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Abstract

The negative hydrogen ion density profile is measured in hydrogen molecular assisted recombination (MAR) plas-

mas in the steady-state linear divertor/edge plasma simulator material and plasma (MAP)-II device. Fulcher band spec-

troscopy is also performed for the measurement of the ro-vibrational distribution of hydrogen molecules and the degree

of dissociation. We have developed negative ion diagnostics using a combined scheme of an �eclipse� laser photo-detach-

ment system and a double probe. The former is to avoid probe surface ablation phenomena while the latter is to avoid

the anomaly in the Langmuir probe characteristics in recombining plasmas, which leads to an overestimation of Te.

Negative hydrogen ions are detected in the peripheral regions of the hot plasma column while vibrationally excited mol-

ecules exist in the plasma core. Based on the rate equation, the measured negative ion density is compared with the

results of model calculations.
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1. Introduction

The enhancement of volumetric recombination pro-

cesses in divertor/edge plasmas has been regarded as

being a potentially important scenario in reducing parti-

cle and heat flux onto the plasma-facing components [1].

In past studies, we have investigated volumetric recom-

bination processes in a steady-state linear divertor/edge

plasma simulator material and plasma (MAP)-II device.
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Electron-ion recombination (EIR), represented by three-

body and radiative recombination processes [2], and

molecular-activated/assisted recombination (MAR),

caused by the hydrogen or hydrocarbon [3] molecules,

are of interest with regard to the electron temperature

regime in which the individual processes dominate the

reduction of particle/heat flux.

Qualitatively, the indication of the MAR occurring

through negative ion channels has been observed in

the divertor simulator TPD-IVSHEET [4]. Our previous

work has shown that under �attached� conditions, the

negative ion density first increases with the hydrogen

neutral pressure, and then begins to decrease due to

the decrease of the vibrational temperature, which may
ed.
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be caused by the reduction in the electron energy [5].

When extending this experiment to �detached� condi-

tions, however, quantitative analyses are difficult to per-

form because the Te measurement using a Langmuir

probe, and as a consequence, the ne value, is disturbed

in the recombining plasmas [6,7]. Therefore, the devel-

opment of diagnostics for the purpose of studying

recombining plasma with higher reliability is important.

In the present paper, newly developed diagnostics are

applied to recombining plasmas and the initial results

obtained in the MAP-II recombining plasmas are

presented.
2. Diagnostics for the recombining plasmas

2.1. Combined scheme of eclipse laser photo-detachment

and double probe

In order to measure negative ion density, we have in-

stalled a laser photo-detachment (LPD) system com-

bined with a positively biased L-shaped electrostatic

probe [8]. We have noticed two major problems in the

application of LPD to high-density recombining plas-

mas, namely the ablation phenomena of the probe sur-

face adsorbates [9] and an anomaly that appears in the

single probe characteristics.

Although the ablation can be detected by means of a

negatively biased probe [9], we have developed an abla-

tion-free technique, called Eclipse-LPD [10], as shown in

Fig. 1. A thin wire is installed in the laser channel to

shield the probe tip from the irradiation of the laser

pulse, just as the earth shields the moon from the irradi-

ation of the sunlight during the lunar eclipse.

For the purpose of compensating the single probe

anomaly, we have introduced the following more direct

representation of the relationship between the excess
MAP-II
plasma

shadow

~ 50 mm

Fig. 1. The concept of the eclipse laser photo-detachment

technique.
electron density due to the photo-detachment, D ne, at

the space potential, Vs (=negative ion density), and the

excess electron current, DIe, at the probe voltage, Vp, as

DIeðV pÞ
IeðV pÞ

¼
eS
4
Dne

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8kT e=pme

p

IeðV sÞ
; ð1Þ

where S is the probe surface area, Te in the equation is

measured by a double probe at the same position. It

has been reported that the double probe provides more

reliable values in detached recombining plasmas [7].

Eq. (1) is implicitly based on the assumption that the

dependence of the degree of electron current reduction

due to the plasma impedance and that due to the poten-

tial bursts [7] on the probe bias voltage are equal, even

though both of the values at Vp and Vs exhibit anoma-

lies. On the other hand, the reduction of the excess elec-

tron current is negligible, since the collection area for the

photo-detached electrons is smaller than the laser radius

in our experimental regime [11].
2.2. Spectroscopy for H2-Fulcher band and hydrogen

Balmer series

We have developed an analysis scheme for Fulcher-a
band (d3Pu � a3Rg) spectra from H2 molecules in order

to determine the vibrational and rotational Boltzmann

temperatures, Tvib and Trot respectively, in the ground

electronic state (X1Rg) [12]. Ro-vibrational structure in

the excitation rate is evaluated from the adiabatic

approximation combined with Gryzinski�s semi-classical

electron exchange cross-sections [13].

