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Many studies have been reported on the potential formation in
tandem mirrors and in many other systems. Plasma potentials are
also interested in relation to the H-mode and divertor plasma in
torodal systems.

The workshops "Potential Formation and Transport in Open Field
Line Systems” were organized three times as collaboration.
research at the National Institute for Fusion Science from 1990
to 1992, The workshops wewe aimed at the study of potential
formation and related transport in various plasmas with emphsis
on those in open magnetic field line systems.

This memc is a report of research progress - -during the three
years and new researches presented at the workshops. These
workshops were supported by NIFS for the three years. We are

very grateful for the support.
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Recent Results of GAMMA 10 EXperiments

K.Yatsu
Plasma Research Center, Unlversity of Tsukuba
Tsukuba, ILbaraki 305

1.Introduction

The experiments of plug and thermal barrier potential
formation started in 1984. After the start of operation, plasma
parameters developed steadily by a careful adjustment and a
proper use of gas puffing and heating systems.  Also contributed
to the development 1is the improvemenp of the wall conditioms
atteined by the ECR discharge cleaning and the installation of
the helium cryopump system with the pumping speed of 2.6 x 108
1/s. Here: the development of the GAMMA 10 experiments during

lasst severl vears are briefly reviewed.

2. Potential formation and confinement
It has been shown that the ion confining potential ¢
inereases with the thermal barrier depth ¢, and the relation
between the potentials 1is expressed well by the strong ECRH
theory [1.2]. The potential ¢. of 2 kV has been attained with
the barrier potential ¢w of 1.3 kV as shown 1in Fig.1l. The axial
ion confinement time has been improved according to the Pastukhov
scaling law. The relation between the particle confineﬁent time
7, and the axial energy conflnement time v¢ has been experimen-
tally shown to bhe expressed by the relation obtained by the
Pastukhov scaling as |

3 1

T T Tl (e /Tie)
The potential ¢ + ¢o 1s studled as a functicon of the central

(1)

cell density nc. Figure 2 shows the relation between the
potential and n. as a parameter of ECRH power[3]. Applyling the
Boltzman relation for the potentlal and the theoretical formular
for strong ECRH to GAMMA 10 geometry, we obtain

D + ¢p = Too{0.665(np/Ne )23 (np /N )508-83}, (2)



where Tee. Np and n» are the central electon temperature and the
plug and barrier densities. Since measurements indicate that the
central pressure neTec is nearly proportional to the plug-ECRH
power P for a given np/nc, the formula above gibes

e + Op « Ne-2-21np-8-79P, (3)
The experimental results shown in Fig.2 is well explained by the
relation above as shown by the dashed curves. This supports a
mechanism for the potential formation employed in the strong ECRH
theory.

The velocity distribution of ions escaping from the tandem
mirror with a confining potential has been obtained by measuring
energies of the escaped ions as a function of the pitch angle
at the mirror end[4]. Data points in Fig.3 show the measured
velocity distribution of the escaped ions. This indicates
potential confinement of ions within the loss-cone and the

expected hyperbolic curve:

SV, 2 %wﬁ(%% - 1) = a% 7 ' (4)
where m and q are the ion mass and charege. Be ,Bw and Bp are
magnetic field strengths (1,3 and 0.01 T) at the points of the
maximum potential &, the outermost magnetic mirror and the
detector, respectively. This, in turn, becomes .independent

verification of the formation of a plug potential.

The energy confinement times T¢ estimated from measured ion
loses at the ends are plotted against the plug-ECRH power P as a
parameter of the central density(Fig.4). The energy confinement
times agree with that estimated from the Pastukhov formula by
using measured ¢. as shown by dashed lines in the Figure. The
energy confinement time increases almost exponentially with P for
a given ne .

3. Plasma instabilities

Instabilities in the central cell plasmas has been studied in
GAMMA 10.

A stability boundary for the flute interchange mode has been
identified by independently varying the anchor and central-cell
beta value 8 o and p c¢. Figure 5 shows experimentally obtained



stable beta region in GAMMA 10[S5]. Violent low-frequency density
fluctuations appear near the stable boundary and no plasma can be
sustained above the threshold. The observed plasma pressure in
the central cell greatly exceeds the stability limit predicted
from a simple flute interchange theory for an isotropic plasma.
This difference is explained by taking into account of the
pressure anisotropy due to an intense ICRF heating.

A microscopic instability, Alfven-ion-cyclotron(AIC) modes to
be excited in a high beta plasma with pressure anisotropy, has
been identified in the ICRF-heated central-cell plasmas.
Frequencies of the spontaneously excited modes are slightly lower
than the 1ion e¢yclotron frequency at the centrl-cell midplane.
The observed magnetic field fluctuations strongly depend on the
temperature anisotropy A(=T, /T,) and the averaged beta value 8 c.
Here, T, and T, are ion temperatures perpendicular and parallel
to the magnetic field. Figure 6 shows the boundary between the
regions with and without the magnetic fluctuations in the A2-8 ¢
space. The observed boundary agrees reasonably well with a
'theoretically predicted stability boundary y = 0 for a convecg-
tively unstable AIC mode[5,8]. Here, ¥ = y/w:;: the growth rate
normalized by the ion cyelotron frequency. The fluctuation
amplitudes increase with an increase in the anisotropy parameter
B cAZ . A relaxation of the pressure anisotropy due to the AIC
mode fluctuations is observed. However, the AIC modes have
negligibly small effects on the gross plasma confinement at the
present level of the fluctuations.

Another possible instability is the ion-temperature-gradient
instability. A decrease in the central-cell diamagnetic signal
is observed when hydrogen gas is puffed into the central cell.
Some causes are considered for the decrease in-the diamagnetic
signal. One is the MHD instability described above. Second is
an increase in the charge exchange loss due to the input gas.
However, there 1is a case where those two explanations seem
unsuitable. In this case, the decrease of the diamagnetic signal
is observed concomitant with a flattening of the radial density
distribution. The plasma parameters in iy and 7 space is
observed to become an unstable values, where %, = dinTiy /dinn;



and niy = ditaTiy /dinn; . So, we are considering that the 75 mode
is a possible instability and a further investigation will be
continued. One thing to be pointed out here is that this study
became possible by the development of the analysis of the
charged exchange neutrals, and a detailed radial distribution of
ion temperature becomes available.
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ABSTRACT

Several types of X-ray diagnostics have been employed
for obtaining various shapes of electron velocity
distribution functions as well as their spatial profiles in
the central cell, the thermal-barrier region, and the plug
region of the tandem mirror GAMMA 10. The relations of the
data among these regions have been investigated for
clarifying the effects of kilovolt-range electrostatic
potentials in the plasmas on the electron distribution

functions and on the electron energy confinement.

I . INTRODUCTION

In tandem mirrors, electron cyclotron heating (ECH) is
utilized for the formation of a thermal-barrier potential
¢ v in the barrier region and an ion confining potential ¢ ¢
in the plug region. These regions and the central cell are
directly connected through magnetic field lines; however,
these are separated by the electrostatic potentials. In
this paper, different shapes of electron velocity
distribution functions fe in these three regions have been
reported using various X-ray observations. These in turn
demonstrate the effects of electrostatic potentials on fe.
Also, the relation between ¢ o and ¢ b is closely related
to the shape of f.. From the above viewpoints, this summary
report has been prepared.



i . EXPERIMENTAL APPARATUS

The experiments have been carried out in GAMMA 10,
which is a minimum-B anchored tandem mirror with outboard
axisymmetric plug-barrier mirrors. It has an axial length
of 27 m, and the volume of the vacuum vessel is 150 m® (1).
Microwaves are injected into the barrier region (barrier
ECH) and the plug region (plug ECH). Neutral beams are
injected to form sloshing ions in the plug/barrier regions.
A recently installed ion eyclotron heating (ICH) system is
employed for producing keV-range hot ions in the central
cell. A new ECH system is also installed for central-cell
electron heating.

X-ray energy spectra are obtained from X-ray pulse
height analyses (PHA), ranging from 0.7 keV to 150 keV in
the plug region and in the central cell using a Si(Li)
detector and a pure Ge detector (2-4). X-ray PHA are also
employed in the barrier region using a pure Ge detector and
an Nal(Tl) detector (4,5). A two-dimensional X-ray
tomography technique using microchannel plates (MCP) with
o0 channels is employed in each region (4, 6). The MCP was
accurately calibrated in the energy range 0.01-82 keV using
synchrotron radiation (7-10). Furthermore, a silicon
surface barrier (SSB) detector is utilized for analysing
the central-cell high energy electron component (warm
electrons); synchrotron radiation is also used for
obtaining its detailed energy response in the range from 60
eV to 20 keV (11-13). The data from the SSB detector are
utilized for analysing the ratio of the warm electrons to
the bulk electrons, combined with the data from the Si(Li)
detector and the MCP (4). The data for ¢ » and ¢ . have
been obtained using multigrid electrostatic loss ion energy

analysers (ELAs}) (14) and heavy ion (Au®) beam probes (15).



M . SCALING LAW OF POTENTIALS (P ¢ vs & b)

The formation of ¢ ¢ efficiently T
enhanced by the formation of ¢ is E 8¢ Mp/re=05 ’
one of the most important fundamental & [ 47T
principles for ion confinement in E’z' i
tandem mirrors. Thus, the scaling law EOB: —
between ¢ ¢ and ¢ , is essential for o .
the future development in tandem ;goé_ . |
mirrors. S L i

The data points in Fig. 1 have § 00 0@ N Oh t lh
shown the relation between ¢ . and Thermal Barrier Potential ¢(ky)
¢ b. On the other hand, a Fig. 1 & vs &p scaling

theoretical relation between ¢ ¢

and ¢ » is calculated from Cohen’s strong ECH theory (186).
The solid curves in Fig.1l are the theoretical results using
the data with ns:./n:=0.40-0. 50, where n, and n denote the
plug and the central-cell densities, respectively. As seen
in Fig.1l, good agreement between the data and the theory is

obtained.

