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Abstract

The relation between the interactions of H, with electron and plasma heat load to a tungsten target was investigated
experimentally in the linear steady edge plasma simulator MAP-II. The heat load shows a large dependence on the
density of injected H, gas (Vy,), electron density (n.) and electron temperature (7;) in the region of interactions between
H, and electrons. It was found that increase and decrease of the heat load can be described by characteristic lengths of
several types of electron collisions normalized by the mean free paths of the corresponding collisions. In the plasma
parameters surveyed in this work (7, of 5-20 eV and n, of 10'°-10'® /m~), the increase of the heat load was mainly
caused by the ionization of H, and the decrease was caused by the reduction of the electron energy through the in-
teraction with H, and by the thermallization of the electrons through electron—electron collision. © 2001 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Hydrogen particles reflected or desorbed from the
plasma facing materials have a large influence on the
heat load to plasma facing materials. The heat load
partially depends on the hydrogen reflection and thus
the particle and energy reflection coefficient of the ma-
terials. The reduction of the heat load caused by ion
reflection was observed experimentally in NAGDIS-I
[1]. The impinging hydrogen particles which are not di-
rectly reflected from or permeate into the materials are
desorbed as molecules except at high material tempera-
ture [2]. The desorbed H, affects largely the energy and
particle balance in the edge plasmas through excitation,
dissociation, ionization, charge exchange, etc. Experi-
ments in TEXTOR [3] show that H, plays an important
role in the energy exhaust mechanisms in divertor plas-
mas. Especially in the detached divertor regime, the ra-

* Corresponding author.
E-mail address: kazuki@duke.q.t.u-tokyo.acjp (K. Ko-
bayashi).

diation and the transport of the H, have a crucial role in
the energy and particle balance in the edge plasmas,
which dominates the initiation of the detachment in
DIII-D [4], transport of impurities in JT60-U [5] and
stability of the detached plasma [6]. Thus the behavior of
the desorbed H, in the edge plasmas and the heat load
are strongly related to each other. The desorbed H, in-
teracts with the plasma in the vicinity of the target
material. Thus the plasma parameters at the sheath edge
vary sensitively. The heat transport through the sheath is
largely affected by the plasma parameters at the sheath
edge and also by the high energy electrons in the tail of
the energy distribution, which determines the drop in the
sheath potential. If the interaction scale length is shorter
than the relaxation scale length of the electron temper-
ature, the tail electrons easily reach to the target material
without collision [7]. Indeed, non-maxwellian high en-
ergy electrons can be observed also in divertor region in
tokamaks [8]. Therefore, the effect of desorbed H, on the
heat load should be investigated in relation with the
energy of the tail electrons.

It has been shown in our previous work that the heat
load on C (Isotropic graphite) is higher than that on W
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(tungsten) in hydrogen plasma discharge experiments in
MAP-II [9]. The experimental results indicate that the
higher heat load on C is caused by larger desorption and
ionization rate of H,. This cannot be explained by fluid
models because the interaction length of H, and the
electrons is shorter than the electron—electron collision
mean free path. In this paper, we investigated experi-
mentally the effect of the e-H, interactions on the heat
load by puffing H, gas in the plasma near the W target.
We considered the energy reduction of the tail electrons
together with the excitation, dissociation, ionization of
H, by the bulk electrons. We will discuss them analyti-
cally by the mean free path of each interaction.

2. Experiments

The cylindrical hydrogen plasmas are steadily gen-
erated in MAP-II (Fig. 1). Source gas is fed behind the
LaBg cathode and the discharges are made between the
cathode and the anode pipe. The plasmas are confined
radially by a magnetic field of about 300 G and stopped
at the W-test target plate in the target chamber. The W
target is set on the water-cooled target holder and the
potential of the target is kept floating. Hydrogen gas is
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Fig. 1. Schematic diagram of linear steady edge plasma simu-
lator MAP-II.

W filament

puffed into the plasmas through an puffing nozzle set in
the target chamber. The temperature increase of the
target coolant is measured using thermocouples which
are inserted into the coolant pipes of inlet and outlet.
Electron density n. and electron temperature 7, are
measured using movable Langmuir probes set in the
source chamber and the target chamber.

The W target was tested in nine discharge series in
different conditions, namely, experiments 1-9, listed in
Table 1. H, gas was puffed at different flow rates and the
heat load at each flow rate was evaluated from the tem-
perature increase of the target coolant. The discharge
voltage, V3, and the current, 14, were kept at fixed values
during the operations. In experiments 1-3, hydrogen gas
puffing nozzle was placed close to the target surface to
simulate the H, desorption from the C surface. While in
experiments 4-9, it was placed at the bottom of the target
chamber so that the density of puffed H, gas was sup-
posed to be uniform in the plasma column due to large
volume of the chamber (¢ 50 cm x 50 cm). He, H, and
mixtures of them were used as the plasma source gas
aiming at controlling the T, and the 7.

