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Abstract

Joint meeting on the NIFS co-ordinated research "Plasma-Divertor
Interactions" and "Fundamentals of Boundary Plasma-Wall Interactions was
held at NIFS on January 6-7, 1995 in co-operation with the Specialists
Committie "Physics of Divertor Plasma" in the Japan Society of Plasma Science
and Nuclear Fusion Research. This meeting covers various topics on plasma
physics and material science related to suppression of the material erosion and .
control of hydrogen recycling in the plasma-material interactions.The critical
issues and trends of future research were also discussed.

This report presents such activities in the NIFS joint meeting.
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Neutralization and negative-ion formation by impact of low-energy H' on solid surfaces
National Institute for Research in Inorganic Materials ~ K. Yamamoto and R. Souda

The mechanism of neutralization and negative ionization from hydrogen ions is
studied via experiments, in which H* beams are incident on LiCl surfaces, combined with the
self-consistent DV-X ¢ molecular orbital calculations. It is found that charge transfer and |
electron excitation occur due to the resonant-tunneling and electron-promotion mechanisms
via a short-lived chemisorption state of hydrogen. The probability for H * to H™ conversion at
the LiCl surface depends on the species of the target atoms and is enhanced in collision with

Li* by one order of magnitude relative to CT.
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Status of LHD Divertor Study

N.Ohyabu 1'-6-1995

Abstract

Various innovative divertor concepts have been developed to improve the LHD plasma
performance. They are two divertor magnetic geometries (helical divertor configurations with and
without n/m =1/1 island ) and two operational scenarios (confinement improvement by generating
high temperature divertor plasma and simultaneous achievement of radiative cooling and H-mode-
like confinement improvement ). In addition, technological development of new efficient
hydrogen pumping schemes are being pursued for enhancing the divertor control capability.

1. INTRODUCTION

A large superconducting heliotron type device (R =3.9 m, B =4 T ) called the Large Helical
Device (LHD) [1,2] is being constructed at NIFS. The major goal of the experiment is to achieve
high quality helical plasmas relevant to fusion reactor, requiring a highly performing divertor
system, The divertor must remove heat flow from the core safely and simultaneously improve the
core energy confinement, the major physics issue in designing the LHD as well as reactor grade
toroidal devices such as ITER.

Two divertor magnetic geometries are to be employed for diverting the outward flowing
plasma in LHD. The Helical Divertor (HD) is a helical version of the tokamak double null
divertor, as illustrated in Fig.1(a). The other geometry is a island divertor (ID) configuration,
which utilizes a magnetic island with m/n=1/1 for plasma diversion ( Fig.1(b)). These geometries
will be used to test two newly developed divertor operational scenarios.

2. HIGH TEMPERATURE DIVERTOR PLSAMA
OPERATION (HT- OPERATION)

In the HT-operation[3], the edge temperature is raised up to a high value, several keV by
efficient pumping, thereby leading to enhancement in the energy confinement. The edge
temperature is estimated to be Tdiv =W & /v for a NBI heated and fuelled discharge where W,
€, v, are the beam energy , the pumping efficiency and the transmission coefficient at the sheath
respectively, e.g., Tdiv ~ 5 keV for W ~ 250 keV, § ~ 0.2, Y~ 10. In this operation, a peaked
density profile is maintained by a combination of deep fuelling such as pellet or neutral beam
injection and efficient particle pumping. Thus the diffusion coefficient (D) and hence the particle
confinement becomes important in determining the energy confinement. This is a desirable
feature for the energy confinement in LHD where the high neoclassical ripple induced electron
heat loss(1/v-regime) tends to suppress the temperature gradient. However the effective D is not
high because the ions are well confined by E x B drift (v-regime). Furthermore, the radial electric
field in such a plasma regime is positive and hence neoclassical outward impurity pinch [4] may
prevent the impurity contamination.

The major uncertainty of this operation is unexpected wall plasma interactions at high plasma



temperature such as unipolar arckings even though present our knowledge does not predict them.
Recent results from low recycling tokamak divertor operations (JET[S], JT60-U[6]) are very
encouraging, fairly high ion temperature in the divertor channel has been observed without
accompanying any severe impurity problem.