IV. A PLATEAU-SHAPED VELOCITY DISTRIBUTION FUNCTION FOR
POTENTIAL TRAPPED ELECTRONS IN THE PLUG REGION
For clarifying the mechanism of the ¢ . formation, it

is essential to study fe in the plug region. In association
with the scaling study between ¢ o and ¢ , in Sec. M, a
plateau shaped electron velocity distribution function fe
in the plug region is predicted by Cohen’s strong ECH
theory (16). In Fig. 2(b), the predicted model for fe is
shown under a standard axial potential profile (Fig. 2(a});
¢ »p shows a plug electron confining potential. The
dominant population of plug electrons are trapped by ¢ b
in the region P (Fig. 2(b)}. The heating rate due to strong
plug ECH dominates over the rate of Coulomb collisions for
the electrons in the region P; thereby, the shapes of fe

are distorted from Maxwellian to the plateau shape.



Maxwellian electrons trapped by the plug/

barrier mirror with a temperature of T,, 3

are located in the region M; these elec- .95

trons are heated by both plug and barrier € 0 z(iB) \
ECH. The electrons in the region L are ' (b)

lost from the plug region through the

(miriior-
loss cone”; however, these electrons

Vi E
3

P
flow into the central cell and become a (potertial
heating source for the central-cell bulk trapped) (lorgsgiorﬁ

electrons through their Coulomb collisions. 0 0 'm
The X-ray PHA data in the plug region Vy 11

are shown with the Si(Li) detector (Fig. Fig. 2 (a)
3(a)). The data are taken during the Axial potential
period with 2¢ .5=5.4 kV and without profile; (b) A
¢ vb (5 ms after the decay of ¢ sb, model of fe in
but heating powers except plug ECH the plug region.

are still being injected). A remarkable

feature is the quick decay of the X-rays below 5 keV after
the ¢ pp decay. However, a higher energy component does not
change in either case as observed with the pure Ge detector
(Fig. 3(b)) (for simplicity, a spectrum for 2¢ ,p=5.4 KV

alone is shown). This indicates the validity of the

prediction for the = 4=

region M in Fig. .510 _' " '
2(b). A remarkable T F 3 E
feature of these E 03“ §
X-ray spectra is §] 3 3 3
intense X-ray emis- —S :— E E
sion from the lower _é il - 7]
energy component, 100 0 50 100 10
which is observed hv (keV) hv (keV)

only when ¢ ,p is Fig. 3 (a) X-ray spectra in the plug region
formed. The solid fitted by plateau (solid and dashed
curve in Fig. 3{a) curves) and Maxwellian electrons (dotted

is calculated ones) ; (b) 60 keV Maxwellian electrons.



using fe in Fig. 2(b); here we use the data of 2¢ pp=5.4 KV
for the ¢ sp trapped plateau electrons along with the
mirror trapped Maxwellian with a loss cone angle of 35°
(T,.=60 keV and 2.5 % to the total plug density). Also,
the dashed curve is calculated using the radial profile
data on X-ray emissivity reconstructed by a tomography
technique and on ¢ . along with the theoretical model in
Fig. 2(b). Good agreement between the X-ray spectrum in
Fig. 3(a) and the calculations has been obtained.

V . MIRROR TRAPPED HOT ELECTRONS IN THE THERMAL BARRIER
In thermal barrier 105 -

tandem mirrors, mirror con-

T Tl

fined hot electrons play an

11 [t

T

important role in the for-

ol

mation of thermal barriers.

o

Figure 4 shows an X-ray

energy spectrum observed
with the Nal(Tl) detector.
This spectrum is fitted by

dn i
huth(mLunU

o

L ERaeY

L

[\]

Lt 1yt

the dashed curve, which is

calculated using a relativ-

T T 1T
Ly daenl

istic Maxwellian with a

@
BARRIER REGION o

1™ A

T

temperature Tepr ©f 60 keV

2 S W S I S N NN N S S IR )

and a loss cone angle of ]00 160 0 300
hy (keV)

55° as estimated from the
axial X-ray profile. Here, Fig. 4 An X-ray spectrum in the

we use the relativistic thermal barrier fitted by a 60

Born approximation cor- keV relativistic Maxwellian.
rected by the Elwert factor

for the X-ray spectrum analyses. These hot electrons
correspond to those in the region M (Fig. 2(b})), and these
are also observed as the higher energy component with B0
keV in the plug X-ray spectrum (see Fig. 3).

The values of Tep have been measured to saturate at 80



keV with a succesive increase of the hot electron density
nph; this fulfils the requirement of obtaining a large
value of nen without increasing Teb, which is desirable for
MHD stability in the barrier region as well as for the

- formation of ¢ p (4,5). X-ray tomographic reconstructions
using two sets of the 50 channel MCP indicate that the
radial profile of the hot electrons is peaked on the
magnetic axis, which is desirable for the formation of ¢ p
in the core plasma. Also, a good axisymmetric radial
profile is observed (4,6); this is important for preventing
the formation of a local anisotropic electric field, which

may cause particle confinement degradation.

VIi. THE CENTRAL-CELL ELECTRONS CONFINED
BY THERMAL-BARRIER POTENTIALS

We now proceed to the final issue of clarifying the
effects of the above-described potentials on the
central-cell bulk electrons. An increase with time of the
bulk electron temperature in the central cell Tec is
observed during a period with the ¢ » formation (3). The
rate analyses using the energy balance equation for the
bulk electron energy are utilized for the estimation of the
electron energy confinement time T re. TO analyse the
energy balance, it is necessary to obtain fe in the central
cell. This is made using X-ray PHA combined with the X-ray
tomography. It is obtained that the central-cell electrons
consist of bulk electrons with a few hundred eV along with
the keV range warm electrons originated from the plug
region (see Sec. Il ); this component is the dominant
heating source for the bulk electrons through the slowing
down process. Using these data, it is found that the
central-cell electrons are confined by ¢ p, and that T ge
scales well with the Pastukhov theory (17, 18).

‘Also, one of the most important characteristics of fe

is its difference from those in the plug and the barrier



regions. This demonstrates the thermal isolation effect due
to ¢ ».

Vi. SUMMARY

The electron velocity distribution functions fe in the
plug region, the thermal barrier region, and the central
cell have been observed using X-ray diagnostics. Each fe
has its characterized shape strongly affected by
electrostatic electron confining potentials, although these
regions are directly connected through magnetic field
lines:

(i) In the plug region, a plateau shaped fe produced
by strong plug ECH has been observed. These electrons are
confined within the ellipsocidal boundary in the plug
electron velocity space determined by ¢ »». This shape of fe
as well as the relation between ¢ ¢ and ¢ p is consistently
interpreted by Cohen’s strong ECH theory.

(ii) In the thermal barrier region, magnetically
trapped hot electrons produced by barrier ECH have been
observed to be fitted by a 60 keV relativistic Maxwellian.
These electrons play an important role in the formation of
?b.

(iii1) In the central cell, two component Maxwellian
electrons are observed: The higher energy electron
component coming from the plug region becomes the dominant
heating source for the bulk electrons; the energy
confinement of the bulk electrons is determined by ¢ p» and
is consistently interpreted by Pastukhov’'s theory.

These different electron temperatures including their
different shapes of fe have demonstrated the significant
effect of electrostatic potentials on electron confinement.

Also, the importance of the potentials for energy

confinement is experimentally demonstrated.
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Abstract

The effect of the ambipolar potential on the stability of low frequency waves has
been studied by applying a bias voltage to the end plates of GAMMA 10. The Fraunhofer-
diffraction method and a reflectometer are used for the measurements of density
fluctuations, and beam probes for potentials. Two types of instabilities, rotational driven
modes with the lowest azimuthal mode number and drift waves with high mode number,
are observed during the existence of confining potentials. The dispersion relations are in
good agreement with drift wave theory including a Doppler shift due to EXB rotation
velocity. The fluctuation level is observed to depend on the radial profile of the plasma
potential. It is shown that the end plate biasing in a tandem mirror is useful for shaping
the radial potential profiles to suppress the fluctuation-induced radial transport.

1. Introduction

In tandem mirrors, the end losses along magnetic field lines of force, a long term
subject, are suppressed by a formation of confining potentials with thermal barrier [1,2].
Considerable attention has been focused on a study of radial transport consisting of
ambipolar and nonambipolar losses [3,4]. The nonambipolar losses are associated with
neoclassical resonant transport due to asymmetric magnetic geometries. On the other
hand, the ambipolar losses may be caused by the plasma fluctuations. The radial electric
field Er due to the potential causes an EXB plasma rotation in the direction of the ion
diamagnetic drift velocity, which may enhance instabilities such as rotational flute and
drift wave modes and degrade radial confinement.

The radial electric field also plays an important role in tokamaks in connection
with L-H wansitions. It is considered that the onset of the transition is triggered by a
change of E;, which subsequently suppresses turbulent fluctuations and improves plasma
confinement [5-7]. This H-mode behavior has been achieved in a controlled way by
inducing radial electric field in the plasma edge using electrodes {8,9].

In this paper, we report the effect of the radial electric field on low frequency
waves excited in the central cell plasma of the GAMMA 10 tandem mirror as measured
with the Fraunhofer-diffraction (FD) method and a reflectometer. A FD system offers a



means of investigating k- spectrum of long wavelength waves which are considered to
be more relevant to the anomalous transport. On the other hand, a reflectometer gives a
localized information of the density fluctuations which is difficult to obtain by using the
FD apparatus. Two methods are therefore complements each of the other.

2. Experimental Apparatus

The configuration of GAMMA 10 device is shown in Fig. 1. GAMMA 10 consists
of a central cell, anchor cells, and axisymmetric end mirror cells. The anchor cells are
minimum-B mirrors to suppress MHD instabilities. Plug and thermal barrier potentials are
formed in the axisymmetric mirrors. Total length of GAMMA 10 is 27 m with the central
cell vessel of 6 m in length and 1 m in diameter.