3. Results and discussion

Fig. 2 shows the time evolution of heat load mea-
sured by thermocouples of inlet and outlet in experiment
1. H, gas puffing was done at the target surface at the
flow rate of 0.0, 0.016, 0.042 and 0.084 Pa m® s~! (at
RT). Increase of the heat load with the gas puffing flow
rate was clearly observed. We assume that this was
caused by the interaction of puffed H, with the plasmas
within the target chamber, because the space affected by
the puffed H, is limited to the target chamber by the
differential pumping: the increase of the H, pressure in
the source chamber is less than 5% of that in the target
chamber. Thus the effects of the puffing in the target
chamber on n, and T, in the source chamber are small,
and only the parameters in the target chamber are

Table 1

Experimental conditions
Experiment Plasma Vi (V), Iy (A) H, puffing flow rate (1072 Pam?®s™!) ne (10" m~3) T, (eV)
1 H, 140, 16 0,1.6,4.2,8.4 0.06 20
2 H, 120, 27 0,1.6,42,84 1.3 15
3 He 80, 35 3.3,4.9,98, 16, 23 0.81 5.5
4 H, 105, 40 0,42, 84 1.0 11
5 H, 110, 42 0,4.2,84 1.1 11
6 He 80, 40 0,4.2, 8.4 1.1 7.6
7 He 90, 30 0,4.2,84 1.1 7.2
8 H, (17%) 90, 40 0,42, 84 0.94 8.4

He (83%)

9 H, (30%) 100, 40 0,4.2,8.4 1.2 8.9

He (70%)
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Fig. 2. Time evolution of measured heat load and discharge
power in experiment 1.

modified (Fig. 3). Measured heat load in experiments 1—
3 are reploted in Fig. 4(a). The y-axis is the heat load, Q,
normalized to the heat load without H, puffing, Q,, and
the x-axis is the partial pressure of puffed H,. The n. and
the T, measured in the target chamber are also listed in
Table 1. Listed n, and T, are mean values of that ob-
tained upstream (40 cm from the target) and down-
stream (2 cm from the target). Errors of listed n. and T
are about 15%.

From Fig. 4 and Table 1, it seems that at higher T,
the heat load increases or at higher n., the heat load
decreases. This can be explained as follows. The heat
load is mostly determined by the sheath potential which
accelerates the ions and by the ion flux to the target. The
sheath potential is formed by the high energy electrons
in the tail of the velocity distribution. If the mean free
path of e—e coulomb collision is shorter than the length
of e-H, interaction region, the high energy electrons
easily reach to the target without collision. Then the
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Fig. 3. Variation of n. and T, (center of the plasma column) by
H, puffing: (a) in the target chamber; (b) in the source chamber.
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Fig. 4. Dependence of normalized heat load Q/Q, on H,

puffing in experiments 1-3: (a) experimental results; (b) evalu-
ated from Eq. (2).

sheath potential does not decrease, while the ionization
of H, occurs effectively by the bulk electrons and ion
flux to the target increases. This leads to an increase of
the heat load. In contrast, lower 7, compared with
threshold energy of H, ionization decreases the heat
load because the reduction of the potential drop in the
sheath becomes more effective than ionization of H,.
Higher n. also causes the heat load decrease because the
reduction of the high energy electrons is enhanced by
shorter e-e coulomb collision length, which leads to the
reduction of the potential drop in the sheath. In this case
the heat load is determined by the balance of e—¢ colli-
sion and e-H, collision in the interaction region. These
situations can be fitted for our experimental conditions
in this paper. This cannot be explained by a fluid model
in which the electron energy distribution is treated as
completely being thermallized.

To discuss the measured heat load analytically, we
took into account the electron mean free path of e—e
collision, A, H> ionization, 4; and non-elastic e-H, col-
lisions, .. The reactions in each / having large rate
coefficients [10] tabulated in Table 2 are considered in

Table 2
Reactions considered in 2; and .
A Reaction
i (D e+Hy(X) = e+Hj(v) +¢

(2) e+ Hy(X) — Hy (2, 2Z) +¢
—e+H" +H(ls) + ¢

Acoll (1) and (2) in /;
(3) e + Hy(X) — e + H5(
(4) e+ Hy(X) — e+ H5(
(5) e+ Hy(X) — e+ Hy(
— e+ H(ls) + H(1s)
(6) e + Hy(X) — e + Hj(Isoy, ni]' A)
— e+ H(ls) + H"(2s)
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this paper. The As are described as Ae = (3T3/me)l/ 2