The HT operation requires an efficient hydrogen pumping, motivating development of the
pumping schemes for the LHD such as carbon sheet pumping[7] and the membrane pumping [8].
In these pumping systems, thin pumping sheets cover a significant fraction of the vessel wall near
the divertor region and thus absorb atomic hydrogen particles recycled from the divertor. For
reactor application of the HT-operation, however, a new divertor magnetic geometry needs to be
explored, which guides the outward flowing plasma to a remote area with weak magnetic field,
thereby allowing effective pumping and reliable heat removal even in the reactor environments
[9]. Such a divertor geometry for heliotron type devices is numerically demonstrated to exist [10],
as illustrated in Fig.2. Here a pair of the helical coils are identical with those of the LHD and three
pairs of the poloidal coils in LHD are replaced by eight poloidal coils which provide a vertical
field needed for formation of a closed surface configuration as well as an octapole field in the -
outer region. This octapole field makes four helical divertor layers into 80 small, outward
directing divertor channels.

3. LOCAL ISLAND DIVERTOR (LID)

One of the major LHD research goals is to improve the energy confinement through edge
control. As an alternative approach, we also plan to use a local island divertor (LID), which
pumps recycled hydrogen atoms with high efficiency [11,12]. In the LID configuration, the
* separatrix of the island (n/m = 1/1) provides separation between the closed and open regions. As
illustrated in Fig.1(b), the outward heat and particle flux cross the island separatrix by the
perpendicular diffusion and flow along the field lines toward the rear of the istand, where target
plates are placed to handle the heat load. The particles recycled there are pumped away very
effectively. It is a closed divertor with high pumping efficiency. The advantage of the LID over
the HD is technical ease of the particle pumping because of localization of the recycling.

One of the remarkable feature of the island divertor configuration is a very sharp transition (
within 2 mm in the radial direction) from the closed surface to the open region. This is quite in
contrast to the HD with a wide transition width, as described in the following section. In helical
devices, H-mode [13] so far has been achieved only when t at the LCFS is 1.0 or 0.5 ( the major
rational surfaces) (in W7AS [14] and CHS [15], two quite different devices in terms of magnetic
geometry), but improvement of the energy confinement (Tg) is very modest. With a closed
divertor separatrix at 1 =1.0, a significant Tg improvement might be achieved. With the LID
experiment being done before the fully closed HD divertor experiment, we will obtain critical
information as to edge plasma behavior in LHD, particularly, physics insights into the refation
between the edge plasma and the core plasma confinement and thus can optimize the design of the
HD divertor. The LID physics study will also induce exploration of advanced divertor concepts.
In addition, a steady state LID operation at low power (~500 kW) will be a very efficient
discharge cleaning scheme [16].

4. SIMULTANEOUS ACHIEVEMENT OF H-MODE -
RADIATIVE COOLING (SHC OPERATION)



A new boundary control scheme ( SHC boundary) has been proposed [11], which could
allow simultaneous achievement of the H-mode type confinement improvement and edge radiative
cooling with wide heat flux distribution. In our proposed configuration, the plasma confining
region is gsharply separated by an open "ergodic” boundary. The degree of openness in the
ergodic boundary must be high enough to make the plasma pressure constant along the field line,
which in turn separates low density plasma just outside the plasma confining region ( the key
external condition for achieving a good H-mode discharge[13]) from very high density, cold
plasma near the wall ( required for effective radiative cooling). Such a separation of low and high
density plasmas is illustrated in Fig.3. We have found that an LHD edge configuration on which
an m/n=1/1 island is superimposed (Fig.4) is ideal for such a SHC boundary. In this scenario,
the magnetic configuration is the same as that of LID, but the divertor head inserted in the island
is not needed.