The present experiments are made for two different operational modes of
GAMMA 10, ECRH-start mode and ICRF-start mode. In the ECRH-start mode, four
gyrotrons providing electron cyclotron resonance heating (ECRH-B and ECRH-P) with a
frequency of 28 GHz are applied following the gun-produced plasma injection in order to
build up a plasma as well as to produce confining potentials with a combination of neutral
beams. The ion cyclotron range of frequency (ICRF) is employed to heat ions in the
central cell. On the other hand, a plasma is produced and heated by ICRF power in the
ICRF-start mode. The neutral beams and gyrotrons are then applied for formation of
confining potentials.

At each end of the machine, radially and azimuthally segmented plates are
installed which can be biased to control the potential distribution as well as be floated
through a T MSQ resistor. In the present experiment, we have applied a bias voltage Vg in
the range of +1~-2 kV and study its effect on the density fluctuations. The potentials are
measured with beam probes at the central cell, ®¢, and barrier midplane, ®p. The radial
profile of the potential is measured with the barrier beam probe. The profiles at the central
cell are determined from those obtained at the barrier midplane assuming that the profiles
are conserved along the magnetic flux tube.

The FD system [10] is located at the east side of the central cell, z=2.4 m, where z
is the axial distance from the central cell midplane. A 100 mW output of frequency 45
GHz is focused to the plasma center by a fused-quartz lens. The frequency shifted
scattered signal and the unshifted transmitted wave are focused via another lens onto a
detector array. The intermediate frequency (IF) signals from the mixers are amplified by
low noise amplifiers and fed to data processing system.

A broadband reflectometer with frequency of 7-18 GHz is also installed to the
midplane of the central cell. A 150 mW output of YIG oscillator in cw mode is injected
into the plasma through horn antennas with O-mode and X-mode propagation. For the
measurements of density fluctuations, the single antenna is used as both transmitter and



receiver. The reflected wave is separated from the incident wave by a circulator, and is
mixed with the unperiurbed LO wave in a mixer. The resultant IF signals then fed to the
same data processing system as the FD signals.

3. Experimental Results and Discussion
3.1 End plate biasing in ECRH-start mode

In the standard operational mode of floating end plates, the on-axis potentials at
the plug, ®p(0) and at the end plate, $g(0) are 2-3 kV and -(0.5-1) kV, respectively. The
potential at the central cell, ®c(0) also rises to the 1-2 kV range. When the bias voltage
Vg is applied to the end plates, the values ®¢c(0) and ®g(0) increase with increasing
positive bias and decrease with increasing negative bias. We have observed that the radial
profiles of the potential measured with the barrier beam probe have the shape of a well
type at VB<-2 kV when the ECRH-P is applied and at Vp<-1 kV after the ECRH-P is
turned off, and they are peaked in the other cases {11].

The spectrum and amplitude of the density fluctuations measured with the FD
system and the reflectometer are strongly depend on the values of Vp, that is, the radial
electric field E;. A dispersion relation of the wave agrees with drift wave theory, taking
into account a Doppler shift due to ExB plasma rotation. In Fig. 2 is shown the
normalized density fluctuations as a function of E;. The fluctuation level is the maximum
when E;=0 and decreases with an increase in IE,l, regardless of its sign. The dots are
obtained in the recent experiment. .

Figure 3 shows the fluctuation amplitude for various values of Vg measured with
the X-mode reflectometer. The reflectometer signal can be interpreted as enhanced wave
scattering by local density fluctuations near the reflection layer of the incident wave. The
frequencies 11.4 GHz to 13.2 GHz of the incident wave cormrespond to the critical
densities of 2.2x1010 to 3.0x10!! ¢cm-3 in the X-mode propagation. The value of the
central cell density is in the range nc(0)=3-6x1011 cm-3. Note that the fluctuation
amplitude is enhanced in the plasma edge region when the large negative bias is applied.

It is important to study the correlation between the fluctuation and the plasma
parameters, since it is possible that the waves excited in the present experiment cause the
anomalous radial transport. Figure 4 shows the density, diamagnetic loop signal, and
normalized Hy signal at the central cell as a function of the normalized density
fluctuation. It is seen that the increased density fluctuations for the lower value of E;
degrade the plasma parameters due to the increase of particle transport.

3.2 End plate biasing in [CRF-start mode

In the ICRF-start mode, the density fluctuations with coherent and discrete
spectrum are dominated when the confining potentials are formed by the application of
ECRH-P, while the broad spectrum is mainly observed without ECRH-P. The frequency



of the lowest mode is close to Wg/2n=E//2mrB, the rotation frequency. The wavenumbers
determined from the FD profiles are in the range of k;=0.1-0.3 cm-1. The ExB-driven
rotational modes with azimuthal mode number m=1 and 2 are candidates for these modes
[12,13]. When these instabilities arise, the central cell plasma drops and very often cannot
be sustained. Therefore, rotational instabilities are somewhat more dangerous than drift

waves in tandem mirrors.
The destabilizing force due to the EXB rotation can be estimated by the ratio o of

the driving term from the rotation to that from effective gravity. A representation of a for
an electrostatic flute mode is given by a=mg2/(gg/a) [14]. The effective gravity gg due to
magnetic field curvature is evaluated to be go/a=(3/4)(a/Lp)*axiZ, where a is the e-folding
radius of the plasma, and Lp is the magnetic scale length. In ICRF-start mode, the
plasmas have relatively peaked density profile. Substitution of the experimental
parameters (Wg=5x10% sec'1,aj=4x107 sec-1, a=8-10 cm, and Lg~300 cm) yields a:>1.7.
Therefore, the EXB rotation has a high probability of driving the rotational mode.

The reflectometer measurements show that the rotational mode distributes into the
core region of the plasma, while the drift wave exists mainly at the edge. Figure 5 shows
the typical density profile of the ICRF-start mode and the reflectometer signals obtained
at two different frequencies, 15 GHz and 18 GHz, for various values of Vp. The
frequencies correspond to the critical densities of 6.8x101! cm-3 and 1.5x1012 cm-3,
respectively. It is seen that the negative bias suppresses the coherent rotational mode in
the core region, however, it enhances the drift wave turbulence in the edge region. From
the FD and the reflectometer measurements for various values of VB, the fluctuation
levels of these two modes are plotted as a function of @¢(0) as shown in Fig. 6. Although
the data of the potential profiles are not processed yet, we may assume that dc(0) is
proportional to E; for this experiment. The fluctuation level of the rotational modes is
observed to have the minimum value when @ (0) nearly equals to zero and increases with
increase in |®c(0)l. Note that the drift wave turbulence enhances when rotational modes

are minimized.

4. Summary
In summary, the potential control of plasmas has been carried out by applying a

bias voltage to the end plates of the GAMMA 10 tandem mirror. In the ECRH-start mode

with broad density profiles, the density fluctuations satisfying the dispersion relation of
drift waves are suppressed by increasing the radial electric field regardless of its sign. The .
suppression of turbulence allows the enhancement of the plasma parameters such as the

density and the diamagnetic loop signal, and lowers the Hg signal. In the ICRF-start
mode with narrow density profiles, the rtot'ational instabilities with the lowest azimuthal

mode number are predominantly excited during the formation of confining potentials.



There are large changes in the central cell density when these instabilities exist.
Therefore, it is better to lower the radial electric field by applying the moderate negative
bias to suppress the instabilities and to avoid the plasma disruption. However, we have to
be careful since the low electric field enhances drift waves in the edge region.

The present study shows that it may be possible to control the plasma instabilities
by shaping the radial potential profiles using segmented end plates so as to suppress
radial ambipolar transport
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1. INTRODUCTION: Electrostatic potential structures of plasma
flows along inhomogenous magnetic fields may have strong
effects on particle acceleration and transport in magnetized
plasmas. Main works on this topic have been concentrated on
electrostatic potential formation in supersonic plasma flows,
which is predominated by'ion dynamics, Self-consistent
potential variations in magnetic dips were analfzed in con-
junction with a thermal barrierul Measurements on electro-
static potential in supersonic plasma flows -along magnetic dip
and bump demonstrated the formation of potential well and hill
' respectivelya2 A field-aligned potential difference in a
high-speed plasma flow with anisotropic ion velocity distribu-
tion has been investigated,3‘5 and a potential increase along
converging magnetic field lines is clearly observedo6

Here we present potential profiles along a plasma flow
with highly-anisotropic electron distribution in regions of
local magnetic mirrors. Measured results contrast well with

aforementioned results in case of the supersonic plasma flow.

2. EXPERIMENTAL METHODS AND RESULTS: A plasma with density n2



109 cm-3 is produced by an argon-gas discharge between a 5-cm-
diam grid anode A and an oxcide cathode K at one end of a
straight 15.7-cm-diam stainless-steel vacuum chamber which is
grounded electrically together with A. The argon gas is fed
near K and the gas pressure around the machine center Par is
in the range 4Xl0—3 - 5><10_2 Pa. The plasma diffuses along a
strong magnetic field B(=1-4 kG) and is terminated by a float-
ing 5.2-cm-diam endplate at 2=250 cm from A. Local magnetic
bumps with mirror ratio l<Rm(=Bm/BO)<3°2 and magnetic dips
with 0°l<Rm<l can be produced between A and the gndplate;
axial half-widths of which are below 30 cm. Here B, repre-
sents a value at the uniform region and Bm at the bump top or
dip bottom. . The plasma po-
R = tential ¢ is measured by an
m Qb axially-movable small emis-
.08 IOSV sive probe. | '
128 The electron energy dis-—
’ tribution function parallel
.80 to the magnetic field F, is
obtained from a derivative of
211 the voltage Vp - current IP
characteristics of the Lang-
2.44 muir probe. In the uniform
magnetic field (R =1.0), F
a.14 is almost Maxwellian with

temperature Tezz eV for a
higher Ppm(:-l><10“2 Pa). As

Por is gradually reduced, a

high energy tail (>10 eV) ap-

pears in Fe' resulting in a

I 7 T two-component Maxwellian type
A distribution with a suffi-
A 50cm BUMP

ciently high tail-density for

PAr34x10'3 Pa. The ion tem-
perature is estimated to bhe
files for magnetic bumps. Ti£0e5 ev.

