. Plasma Phy&8, 55 (1998).
drop of emission intensity with an increasesincontra- [17] D. Reiteret al.,J. Nucl. Mater.241—243 342 (1997).

821