A collisional–radiative (CR) model is applied to the

H atom. The code is the simplest one in which only

hydrogen atoms can be treated. The dissociative excita-

tion rate of H2 scales to n�6 while direct electron impact

excitation rate of H atoms scales to n�3 where n is the

principal quantum number [14]. This suggests that the

molecular contribution to the Balmer series emission de-

creases as n increases. Therefore, the ratio of H atomic

to H2 molecular densities is evaluated from the ratio

of photon fluxes, e, of Hd to the Fulcher a, namely,

eðHdÞ
eðH2ðd ! aÞÞ ¼

½H �Xeff
1!6ðne; T eÞBðHdÞ

ne½H2�Xd XðT eÞ
; ð2Þ

where Xeff
1!6ðne; T eÞ is the effective cross-section for pop-

ulating to the n = 6 state of the hydrogen atom, B(Hd) is

the branching ratio of the radiative transition and

Xd X(Te) is the total excitation rate of the Fulcher band

based on the coronal model [12].
3. Results and discussion

Plasmas are generated in an arc source region be-

tween a flat LaB6 cathode disk and an anode pipe of
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Fig. 2. (a) Contour plot of the measured negative ion density

profile as a function of the total neutral pressure. Radial

profiles of (b) the negative ion density, (c) the electron

temperature and (d) the electron density for 4.5 and 9.0 mTorr.
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the steady-state linear divertor/edge plasma simulator

MAP-II device. A core plasma stream with a diameter

of about 5 cm is transmitted along a longitudinal mag-

netic field of about 0.015–0.02 T, passing through a first

chamber (source chamber) into a second chamber (gas

target chamber located at a distance of 1.5 m from the

plasma source), and finally terminated at the floating

target plate. A �detached� condition can be achieved by

turning off the differential evacuation of the source

chamber as described in Ref. [3]. A small amount of

hydrogen gas is seeded in the plasma source for diagnos-

tic purposes. Then, H2 is puffed into the target chamber.

The ratio of hydrogen gas to background helium is esti-

mated from the total pressure and the variation of the

helium partial pressure obtained using a quadrapole

mass analyzer. This calculation is necessary because of

the dependence of the pumping speed of the turbo

molecular pump on the total pressure.

A 1 m Czerny–Turner scanning monochromator

equipped with a 2400 grooves/mm holographic grating

and a photo-multiplier tube (PMT) detector is used for

the optical measurements. The typical wavelength reso-

lution in the present work is less than 0.03 nm at a

50 lm slit width.

In this series of experiments, a probe for LPD was lo-

cated at the center of the target chamber where the sight-

line of the spectroscopy was situated. The discharge

voltage and current were 71 V and 30 A, respectively.

The contour plot of the negative ion density versus

radial position (vertical axis) and pressure (horizontal

axis) at the target chamber is shown in Fig. 2(a). The

various total pressure conditions (H2 flow rate to the tar-

get chamber, sccm) are 3.1 (6), 4.5 (33), 5.7 (67), 7.4

(100), 9.0 (133), 11.7 (167) and 14.4 (200) mTorr. The

negative ion density is localized in the peripheral

region of the hot plasma core having a maximum value

around 5 cm, and the value decreases as the pressure in-

creases, as shown in Fig. 2(b). Te and ne profiles for 4.5

and 9.0 mTorr are shown in Figs. 2(c) and (d),

respectively.

Fig. 3 shows the dependence of the measured param-

eters on the gas pressure. The remarkable decrease in the

ion saturation current (a) as the hydrogen gas increases

indicates the onset of MAR processes. This was previ-

ously described in [3] where a comparative investigation

was made between the case of He, H2 and hydrocarbon

puffing into the He background plasma stream. The de-

cay rate of the negative ions around the peak area is sim-

ilar to that of the ion flux. Since the electron temperature

does not change, the ion flux reduction corresponds to

an electron density decay. This observation indicates

that the ratio of the negative ion density to the electron

density does not change during this MAR phase. Ryd-

berg series spectra of He I and H I, which are typical

for the EIR case of Te < 0.1 eV, cannot be observed in

these conditions [2].
The negative ion density is evaluated from a steady

state solution of the following simple rate equation [5]:

nH� ¼ ne

X

06v69

ae;H2
nH2ðvÞ=ðneae;H� þ nHþaHþ ;H� þ 1=sÞ;

ð3Þ

where ae;H2
; aHþ ;H� and ae;H� are the rate coefficients for

dissociative attachment (DA), mutual neutralization

(MN) and electron impact detachment, respectively

[15–17]. We assumed in the equation that the vibrational

distribution of H2 in the ground electronic state is Boltz-

mann, and that the MN rate for Hþ2 and He+ is equal to

that of H+. We neglect the contribution of s for simplicity

and discuss it later. Measured ne and Te profiles are used

as the input parameters. The H2 density in the plasma

column is estimated based on the partial pressure of the

working gas and the degree of dissociation of hydrogen

molecules deduced from the Fulcher–Balmer ratio as de-

scribed in Eq. (2). The contour plot of the result is shown

in Fig. 4(a). The radial profile of the production and loss

rate of negative ions at 4.5 mTorr is shown in Fig. 4(b).