~ _ ~ =3
By=1.24 kG, P, =4.5x107" Pa,

A is anode and the other

Fig.l. Axial potential pro-

Main results de-
scribed below are obtained

under this gas-pressure
arrow indicates bump top.



region, where the electron energy distribution £ is highly
anisotropic with respect to the B-field lines.

Figure 1 gives axial potential profiles in case of the
magnetic bump. The monotonously decreasing profile along the
plasma flow is observed under the almost uniform magnetic
field, which is considered to result from an ambipolar dif-~
fusion. When R is increased, the potential well is formed
in the region of the magnetic bump. The potential-well depth
Ap is of the order of 0.1<-A¢/Te<0°2 for large Rm(=3); where
Te(glz eV) is an average temperature of the non-Maxwellian F
for Rm=l.0. Axial variations of F. are measured for a
typical Rm(=2°79)‘as shown
in Fig.2. Almost no
change of Fe 1s recognized Fg%ﬂ A_J) ? ? B
in the uniform region be- _;f’////ﬂ o (kG)
tween the plasma source and :

V,Vi -50 0

the .magnetic bump. The
density of high-energy tail

is, however, observed to in-
crease considerably along
the converging magnetic .

o O
o>
) . ()\\\\L
field around the magnetic

-“sojo
’-55/

bump and in turn decrease J4Fﬂf‘_,/f

as the magnetic field di- -50 O

verges downstream,

For the case of mag- 4,fHT—’*T#ﬁ

-50 0

netic dip, on the other hand :

, an electrostatic potential

\

hill appears in the region -50 0

of magnetic depression as
demonstrated in Fig.3. The L_,,fe’f/h
-50
L -50 1

potential-hill height A¢ Q

increases when Rm decreases,

i.e., the magnetic depres- 0
sion becomes large, which is

smaller than the maximum

value (-A¢) of the poten- Fig.2. Variations of energy
tial-well depth for the distribution along Eéasma flow,
R =2.79, P, =4.5x10 ~ Pa,
m Ar
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Fig.3. Potential profiles
for magnetic dips. BO=3°71
kG, P 3

ap=08:7%x10"" Pa. Dip
bottom is shown by arrow.

the case of supersonic plasma flow,

magnetic bump in Fig.l. Fg
does not almost change except
the region of nonuniform mag-
netic field in a typical mag-
netic configuration (Rm=0°28)'
as presented in Fig.4. How-
ever, the density of high-
energy tail drastically de-
creases along the plasma flow
in the region of magnetic
depression.

It is noticed that the
potential well for the magnet-
ic bump and the potential hill
for the magnetic dip are grad-
is

ually diminished when Par

increased and finally disap-

2 Pa, where

pear around 5x10°
Fe(fe) is almost Maxwellian(

isotropic).

3. DISCUSSIONS: According to
measured results mentioned
above potential prcofiles
around the magnetic bump and
dip are quite different from
those obtained previously for

The highly anisotropic

fe and almost isdtropic ion distribution fi seem to be closely

related to a mechanism for the local potential formation ob-

served,

Let us discuss a self-consistent scenario of elec-

trostatic potential formation in a collisionless plasma flow-

ing along a simply converging magnetic field B(Z) with a mini-

mum B. at the entrance and a maximum Bm at the exito

0
sider the case where most of

We con-—

the electrons with a smaller av-

erage pitch angle with respect to the B-field lines pass

through, but most of the ions with a larger average pitch an-

gle are reflected by the magnetic barrier in the absence of



electrostatic potential, ¢ F;“ﬁ) 2 4
. A— T l—"B
{Z2)=0, Then a spatially ) (kG)
_D.
decreasing potential pro- 5

file ¢(2z) is expected to v.(v) -30 0 ]?Ocm

p

form in order to maintain
the charge-neutral condi-
tion beyond the magnetic 3 L

barrier., For the case of

simply diverging magnetic

field with a maximum B0 and

o
[
pun |
-50
S0 0
a minimum Bm' on the other :
hand, the density spatially
-50 \
,,/,‘ e
zZ

)
G
»
decreases due to iyﬁ ac- 0
celeration of charged par- g
>
ticles in the absence of L
-50 0
electrostatic potential.
This local-density decrease
1s enhanced as their pitch L L

angles become large. Thus

@ monotonously increasing

potential is expected to . L

form to maintain the charge
~neutral condition every- Fig.4. Variations of energy
where in case of the plasma distribution along plasma flow

R =0.28, P 3
m

flow with anisotropic r=6'7x10- Pa.

electrons and almost iso- A
tropic ions.

We can calculate the local electron and ion densities
ne'i(z) in both cases of converging and diverging magnetic
fields by using Liouvile's theorem and conservation law of
particle's energy ¢ and magnetic moment u.7 Self-consistent
potential differences A¢ between the exit and entrance of the
B-field configurations are obtained by substituting ne'i(z)
into Poisson's equation. For simplicity, we apply a beanm
approximation with monoenergetic electrons and ions, which is
represented by fe,i=ce,i6(“-ue,i0)d(E-Ee,iO)' Here Ce,i are
normalizing constants, The result under the guasi-neutral
approximation is as follows:
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86 = Leg 085007 Eemot€ing)t (£ANT8;4"taN"S ) (1-R )

2 2
si”O(tan eio-tan Beo)(l-Rm) for Ee”0>>€i”0, (1)

It

where a subscript "0", and ee'i0(=arctanvlo/vﬂo) stand for a
value at the entrance, and pitch angles of electrons and ions,
respectively, Alfvén and Filthammer derived the same equa-
tion under a more restricted condition°3 Since ¢ (&Te)>>

e/

o (*T;) and 0,0>>0 in our experiment, Eq. (1) gives a

€,
iz 0 el
negative value around -Ti(Rm—l)/e for Rm>l {(magnetic bump) and

a positive value around Ti(l-Rm)/e for Rm<l (magnetic dip).
These value predicted are consistent with the measured A¢ in
Figs. (1) and (3).
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Plasma structure in front of an electron
emissive floated electrode
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Abstract

Plasma structures generated by an electron emission {rom a floated electrode are investigated
by using a particle simulation with a plasma source. A high-density low-temperature electron
emussion generates a negative potential dip which is accompanied by a low-frequency oscillation.
Three regimes of plasma structure appear for an electron beam injection. When a high-flux
electron beam is injected, an electron sheath is generated in front of the elecirode. This reflects
ions flowing to the electrode, and the plasma density thereby increases. When a low-flux
electron beam is injected, no electron sheath is generated. When an intermediate-flux beam
1s injected, an eleclron sheath structure appears periodically in time. These results of beam
injection are almost consistent with those of a Q-machine experiment.

L INTRODUCTION

Potential formation and control between a plasma and a solid wall are important problems in
variety of lields in plasma physics. The potential structure near a first wall of plasma. confine-
ment devices play a crucial role in electron heat flow and ion sputtering.! In reactive plasma
processing, potential structure in front of the subsirate influences characteristics of materi-
als produced because impinging ion motion depends on the potential structure.? The sheath
and pre-sheath have been extensively investigated since Tonks and Langmuir® considered this
problem for gas discharge plasmas. Recently, theoretical analyses® and particle simulations®”
considering both the plasma region and sheath region self-consistently for finite ion temperature
plasmas are performed. The potential sttuctures are investigated in various plasma parameters
in detail. Electron emission from a wall like a secondary electron emission is expected to change
the potential structure in [ront of the wall. For example, Hobbs and Wesson® demonsirates
the effects of the secondary electrons emitted from a wall on the potential difference between a
plasma and the wall. This analysis, however, does not treat the plasma region self-consistently.

In the previous particle simulation works,®'® we have studied the potential formation be-
tween an electron emissive floaled plane electrode and a semi-infinite collisionless Maxwellian
plasma. We have shown that a negative potential is created in front of the electrode when
low-temperature thermal electrons are emitted. For an electron beam injection, we have found
three regimes of potential structure. When a high-density electron beam is injected, the elec-
trode is positively charged and a stationary electron sheath is crealed in front of the electrode.
Most of the injected beam electrons are reflected by the sheath potential. Almost all of the
ions which move to the electrode are also reflected by this sheath potential; as a result, the jon
loss to the electrode is reduced. On the contrary, a low-density electron beam almost freely
penetrales into the plasma region and no electron sheath is created. For an intermediate elec-



tron beam injection an electron sheath structure appears periodically in time. In that work, we
does not employ a plasma source. In a laboratory plasma, however, like a Q-machine there 1s a
plasma source. In a system with plasma source, ions flow from the plasma source region to the
electrode, thus the jon velocity distribution is not Maxwellian. Does this difference bring any
difference in behaviour of the plasma structure ? It is interesting to observe how the potential
is formed and how the plasma behave in a system with a plasma source.

In Sec. II a simulation model is described. Section T1! presents simulation results. Conclu-
sions are in Sec. [V.