((2n)'?6me2m!2T3/2) [ (ne* In A), J; = v/ (Nu, (ov),) and
Jcoll = Ue/(Nm,{0o0)yy ), Wwhere T, is the thermal velocity of
electrons and In A is the coulomb logarithm. The heat
load must be characterized by the 1’s, with respect to the
length of e-H, interaction region, Ly,, which is defined by
the length of the target chamber (50 cm) in our case. The
heat flow to the target through the sheath can be de-
scribed as

0= —n.Csep + 2kTin.Cs + 2kT.n.C;

T 2nm, 12 e

A0) ) () o
where C; is the ion sound speed and ¢ is the sheath po-
tential [11]. In our case, the second term and the third
term can be neglected because of small 7; (<1 eV) and
large —e¢/kT. (3.5-4.0). Therefore, we considered that
the heat load is proportional to n, and —e¢. Considering
that the H, is ionized by the electrons having the tem-
perature 7. in the target chamber, contribution of the
ionization to the heat load can be written as
[1+ {1 —exp(—Ln,/%)}]. Decrease of T., namely the
decrease of —Cseq, can be expressed as the same manner
like [3/2T. — (e{1 —exp(—Ln,)/Acon})]/(3/2T.), where
(e{1 — exp(—Ly,)/2con}) is the mean energy loss of elec-
tron. In the case that the electrons cannot be thermallized
within Ly,, to describe the decrease of —Cse¢ by the re-
duction of the tail electrons, this value should be modified
toapower 3/2{1 — exp(—Lp, /%) } Which corresponds to
the degree of the thermal equilibrium. Then, we describe
the variation of the normalized heat load as

Q_ {14 (1 —em/a)}
0

(O }“MMW).
G/

©

Using Eq. (2), we evaluated the variation of the heat
load by the characteristic length of —Ly, /A, —Lu,/Acon
and —Lpy, /. obtained from the measured z, 7. and Ny,
in the corresponding experiments. We represent ‘A’ for
the first factor and ‘B’ for the second factor in the right-
hand side of Eq. (2). Fig. 4(b) shows the evaluated heat
load. Although the absolute values deviate from the
measured values in experiment 2 and experiment 3, de-
pendence on the H, pressure is similar.

In experiments 1-3, the H, density is localized near
the target because the puffing nozzle was placed at the
target surface. It might cause ambiguity in Ly, and Ny,.
To avoid this, we made six other experiments (experi-
ments 4-9), in which H, was puffed at the bottom of the
target chamber. In this condition, the density of puffed
H, is uniform in the target chamber and the error is

12 (a) experiment (b) equation (2)
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Fig. 5. Dependence of normalized heat load O/Q, on H,
puffing in experiments 4-5: (a) experimental results; (b) evalu-
ated from Eq. (2).

reduced. The measured heat load for experiments 4-9
and evaluated values by Eq. (2) are plotted in Fig. 5.
From the figure, the tendency of the heat load variation
is well reproduced by Eq. (2). We can find that the
tendency is not so much affected by the local density of
H,. The factor A directly acts on the heat load in ex-
periments 4-5 because the B is almost unity. The con-
tribution of the B becomes stronger in experiment 6 and
experiment 7 although A > 1. This indicates that the
ionization of H, increases the heat load at higher 7, or
lower n.. On the contrary, the effect of the reduction of
the potential drop in the sheath overcomes the effect of
the ionization at lower T, or higher n. and decreases the
heat load. From these results, in case that the length of
e-H, interaction region is shorter than that of e—e col-
lision, we found that the tendency of the heat load
variation can be explained by the characteristic length of
*LHZ /},i, *LHZ //lcoll and *LHZ /)\.ee.

One possibility for the deviation in absolute values is
the fact that the effect of the vibrationally excited
H,(H3(v)) is not taken into consideration. When the
Hj(v) exists, the threshold energies of ionization, exci-
tation and dissociation are reduced and the variation of
the factor 4 and B will be enhanced. Existence of H;(v)
is reported from experiments in plasma devices [12,13].
The dissociated H atoms from HJ(v) may also be con-
sidered because they can have significantly low energy
(~0.3 eV). Such atoms have large possibility to interact
with electrons and modify the estimation. Thus, the in-
vestigations of the vibrational states of H}(v) and the
energy of H atoms by spectroscopic methods or nu-
merical calculations are underway.

4. Conclusion

The relation between e-H, interactions and plasma
heat load was investigated experimentally in MAP-II. It
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was analyzed considering the electron’s mean free paths
of e-H, collision and e—e collision. We found that, when
the length of e-H, interaction region is shorter than the
e—e coulomb collision, the heat load can be described
qualitatively by the characteristic length of —Ly, /4, —
LH2 /;\,0011 and _LHg/;Lee~
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