For the natural LHD edge configuration, it is difficult to separate sharply the closed surface
region from the open region because of the vague magnetic geometry [3]. Unlike tokamak
poloidal divertor configuration, the open edge region has a complicated three dimensional
structure and its poloidally varying thickness increases as the position of the plasma axis (A)
relative to the center of the two helical coils shift outwards. The LHD edge configuration has
n=10 toroidal symmetry and thus generates natural island layers with toroidal mode number of 10
in the edge region. With increasing radius, island layers with poloidal mode numbers of 11, 10,
9, 8, 7, appear successively with increasing island width (Fig.4(a),(b)). The island layers with
lower m overlap, generating stochastic field region. Beyond this stochastic region, there is an
"edge surface layer" [3] peculiar to heliotron type helical divertor configuration. The natural
boundary layer is quite thick and definition of the LCFS becomes ambiguous (this is particularly
true for outward shifted or high [ discharges). When the resonant field is imposed to generate a
m/n=1/1 island, the complicated boundary becomes much simpler. The isolated island layers and
a part of stochastic region are buried within the imposed n/m=1/1 island, as shown in
Fig.4(c),(d)'. With n/m=1/1 island, the LCFS can also be clearly defined within ~ 2 mm and the
connection length is ~ 200 m ( ~ 8 X 2n R ). Thus the LHD configuration with n/fm=1/1 island
could be ideal for simultaneous achievement of H-mode and radiative cooling.

In summary, we are developing the various divertor innovations, which we hope will

provide significant improvements in plasma performance in LHD and will also contribute to
development of the tokamak divertor.
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Fig.4 LHD SHC boundary.
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Plasma - neutral interactions and power transmission

at the divertor sheath

Kunihiro Sato
Himeji Institute of Technology

Shosha 2167, Himeji, Hyogo 671-22, Japan

A simple model of the collisional divertor plasma indicates that neutral gas collisions
should be important in determining the power transmission factor at the transition layer.
Inflow of low-energy electrons created by ionization reduces the total potential drop at the

transition layer, and ion-neutral collisions dramatically reduce the power transmission

factor to a value of 2-3.

1. Introduction

Low values of the power transmission factor of 2 - 3 in DIII-D [1] and of 3- 5 in JT-
60U {2] have been reported. These experimental results are very important for high power
tokamaks, because peak surface heat loads and sputtering by ions accelerated through the
divertor sheath are critical issues for the design of divertors. A possible explanation may
be due to lowered energy of ions reaching the divertor tiles through the plasma-neutral
process as pointed out by Futch er al. [1].

Futch et al. showed that charge-exchange and other ion-neutral collisions can reduce
the power transmission factor of the plasma sheath, comparing their calculation results
with experimental data from the DIII-D tokamak. However, they treated only atomic
collisions within the magnetic presheath without discussing about neutral collisions within
the plasma region. Since the scale length of the recycling region of neutrals is much larger

than that of the magnetic presheath, plasma-neutral interaction in the divertor plasma is



predicted to play a role more important than in the magnetic presheath. Furthermore, it has
recently been pointed out that the magnetic presheath tums into the usual presheath caused
by the particle source if significant local ionization occurs within the magnetic presheath
[3].

In this paper, we study effects of neutral gas collisions in a plasma region, which
includes the magnetic presheath; on the power transmission factor at the divertor sheath
[4]. A simplified model of the divertor plasma is introduced to indicate remarkable

reduction of the heat transmission due to plasma-neutral process.

2. Reduction of the power transmission factor

We consider a one-dimensional plasma and choose a coordinate system along magnetic
field lines with its origin at an infinite plane wall. The plasma occupies the semi-infinite
space with s < 0. To simplify an analysis, we introduce effective cross sections G, and

o, of charge-exchange and ionization processes and model the neutral density profile
na(s )=nnexp(s /ln) (D

The primary ion flux Jy(s) and the /th cold ion flux J(s) (/2 1) are described by

dJ, |
.and
d/ :
(11(: ) =n,, ?XP‘(S /ln) l(ccx + Gie)Jl._ (s )_qcle(s )‘ s ()

respectively. Analytic solutions of egs. (2) and (3) are

Jos ) = Jot-ee) exp [— oG exoXP 5 /?tn)] @

and



Jos)T . {
Jis)= 05! ) [_ nn(ch + cie)ln] exp [— lt'nn(cs'cx + oie)zlncxp (s / Z.n)] . (5)
The total flux J; is obtained by sum of J, and J,, yielding the particle amplification factor