II. SIMULATION MODEL

Computer simulations are performed using a one-dimensional particle simulation code. As
schematically shown in Fig. 1, an electron emissive floated electrode is placed at z = 0 and a
plasma emitter is placed at x = L, where L is the system length. Initially, half-Maxwellian ions
and electrons are continuouslly emitted from the plasma emitter. Velocity distributions of the
electrons and the ions emitted from the plasma emitter are given by

pre— M V2
e, =ng o - _,t 3 0’ S
fsei(v) ”b\/;e’”’( 2Ts ) "7 8

where ng and Ts denote source density and source temperature, respectively, and e and 7 refer
to electron and ion, respectively. In our simulations the ion source temperature is equal to the
electron source temperature and the ion source density is equal to the electron source density.
Thus the electron flux from the emitter is larger than the ion flux. This causes an electron
sheath in front of the emitter. After electrons and ions fill the system, electrons are started
to be emitted from the floated electrode placed at z = 0 into the system at a constant rate in
time. A velocity distribution of the emitted electrons from the electrode is given by

m, e edi edy
€ = R 2 - 3 e > . 2
falv) = ey [ e‘{p( 9T )exP Tu Y7 Vom, 2)

where ng;, T, and i denote density, temperature, and acceleration voltage, respectively. It is
half-Maxwellian in the case of thermal electron emission(é; = 0), and is truncated Maxwellian
in the case of electron beam injection. A particle impinging on the electrode is removed from
the system and the charge is assigned to the electrode. The opposite charge of the electron
emitted from the electrode into the plasma is assigned to the electrode. The electric field
is obtained by using a finite difference method under the condition of £ = 0 at = < 0 and
é =0 at z = L. All simulations are done with the time step w,sAt = 0.05 in order to follow
the particle motion accurately in the vicinity of the electrode, where the electric field is quit
strong. Here, w,s(= (4nnge?/m,)'/?) and At are the electron plasma frequency defined by
using plasma source parameters and the time step width, respectively. The ion to electron
mass ratios fixed to be m;/m, = 400 in order to get large ion sheath potential which repels
electrons in front of the electrode before electron emission from the electrode starts. In the
case of thermal electron emission, Ty /Ts = 1, 1/4, and 1/16, and n./ns = 4, 1, and 1/4. For
the electron beam injection, Ty/Ts = 1/4, edy/Ts = 2, 5, 8, and ny/ns = 1/2, 1, 4, and 8.
The system length is changed from L = 100Aps to L = 200X ps. Here Aps (= (T5/4wn562)1/2)
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is the Debye length defined by using plasma source parameters. The spacial grid number is
NG =256 for L = 100/\1)5‘ and 1s NG =512 for L = ].-50)\])5 and L = 200}\1)5.

ITI. SIMULATION RESULTS

In this section we describe the simulation results. Initiaily electrons and ions are emitted from
the plasma emitter placed at z = L. Electrons and ions fill the system and quasi-stationary
state is attained. In our case with m;/m, = 400, the emitted ion to electron flux ratio is
Pis/Tes = nsvus/nsves = (me/m;)Y* = 1/20; an electron sheath is formed in front of the
plasma emitter and an ion sheath is formed in front of the electrode. Here, vies and vys are the
thermal velocity of emitted electrons and ions, respectively. The time average electron sheath
potential is about 2T /e and the time average ion sheath potential is about Ts/e. Thus the total
potential difference between the plasma emitter and the electrode is about 375 /e, which is equal
to the value from the currentless condition. This is given by (Ts/e)In(m;/m.)/2 = 3.0Ts/e.
The plasma density is about 0.2ng. In all cases with L = 100Apgs electron emission from the
floated electrode is started at wyt = 2000 after qusi-stationary state is attained.

A. THERMAL ELECTREON EMISSION

At first we present the results of the thermal electron emission. Figure 2 shows the time
evolution of the potential profile for the case with 7,;/Ts = 1/16, ny/ns =4 and L = 100Aps.
Fach profile is averaged over twice of the plasma period 47 /w,s of the plasma source. This
is almost equal to the plasma period in the system. Just after the electron emission startes,
a negative dip is created in front of the elecirode. It is interestingly observed that a small
potential hump moving to the electrode is created over and over. This hump is considered
to be generated by a two-stream instability which is induced between the emitted electrons
passing through the dip and ions.

In order to demonstrate the plasma density control by an emissive floated electrode, we
show the high-temperature high-density electron emission case. Figure 3 shows the potential
profile (a} and ion density profile (b) at wy.t = 4000 in the case with T, /Ts = 1 and n./ns = 4.
Dashed lines show the profiles before electron emission at w,,t = 1900. The electrode potential
is about ¢, = 2Ts/e and greater than the plasma emitter potential. Thus most of ions are
reflected by the positive potential. This causes the ion density increase and the ion density is
twice greater than that of before electron emission. A negative dip is not observed in front of
the electrode.

B. ELECTRON BEAM INJECTION

At first we show the results for a high-density beam injection case with ngy/ns = 4, e¢x/Ts = 5,
and L = 100\ps. The beam density, the speed and the flux are n, = 0.25ng, v, = 3.2vs, and
I's = 0.8n5ve5, respectively. Figure 4 shows the potential profiles before starting electron beam
injection at w,.t = 1960, after starting electron beam injection at wyet = 2200, 2600, and 3400.
The electrode potential goes up just after starting electron beam injection. An electron sheath
is created in front of the electrode. The potential difference of the sheath is almost e¢/Ts ~ 3,
which is almost equal to the beam acceleration voltage. This electron sheath reflectes most
of the injected beam electrons. A potential minimum is observed in front of the electrode at
wpel = 3400. This reduces the exchange between the electrons emitted from the plasma emitter
and the electrons emitted from the floated electrode. The electrode potential is larger than
that of the plasma emitter, thus most of ions are reflected in front of the electrode. Iigure 5
shows the jon density profiles at w,.t = 1960, 2200, 2600, and 3400. The ion density increases
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from the left side of the system as reflected ions moving to the plasma emitter. The ion density
is doubled at wpet = 3400. In Fig. 8, we show the time development of the electrode charge
(2) and the number of ions in the system(b). Just after starting electron beam injection the
electrode charge spontaneously goes up, and it remains in a constant level. The number of
ions starts to increase at w,t = 2000 due to reflection by the electron sheath in front of the
electrode and is doubled at w,.t = 3000. The period of increase is almost equal to the ion
transit time L/v; ~ L/0.1v,5 ~ 1000&);5'. ‘

Next, we present the results for the intermediate-density beam injection case with ngy/ng =
1, edp/Ts =5, and L = 1004 ps. The beam density, the speed, and the flux are ny = 0.063ns,
v = 3.204.5, and [y = 0.2n5v;.5, respectively. Figure 6 shows the time evolution of the potential
profile which is averaged over the period 47/w,s. Just after starting electron beam injection,
the electrode i1s positively charged and the potential goes up. A large potential hump appears
over and over from w,.t ~ 2000 to w,t =~ 2600. An electron sheath appears in front of the
electrode at wy.t =~ 2600, and survives until wy.! = 3000. The potential profile is turbulent
between wy,t =~ 3000 and wy.t >~ 3800. At w,l >~ 3800 an electron sheath structure in front of
the electrode appears again and survives until w,.? >~ 4400. After w,.t o~ 4400, the turbulent
state appears again. In Fig. 7, we show the time evolutions of the electrode charge(a), the
current, of the electrons emitted from the plasma emitter in the region 0 < z/Ap. < L/8(b),
and the number of ions in the system(c). There is a strong oscillation after wp.t ~ 2000, when
a potential profile is disturbed. The electrode 1s kept positively charged from w,.t =~ 2600 to
3000 and from 3700 to 4200, when an electron sheath is formed in front of the electrode. In this
period, the current of the electrons emitted from the plasma emitter is in a small level because
a negaive potential structure is formed in front of the electrode. The number of ions in the
system increases in the period when the electron sheath is formed because ions are reflected by
the electron sheath, being continuously supplied from the plasma emitter.

Figure 8 shows the dependences of the potential structure on the beam density and veloc-
ity(a) and the injection beam flux and beam acceleration voltage(b). Circles, triangles, and
crosses correspond, respectively, to the three regimes, 1.e. the regime where a stationary sheath
is created, the regime where an electron sheath structure periodically appears, and the regime
where no electron sheath structure appears. Note that the electron flux toward the electrode in
front of the electrode is T, = (211) ™Y 2 nguvyes expled, /Ts) = 0.1nsv,.5, where ¢, is the potential
of the plasma region. When an injected beam flux is much larger than the electron thermal flux
toward the electrode, a stationary electron sheath is generated. When an injected beam flux 1s
less than or almost equal to the electron thermal flux toward the electrode, no electron sheath
structure appears. When an injected beam flux is a little larger than the electoron thermal flux
toward the electrode, an electron sheath appears periodically in time. .

IV. CONCLUSIONS

Using a one-dimensional electrostatic bounded particle simulation code with a plasma source,
we have investigated the plasma structure generated by the emission of electrons from a floated
electrode in a plasma. When high-density low-temperature thermal electrons are emitted from
the floated electrode, a negative potential dip is generated in front of the electrode. The exis-
tence of the negative potential dip in front of the electrode is found in our previous simulation.’®
The depth is smaller than the previous one. This difference may be due to the difference in ion
velocity distribution in front of the electrode. In addition, present simulation shows that a small
potential hump appears periodically in time accompanied by the dip. The high-tempersture
high-density thermal electron emission generales a stationary electron sheath in front of the
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electrode. This reflects ions moving to the electrode, and thus the ion density increases.

When an electron beam is injected into a plasma from a floated electrode, three different
regimes of potential structure appears. For a high-flux electron beam injection the electrode is
positively charged and a stationary electron sheath is generated in front of the electrode. For a
low-flux electron beam injection an electron sheath is not generated and the beam penetrates
into the plasma. For an intermediate-flux electron beam injection an electron sheath structure
appears periodically in time. These three regimes are almost consistent with our previous
simulation’® without a plasma source, although an ion velocity distribution is quite different.

Since the plasma emitter continuously supplies plasma particles, plasma density varies in
different, way from the sourceless simulation. When beam acceleration voltage is greater than
the emitter sheath potential for a high-flux electron beam injection, the electrode potential
becomes larger than the plasma emitter potential; thus ions are reflected b; the electron sheath
and the ion density increases.