As seen from the comparison between Figs. 2(b) and

4(c), the radial profile of the measured negative ion den-

sity is reproduced for 4.5 mTorr, while the calculation
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degree of dissociation and (d) the vibrational temperature for

central and edge chords.

10 6
10 7
10 8
10 9

10 10
 [

H
- ] 

[c
m

-3
]

161412108642

 total presssure [mTorr]

(d)
[H-] (r=4-6) 

-5

0

5

r 
[c

m
]

161412108642
 total presssure [mTorr]

(a) 3e+09

1e+09

3e+09

1e+08

[H - ]
Cal.

2.0x1014

1.5

1.0

0.5

0.0p
ro

d
. [

cm
-3

 /s
] 2.0x10 5

1.5

1.0

0.5

0.0

d
estru

c. [/s]

w/o transport, 4.5mTorr(b)

4x10
9

3

2

1

0 [
H

- ] 
[c

m
-3

]

-10 -5 0 5 10
r [cm]

w/o transport, 4.5mTorr

5.7mTorr

(c)

Fig. 4. (a) Contour plot of the calculated negative ion density

profile as a function of the total neutral pressure. Radial

profiles are shown for (b) the production and destruction rates

for 4.5 mTorr and (c) the negative ion density for 4.5 and

5.7 mTorr. (d) Pressure dependence of the calculated negative

ion density averaged over r = 4–6 cm.

S. Kado et al. / Journal of Nuclear Materials 337–339 (2005) 166–170 169
results show considerably lower density as the pressure

increases, as seen in Fig. 4(d).

Fig. 4(b) indicates that both the production and loss

processes occur in the plasma core rather than in the

periphery where negative ions exist. However, since the

region of the depletion process, where Te is rather high,

is narrower than that of the production processes, the

negative ions in the peripheral region escape destruction.

The production rate is calculated using the Tvib mea-

sured in the central chord. The Tvib at the plasma edge

4 cm from the center, shown in Fig. 3(d), is so low that

those molecules are not able to contribute to the nega-

tive ion production. Note that the emission from the

central chord cannot be influenced by the edge Fulcher

emission because the emissivity from the periphery is

too small. Therefore, the negative ions observed in the

peripheral region around r = 4 cm are regarded as being

produced in the inner region and then escaping to the

periphery without encountering the destruction/deple-

tion processes. The lifetime of the negative ions esti-

mated from the reciprocal of the destruction rate is

about 10 ls while the drift velocity of the negative ions

is on the order of several kilometers/second, yielding a

travel length of about several cm, which does not contra-

dict the observations.
However, it is difficult to explain the discrepancy in

the pressure dependence of the absolute value of the neg-

ative ion density. The calculated values decrease more

rapidly than the experimental ones as the pressure in-

creases. One possible reason for this discrepancy is the

transport of the negative ions in the present conditions.

If the transport loss time scale is considered in Eq. (3),

then the calculated negative ion density becomes lower.

This may be true in the central region where almost no

negative ions can be observed. On the other hand, in

the plasma periphery, even though the production is neg-

ligible due to the low vibrational temperature, the nega-

tive ion flux that escaped from the central region without

being destroyed by MN and detachment processes

should be superposed. Roughly, if a typical transport

rate from the center to the edge region of about 104 s�1

is added, then the negative ion density for, say, 5.7 mTorr

becomes comparable to that observed experimentally.

Kinetic treatments or particle simulations are necessary

for more qualitative discussions including the radial pro-

files of the production, destruction and transport effects.

These topics will be subjects of study in the future.
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Another possible reason for the discrepancy is the

departure from a Boltzmann distribution of the vibra-

tional distribution function in the ground electronic

state of the hydrogen molecules. As can be understood

from the Franck–Condon factors for the X–d excita-

tion in the H2 molecule, the Fulcher-a band is sensi-

tive to the vibrational distribution for v 6 4, while

the main contributor to the negative ion production

is the population in v P 4. Therefore, if a �tail�, �bi-

Maxwellian� or �plateau� region exists in the vibrational

distribution in the ground electronic state, the produc-

tion cannot be predicted from the Fulcher band spec-

troscopy on the basis of the Tvib. Our kinetic

modeling for the mechanism of the vibrational distri-

bution [18], as well as several calculations and LIF

measurements [19], indicates a departure from a

Boltzmann distribution.
4. Summary

We have developed diagnostics for the study of volu-

metric recombination plasmas: (i) a combined scheme of

eclipse laser photo-detachment technique and double

probe diagnostics, and (ii) optical measurements for Ful-

cher and Balmer emission.

Under hydrogen-MAR conditions in MAP-II de-

vice the level of the negative ions in the plasma

periphery is higher than that predicted based on the

rate equation, even without considering transport loss.

The hypothesis to explain this observation is that the

negative ions are produced in the plasma core where

the vibrational temperature is relatively high, and then

transported to the periphery where the production of

the negative ions is impossible due to low vibrational

temperature.
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