G=—5=exp{noc.A). (6)
To calculate the power transmission factor, we need the potential profile and the total
potential drop at the transition layer. When the electron mean free path A, is larger than 4,

the potential drop at the transition layer is roughly estimated by

—ed, _ 1, [mi/2nm, '
iT, ‘21“('1+Ti/1;)‘1“6’ (7)

because a higher energy electron is supplied from the inner region and most of low-energy
electrons generated near the wall flow into the plasma . Inflow of low-energy electrons
becomes small when A, << A, because of scattering and energy relaxation in the recycling

region near the wall, then the potential drop may be kept unchanged :

_e¢w,__l milzme
kT, “‘71“(1”1/7;)' 8

€

On the other hand, for a plasma with such high electron temperature. that the electron
bounce frequency in the SOL is larger than the collision frequency [5], the potential drop
is dependent on the electron mean free path [6]. Since the electron flux escaping from the
electrostatic confinement is estimated to be J, = n (L / lc) / (~ ed, / de) exp (eq’).,, / kTL,) [7.8],

the wall potential may be determined from

—ke;f:w exp (—eqbw /kTe) = (1 + %)- !a(%)un% | o

where L is the effective length of the SOL.

~Each primary ion arriving at the wall carries its initial energy plus the energy |e¢w]



gained by falling through the transition layer. The energy that the /th cold ion flux removes
from the plasma is given by the integral of (dJ, / ds)(eq} - eqbw) if the initial kinetic energy
of the cold ions is neglected. Hence, the power transmission factor maybe has a weak
dependence on the shape of the potential, but has a considerable dependence on the scale
length of the potential. Instead of using a numerical solution of the plasma equation, we

model the potential profile

$(s)=a, exp(s/2,), (10)

introducing the scale length /'L¢ as a parameter. Using eqs. (4) and (5), we obtain the total

ion energy deposited at the wall

0.:(0) = 2kTi+%kTe+( ed,)|1+Z ‘[ [o +cr,c }“‘]IAA:;}L J,0) . (1)

Since each electron striking the wall transmits on an average an energy of 24T, the power

transmission factor 6= QT(O) / (kT,_,L{O)) is

§=2+3, +exp [—- nn(oc, + cie)ﬂ.n] 2% + % + “k?r?w 1+ %[nn(dcx + oic)ﬂ.,,r% ,
(12)

where 2 and §, are the contributions of electrons and of neutrals, respectively. We have
neglected the contribution of secondary electrons to 6 because the emission coefficient is
limited to a value much smaller than 1 in the oblique magnetic field as mentioned in the
next section.

Figs. 1(a) and 1(b) show & as a function of n,0,4, for a hydrogen plasma with
T,/ T, = 3. These results indicate that charge-exchange processes and recycling of neutral

gas play important roles in determining the power transmission at divertor plates. The ion



power transmission factor is in inverse proportion to the particle amplification factor G,
decreasing with n,o, 4, almost exponentially. The experimental measurements from JT-60U
also show a similar tendency {2]. Inflow of low-energy electrons produced by ionization

into the plasma reduces the total potential drop at the transition layer.

10-0 T 1 L 1 1 ] |
g. 0
O:
Y60
-€¢w
kT,
4.0
G
2.0
0.0
0.
10-0 I [ 1 ] 1 1 )

nnccxln

Fig.1. Ion power transmission factor &, wall potential ¢),, and amplification factor of ion flux G at the wall
for a hydrogen plasma with T, / T, = 3 as a function of 1,0 ,A,,, where 7, is the neutral gas density,
ﬂ.n and zl,, are the scale lengths of the neutral density and of the potential along magnetic field lines.
The effective cross section of ionization process is chosen as &, = 0.50,. Wall potentials for (a) the

electron mean free path A.<<A_ and for {b) A_> A, are determined from egs. (8) and (7}, respectively .



3. Conclusions

A simple model of the collisional divertor SOL indicates that recycling and charge-
exchange processes should be important in determining the power transmission at the
divertor sheath. Ionization of neutral gas reduces the total potential drop at the divertor
sheath, and the power transmission factor remarkably decreases to a value of 2-3 mainly

due to charge-exchange processes.
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