In a Q-machine experiment,'! three regimes of potential structure are also observed and are
almost consistent with those in the present simulation.
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Plasma Surface Interaction in GAMMA 10

in Relation to the Confinement Performance

K.Yatsu, Y.Nakashima, K.Tsuchiya, M.Shoji
Plasma Research Center, Universlity of Tsukuba
Tsukuba, Ibaraki 305

1.Introduction

In GAMMA 10 experiments, 1it Dbecame <clear that the wall
conditions with a small wall-recycling and a low Impurity
contamination are essential to attain a high plug and thermal
barrier potential. The plug potential ¢ of 2.0 kV has been
achieved with the thermal barrier potential dip ¢ of 1.3 kV
[1}]. The wall condition suitable for the formation of such high
potentials_is achieved by a large helium cryopump with a total
pumping speed of 2.6 x 10% 1/s and an active wall conditioning by
ECR discharge <cleaning followed by pulsed-ICRF plasma shots.
The wall condition is monitered by the measurement of wall
récycling, SAGE(Surface analysis of Adsorbed Gas by Electron
impact) and the measurement of plasma impact disérption(PID).
In this paper, the study of plasma wall interaction in GAMMA 10
is described in relation to the effects on the 1improvement of

the plasma confinement performances.

2. Wall Conditioning and Diagnostics
2.1 Wall conditioning

Figure 1 shows a schematic view of the GAMMA 10 device. The
plasma heating, vacuum and diagnostic systems are shown 1in
relation to location of plasma surface interaction. The upper
part of Fig.l shows the axial distribution of the magnetic field
strength and the potential, where circles indicate measured
values.

When the chamber 1s vented to air, baking is carried out at
100°C for three days. The ECR discharge cleaning starts 10 hours
before turn off bakling and continues for 30 hours. The ECR
discharge cleaning is carried out by 2.45 GHz microwaves 1in the



central cell with two sets of 1.3 kW magnetron oscillator. The
cetral cell magnetic field is 220 G with the mirror ratio of 5.
So the resonance zones exist at both ends of the cell. The
hydrogen pressure is maintained at 4-9 x 10-° Torr. A plasma of
the density 2x10'2 em~ 32 and the electron temperature 4.5 eV
is produced with a FWHM radius of 20 cm. After the ECR discharge
cleaning, wall conditioning by pulsed-ICRF ﬁlasma production with
60 ms duratiop is carried out under the normal experimental
condition at every twelve minutes for several days. The ICRF
power is about 2 x 250 KkW. During this wall conditioning
procedure, the wall condition is monitored by SAGE, PID and
measurements of the dynamic pressure during the plasma shots.
The plasma confinement experiments can be started after several
days of the ICRF shots and are continued for about four weeks.
This procedure is named one series. Then, the experiments are
interrupted for oufgassing the 1liquid helium ecryopump. The
outgassing procedure takes about ten days. The next series of

experiments starts with the ECR discharge cleaning.

2. Diagnostics for plasma surface interaction
2.1 Monitoring of basic vacuum condition

The base pressures in seven regions of the GAMMA 10 wvacuum
chamber are monitored by fast ionization gauges, which are nude-
type Bayard-Alpert gauges with magnetic shields. Residual gases
are analyzed by two quadrupole mass spectrometers(QMA) installed
in the central and in the end regions. The partial pressure 1is
periodically measured in shot-to-shot intervals during experi-

ments.

2.2 Measurements of dynamic pressure aﬁd. wall recycling
coefficient
In the case of open-ended system , the ionized particles flow
into the end regions, so that the wall recycling is somewhat
different from toroidal systems. Figure 2(b) shows the time
evolution of the central-cell pressure P.. measured with the fast
ionization gauge for cases with ICRF pulses and without

pulses(only gas puffing). The . pressure increments are measured



at the end of the ICRF pulse for cases with plasma(AP*) and
without plasma(aAP¥-?). The value AP is much smaller than AP¥-°
because the gas is ionized by the plasma and transported to the
end reglons(plasma pumping). The ratio AP*/AP*-° decreases with
the progress of the wall conditioning and the ratio is a good
measure of indicating the wall condition[2]. The ratio is 0.3
after the ECR discharge cleaning and decreases to 0.09 after
several hundreds of IJCRF plasma shots. This result indicates
that wall bombardment by energetic charge-exchange neutrals
produced in the ICRF-heated plasma is effective in reducing the
wall recycling after the wall conditioning by ECR discharge
cleaning. This ratio 1is easy to measure and 1is periodically
monitored several times during a series of experiments.

The wall recycling coefficient ¥ is calculated to qualita-
tively evaluate the wall condition from the change of the dynamic

pressure by using following equations:

VimghT= @ - (SeiS0) B+ 5 Ciu(mimpi), (1)

Q: = Qi + Q;*7, (2)
where V:,, p; and @, are the volume, pressure, and gas load of the
ith chamber, C;, 1is the conductance between the ith and jth
chamber. S,; and S, are the pumping speeds of the plasma pumping
and vacuum pumps. The gas load @. consists of the gas input ;¢
by gas puffs and gas load @, by the wall recycling. The gas
load @:;¢ is determined by the pressure change in the case without
plasma.

The pumping speed and wall recycling are expressed as

Sp p = e Mo <OU>iop Vo + i tn Ves Ao B, (3)

2
1
Qv = _2" (7’"1) n;, ng <OU>cx Vp, (4)

t

where n. and n:; are the electron and ion density, ns and nm. the
atomic and molecular hydrogen density, <ov>;on and <gv>:» the
rate coefficients of ionization and charge exchange, wv:#s the
thermal velocity of molecular hydrogen, V, and 4, the plasma
volume and the plasma surface area. The fraction of ions
produced from molecules is 8. Here we take 8=0.65 by accounting
the atomic processes[8]. The wall recycling coefficient vy is



defined as

_ {(reflected neutral atoms)+{(molecules leaving wall)x2} (5)
ro= (neutral atoms striking wall) ;

The plasma pumping is taken to be proportional to the plasma line
density as shown in Figs.2(a) and (c}. As shown in Fig.2(d), ¥
is about 1 during an ion temperature of 1 keV and decreases to
about 0.7 with the decrease of ion temperature by turn off the
6.2MHz ICRF pulse. The determination of ¥ is important not only
from the viewpoint of plasma surface interaction but also to
obtain the actual gas loading for calculating the particle
confinement time. The relation between the ratio AP¥/AP*-° and vy
is shown in Fig.3, where 7y decreases usually from the upper end
of the error bar shown in the figure to the lower end during a
shot with the both 6.2 MHz and 9.6 MHz ICRF heating pulses.

3.3 SAGE and PID

The diagnostic SAGE has been described before[3]. The gas
desorbed by electron impact is analyzed with the mass spectro-
meter(Fig.4). This diagnostic has the advantage of active
analysis of the wall surface without introducing any gas.

The measurement of PID has been newly applied to GAMMA 10 as
one of the surface analysis methods(Fig.5)[4]. The gas desorbed
during a plasma shot 1s mass-analyzed with the magnetically
shielded QMA. The time delay of the measurement 1is several
tens of ms due to the conductance of the duct between the QMA and
the chamber, which is smaller than the time constant of the
pressure change in the central cell. The increase of the QMA
output due to the plasma production(APr:p» )} is plotted in Fig.6 as
a function of the SAGE value(APssg¢c). Both APr;p; and APsasge
decrease with the number of ICRF plasma shot. One of the
feature to be noted is that the APr:; of hydrogen(M=2) decreases
proportionally to the APsssc. Since no gas is introduced during
the SAGE measurement, the results indicate that the wall

recycling of hydrogen decreases with the wall conditioning.

2.4 Improvement of the DEGAS code
The densities of the central plasmas 1in most experimental



conditions are 1-5 x 10%'Z%cm-%, so that hydrogen gas has
significant effect in the plasma gas interaction. The DEGAS code
has been improved by taking into account of the effect of
hydrogen gas. The density of atomic hydrogen in a plasma is very
important to determine the particle source and the charge
exchange time in the study of particle and energy confinement
times. Figure 7 shows the radial density distribution of atomic
hydrogen determined by using the DEGAS code together with the Ha

measurement.

4. Improvement of plasma confinement performance

GAMMA 10 had been used Ti-gettering pumping system before
the installation of the helium cryopump system. At that time, the
ECR-DC had not yet been operated, so that thousands of ICRF
plasma shots had been required to achieve a good wall condition.
Now, a few hundreds of the ICRF shots are enough to obtain the
identical wall condition. This is due to the ECR-DC and the
clean vacuum condition attained by the helium cryopump.

With the improvement of the wall condition, the impurity
concentration is reduced and the excess gas load due to the wall
recycling also reduced. A larger thermal-barrier depfh and
higher temperature of the passing ions are observed under the
good vacuum conditions, which results in a longer barrier
duration and higher electron temperature[5]. The nt value (n:
central density, r: particle confinement time) of 2.4810‘Ecm'3s
is obtained with the plug and thermal barrier potentials of 1.5kV
and 1.2KkV at the ion temperature of 2.0 keV. The development of
¢ and ¢ since 1984 1s plotted in Fig.8. This improvement is
considered partly due to the improved wall conditioning and

vacuum pumping system.

5. Summary

The good wall condition required for the good plasma confine-
ment has been reached in GAMMA 10 by the ECR-DC and the helium
cryopumping system. The wall recycling coefficient ¥y obtained
from measurements of dynamic pressure change is observed to
decrease with the progress of the wall conditioning. The newly



applied PID measurement also shows that the hydrogen recycling
decreases with the wall conditioning. The large plug and thermal
barrier potentials are attained under such good wall condition.
The above results are importaﬁt from the viewpoint not only of
controlling the gas feed but also of the estimation of particle

source to investigate the particle confinement.

References

{1l T.Tamano et al., Fourteenth International Conference on
Plasma Physics and Controlled Nuclear Fusion Research,
Wur tzburg, 1992, paper C-4-3-1(C).

[2] K.Yatsu, Y.Nakashima, S.Moriyama, T.Cho, M.Ichimura, Y.Imai,
M.Inutake, S.Miyoshi, N.Yamaguchi, J. Vac. Sci. Technol. A8
(1989) 2548 .

[3] Y.Nakashima, M.Ichimura, Y.Imai, M.Inutake, A.Mase,
S.Miyoshi, F.Tsuboi, D.Tsubouchi, N.Yamaguchi, K.Yatsu,
Y.Sakamoto, K.Okazaki, L.S.Peranich, B.Leikind, J. Nucl.
Mater. 162-164 (1989) 812.

[4] Y.Nakashima et al., to be published in J. Nucl. Materials.

[5] T.Cho et al., 12th International Conference on Plasma
Physics and Controlled Nuclear Fusion Research (IAEA,
Vienna, 1989), Vol.2,’p.501.



@ (kY)

End-
End Tank | _Mirrar Tank

Turbo-melecular Pump

Py R R il L LDttt it
2 b
\}F mc= Laxv
o : L 1 M
\ - 5
t Barrler 5 0 m g P
1t f §G j f{ )
S M .
0
End !Plug ! Anchor | Central Reglon |
! - Barsiery ' ' Het
' . ' MBI Tonk : Ie-Cryo Pump.
] ' i
h , Electron Gun [
! = [ for SAG PN'BIJ , -
v b—) 1 sospunn Paier 1 O Pue
- 37 %I‘e&‘ | - : :
M A .
Q o] =} o L+ ]
& = . & RN
Pga oMa B ) ]
MW Anlenna [ d
_fer ECR-0 we aMa

Beam Qumn Tonk

Hude Gguge

Fig.1l Schematic of the GAMMA 10 device and axlal distributions
of magnetlic fleld strength and potential.

r_.t“(m“c m?)

g
o

=
=)

1 ] L

10 20

T T L
ICRF (9.6MHz)

{CRF (6. 2MHzZ)

! L] L '

20
TIME (ms)

30

—88

Flg.2
(a) Time evolution of the electron
line density in the central cell.

{b) Time evolution of
with plasma(solid line)
and without plasma(dashed line).

{c) Plasma

the central
pressure

pumping Sy (solid line)

was taken to be proportional to
plasma density. Gas loading Qf is
estimated from the case without
plasma.

(d) Calculated wall recycling

coefficlent r.



T T T T ] Fig‘ 3
30 .
> 30 Relation between APY /JAP““¢ and 7.
= - - y decreases usually from the upper
.g end of the error bar to the lower
T oh IIHI [ _ end during a shot with ICRF heating
-8 L I ] pulse.
o L i
£ o Ny
© 05 .
| - -
&
0 3|' { 1 [ ]
10 50 100
APWAPNO (o)
Bellows
- = EFI
Vs OMA
— / . ﬂ Sweep
: 1
GAMMAIO Central Cell A Generator
(} ls Controller Recorder
i ‘
G2 e [ l . i rame A/D Fersona
i " y mpuler
. 00 f) 0 z Controller _..DD___.Converior P
Fig.4 Schematic view of the SAGE Fig.5 Schematic view of the PID
diagnostic system with the system(Plasma Impact Desorption
cross-sectional view of the measurement).

GAMMA 10 central cell.



)
1 - — T —rrrrry Fi1g.6
0: 1 “/ ] g

i M=2 ‘: ] APs o 1s proportional to APsece.
L ] They decrease with theprogress
/ 1 of the wall conditionling.
5 o |
10 - M=28 = 3 .
T | : _-
‘c [ ) ]
2
E @ e/
e /9 %*
o Tk
T ok 1 -
S / 3

| I | PR I | PR SEPE BN

10 10? 0 07
APsage (arb. Unils)
10" ' I v I v
[ —— Improved DEGAS 1
---- Original DEGAS
S0 -
218 x
I
l Nude
': Gauge
JH?
t —
|
| J
He-Measurement
i -
| -
l
Plasma | Yacuum
107 ! | N 11 )
0 10 20 30

Radius (cm) ‘

Fig.7 Radlial density distribution
of molecular hydrogen and atomic

hydrogen.

Plugging Experiments on GAMMA 10
ECR Discharge Cleaning
| e EEEE—
= Ti Geller Pump  He Cryopump
=207 New ECH & ICH]
—
E @)
= -
g 1.5- ¢ &
.5 (=l
o 6 O c
o g ~ ]
c » 2
£ 0 %] o
= = = £
N | z < |
£10r O < 2
O < 8 Ef 3>
§ |5 2 < &
=t ~ ~ <
0.5f <t - —
o % =
- ™
< e
0 1 1 '_-—; 1 - 1 L
1904 ‘B5 '86 '87 'B8 ‘8% ‘90

Year

Fig.8 Development of ¢ and &

since 1984.



NUF bovEICBI 3 ENESE DI

KN F
FHKENIA PO U BRBETIRE LS
ARG » 1 E

1. [FUSHIC

73Xe” LAY £EZLEE, ALAHSHhI TS XwDliERbELY, SO
75X AT EET B 00 EERREN D, —F, BB UADICE - T, BOES
HAT7 « F3ATIE > TORREHE N > T B, Lichis T BAKHEEAB I
kD, FOBEQAT - 75 XTHENTEETH 20 AEROICHEID TH S &I3E
BEARELSAL T,

AT X< ARET 2 HmE LT, EEAMZE. UTFO3 40531555, —Did.
BT S5 X IEGET L OBERSEE 2 NS, 75 X7 - EEHEAHOSENSOT
ET. BIEMOBRAP RO Y-V s VSR L2 EHEHE. HBICLE2ETOI LT 4
Vs rEREL ShB, KiT, BUBIGE  RUBRAIZTMT 3 HET, U I FEMDY
A 15— S EOBROM. BIBDY » FADINTFA ¥ = 5 VOISHELNEL SN S
55, Z0ER. AUT 3 XD I XA~ AHBERIELLS 35 HDT,
FEIIEROBIRN B, /7 AL PTHMAR FOMIZ, 75 XvBROMEIEL Shb,

COESUEROT, ANUA o EOBTRBE O THRMICE LTINS TS XTE
OB L UEOHEERA T D, ’ :

2. BigEEL S5 X7 Rh!

AN)F PeYEEBOEAT M) 7 AEBROBHGIR. ARV TT 0 v 7 HEHHESE
FoThad, €243 75X7icd > Tid, & (bW EOHBEY) TRIFIH
L7, MAHOEE CORIPERERL, JORX, ik, TRESIIohD, &
LZHEOWELF LTS, B 2-1 32D 1T, BARKAmOL UM BT 5%
MOWIEY, iR vl VLA EET IERERLIIRTH 5, HlSOHREIE. —
Ry VAR IlBIIBTAN—FORBHED L HIZRA D, BHBMOTXE., P~
TDRI VA TAIBEIIRENRST . HLHFBRE T V7 LICE, HP., SXBE
£E > TERRAZFERICHETN - EAFEL, ARGV TREETHIHEK TS
o WAODHEKIT, ZOLHIBEIBOBRETOHAEEORVCFEEGWHEEIGRELD
Hole X BEBMEN, BAT S X<a HEINIETAN—F~DH T - BEFICE
DORIZHELEEZ T, ELTHOLT T ATICHUTEDRILEHEABEZ 50 &0
Silh b,

DL INTT 4y 7 BRHOICESHETO S X BICMI 2 ERELT. &
HEOIFL ST NT T 4 v 7 ) I 7 RB2NH D, chiksE, WHIROBRE Y L0
OB EXETCRTIXTBMIIELHLI & TIVTF 4 v 7 BEEOETBABUIZBINOH
HERRONDL I EDHREEIN TS,



in eere AR AR BCWS [T et

B 22 Sy71a7o0—-7ERAONTHELIANYA O EDQR/RT PV 7 X
Bl 54 4 HERE LU floating potential OBAMBHARL TS, R
(@a)IE 2-1 & A-A TRUCERIZD->T. (bIiX B-B iIiR->TRAELTHS, £H5
DHSIZHTH, M F4 VENERSHITHENHBIEY LTEH. BB AIRO
BXDOEIIHT IHBLAHETH D, M L. floating potential ZTHiZidiy
{2roMMPEAIENh. ThEE, BOSKELHELTHWIRICRA 5, JORAIT
. EFREOHFHINOOT, 73 XTOBMBUNIDOLSBEFHELTHDEDH,
BFEEVEHLTOHINIRETH I, OB TOHRIREBEIL TS L. TFIR
BEOZRSIEHDAKELUHHDEHEZNS, N4 o ETOBMTIIHENKE
ARG AFEL LR TE T, TOLHIU T X EMDOE LML
BHARD Z { EFETORMBEICENTHRBREINTHEETHE EBRY 7 Mokb,
/85 ) ZAEEOT I X RICHENEEL T LI D FA8—F ~NORE—ITh
DREAD—2EHIENBD, Fof2L. ERMICIT. B 7S X< O BN R T,/ &N
BEFICI LT, BERIEASHICLBRTMANRONE (AL EN S, BREIE
LTWhA LS, Bt cogEaE (BFOESaTESEIVEEOME) bEEL
THh3bDEEZ NS,

WELIOTAOw- wELNDERON-Y

LAPA = 1. Kara v P4

A4S = T.l000 mRay - 3.rosa
afhiys 8.1118 ACHILS w.1TNM
4 0.1137 7 - d.H
JETA - -G TR . LLE PN "
A = 1.J5T Can . .28 B
1Tre = 6.1114 LPnin - 0.0 [RET IR N ET ) tenem - 8.9

LI AL)

P T L L L (R LR LI H LU -

A e
¥

H2-1 AYFborEORABESHE (MIROHM/ N7 — 1)



(a)

Is(mA)y

(t)) 6.5 port.” ECH plasma

10’ A ] T T T LI ML —'|‘ T T 10‘
inside profile
w0’ —
> 10"} 410
102 4! 100 3 E
—P Y F
ol
10 ‘if 10 .
‘ OMs )
®
100 ....\l"....l.... T FPEV FUTF FUTTE FEUTE IS e 100
. 1 30 40
10 1
-d0 ~-30 -20 Z(em)
X(Cm) Edge plasma profile along the Z-axis. Daia for f, (»)

and Vy (g} The target plagma densiry is | X 10" em™.

R2-2 AUAROYEDEST Y 2 RERERICHY B A 4 LHBRITH ()
B & UF floating potential (O ) 3D H

3. ENRFRY YRR (FA1N—5B) hOBFHS ,

ANNF PO YEILBOTT A2 b U —2HOBRAMSHGEMNET SN A
WEy FHOAMMICHEBLTHWAH0Y A =77 LA OFERBEOHEEEMIZIHT S
floating potential #MlEL/:EZA, ECHZYSX=D" ForiFa 2307 B4
IS0 DREEDHM T/ UL ARDEMEAV R Shiz (B 3-1 ) o »ULRIRBMNED
BYEZIBAIC L » TRESG, DA EHHAERML T Ao —-7RETHE., BRlED
AR I PROFENTH S, CNET o T4 95 0T RETEEHEaT S5 X<
DO LABDEALY /35 b ) 7 ZEHFEOBBHEL BT 45— F b L — 2B~
feb-fzbD&EL SIS,

—7 ., MEFERBICE LTS floating potential FEBATRUTH L. AEI RV
BUNRTLZ I EMNRE N (B 3-2 ), o, ZOEEFRBIZEITS floating
potential 3. FALAHBBOBMEEFET L L. FELALOBITEOEBREIREL .
oI, BEORUIZHMBEOMEICEE L. N AR RE U THARIC L 55R
BHREOESRBABIEREICLDENI LA, AFSOMBRITIIBABETHEIEINT
WEEEHRENI ENM 5z, (KLU, WL ICAAEROELBIT TV
T4y ZIPWHE AR OICH. AN L LG L3 - THEL)

¥ (0



Si'mil]-Sl-"ZB Bi= 1.99T Bs=-9.185 A=0.80 BT=0.8T7 S3-12-13

2508.8 MV | avErRWEE beEnSITY cEi13/ccy T
- ' . « Ho
: '“”ﬁxm //fﬁhﬁé 4 %
SO0 @ MV - o ATy PRI
) i .VFI:.:J.I'I'{!L n il
o RS
5 l- I '{[J{:[LLJ ].\L Iu.ll I,-lh ﬁl !lJ 1ty
1l | L Tk MGy f]r" 7L
oL R
SN N T 2w | 4
2803. 8 MV [ rl"' BN |I ! l
7. |
312 Vel f |
311
4003.0 MV [
v, [
2 o) —
3y (Y a _ .
4000.0 MV | cgs—coIL K? |
%__ "
2b B ]
%] | j ] | ] <71 { | |
| 7777777V 7 7775 C a7 7777
290.0 S60.

TIME CM3ECD

K3—-1 ECHYSX2DF L iFa473 07RO
floating potential DIFHIZA LD

S (B3 )

CH3

BMAOBOERIT 2SR THY . TEMIERN - THEIEEEL2 L, BRABOE
B TORFEVBFONRITHPEREE B8 &b, ReKE LTIITHFEL
Frchi§ b, COIEAEEZXLE, RO E 57T floating potential ORI
MENB I &iE, 845 27— VWL TS LS5 AR - 1o BHEMATD > TET b
)2 ZFRICBHEITN TOAI LERRTEEZEZ LI ENTEL, VERBEROER
AREEAI U & JICR BN ALBRBELEI, BOGOASEERLTE/I5 b
) & ZFRAEGN S BREIEANEET 2 &, BT S5 X<z L. £ 100-500 A/n? 125 &

REibho,



DISTRIBUTION OF (FLOATING) POTENTIAL

80 ! I T T
o -1.97/(0.0,-0.185)
> #53278-53287
= 40}J- . -
© ECH |
C _ L | _
2 0. Oe 0!%oe o ° . oem
L OlcoRo—P—0 @ R—0 Qfg@—o-;r-o ol
) Ly o © @¢ @ | e ¢
= k= ® i -
'8 -40 |- © ; -
i - ® i -
...80 | I T I | L 1 L 1 | |o| Lt 1 141 IQ 1 11111 1.1 1 1 1.1 L1 1 1.1 I"‘ [T I ) 1
7 mi4 21 28 35 42 49 —-56
¢ Q@ w 2 - £ 0
H & 8w o v o 1u O
N m QO 00 (9)) 9)) o 90
I 3 H: H: H: I 3 o]
POSITION

K3-2 #4,—% bU—REcHH B floating potential S3THDH

COEHNERLETHIREEELT, AUAHMEANET 25 & floating potential
DOIEYEDCEIET B 2 &S, grad BEY 7 b &, BUADBEBOBME IS4 LT
VB ARREYEL ShD, FIFICHLTIR, FAXNIBREER. $EE 3-30 A/n’
EMtd |, BETESEREL >THAEREIIZ(W, —F, BHIE, 0.1V BEDH
EIEIET, 10-300 A/n? REOBRIWFTE S0, TiktizdH . Zof. bH<s
EBOTERINTL A LIRS A 1 —F PU—ABTOT 5 X7BBEETERIBES
MonEELH 20 ANV A boVETHARETREEICETZ TR RLTEYD,
SHDOWR AR RIS,

ZOLIIT, GEBETHENTOIESICEE/AT B 7 ZHEEPICERM RN T2
ELTOFHIMRINT B3 ET B E, L, 0L UBHERNGELTEE, a7 -
T AR EDL S UBEEZFEIMNBEDH L0, ThESEOREO—D2THAH 7,



4. BNRBOHEEEZDOHR

ERUTEA LS BERNUEBE T S XTI EKBIZEZETIT - 773 X7
BALASD EDMFE BB HOE~HE LT, AN A oY EIZENT, BEFEOREM
WL =R I Ay FOICEEEZIMT3I EICK BN X BHAER L1 Y
IMERER P ZAPLERT, P—F ATl SHAZINS,

) IAZWAELNENRS. V) Iy FORMAENIA PO VED b 2ERRD LT
PV ZEEAICHD, VI ELTORERS. JOLIERRTY I 98y FIZE
HZEMT 3 &, 355 M7 ZABHOBHRDI B, VY I57EXDEL01I0HE
25, #-T, 557 bY I RABAE, FBEINTT 4 v ZIZEINTH A /RO
—IBPF BN E A Z N, T CBOBARIHEERIILOE S TREHIE LS
Do COLIBETIRNBWTY 2 ATBHARIT-TL B&, EBFY 7 bickbE
RS MY 7 ZFEBEFNS TS X AT BB,

K 4-1 3. SOLIITEROTIARIC, BRAICERT ZETEANMUSHED, Hol
HMEL LU A= P —RAEWTOA A AEHERALE. WO DORII LB CHIE
L:bDTHD., BE~ORTFRAUNOHRELERM LTS, (EEISBEEEDMEF. —&
SR EEANINLEWEOL) Hbhobhad L, BEMIZED FA/"—F b —
AB~OHRFARDOWINT L& IALBELTEELEIANHE, Zhid, LD LSTEE
ikd ExB FUY 7 MIk3E/.55 b7 RERERPD TS5 X< Diiih OFEALIZED D
EEZOND, SOEHIT, AIEABRDINIT T 4 v FHBHRO—BENSATATEE
LItk D, 75 XeORNELELBHER, FIAME, ¥1/5— 5 BTOFRE 1o ey 8
1P AEWNERIGETHA I BNV ANTANX=2I2BNTIR, YA =7 Ig%
FIFA L2 BAREDWS T LB EH TR EHNFREINEIH. ARBRD L5710 4/35 b
) 7 ZEEPICEE U/ hEROFALEALD S LR,

VIFZEARDWATEE, FA-FELHS ) I IRMUNEBBL, YA 3—7~D
AR L, ) I ZJHMBEOEILICE AR B b HFE VBN DL, JDLH
RLTD) I FEEL VAN TOD floating potential FAHDEHEENIN X DEALOREX 4-
2 IZRT, EbhobdadLHic, EEBEEMEFICIE floating potential IR L Lk
FoeNTHWEXHSICRA S0, AEEAMEFCIE. S38FHhSEARICEMETIHRESH
%,

Y1 YOO THME LA A A BERERICA SN SEHHSOHEE. Vis~D
BEEMCE b gD T 2R R 5N, floating potential DOREEIES bRBEOHEM
HROoNBP, A4 VBINEROZHIFERML TR, ZOL S HESOHEDIE, Ld
L. Tl TCOEESHARBIIEZSIZEE>TWENWLITH S, (BPEABLELTH
55865 5) FHRSOFELUEIMIISEROEETH 5,

A< THEIZNAH-E— FIZBO T, X7 LA TH2BOL LARIICENER
PEAIZHATE D, HilFEELOMEIERINTINS, F/2, VI 7 ELTIRBEELS
WX IMNERERAREImE D RIICHA UTEENNT 20 vhbw 2" Bt — K"
IZED, H-E—- FIUGTHENMI oI T2MED B, JHIZHL, VY I /~DOERE
EIMTiE, Y I 7 PENBRRRATARET 5700, £LT. YV I7BLDARITIE, B



with bias -~ e without bias

LA e LI, IR
1 6P~ | Ratad o R IPY PR et WYYy '-'!.',“..-.

I'wan (a.u.) at #27.5

A

el 4

Bias Voltage (V) 12

Qe S

Hea (au)at#l’?S

Loy, 1!"..". it
f '“r "' 'l,f uv "l palifi.
-'1"J H : - "‘r"_ !J

Bias Current (A)

Fvau (a.0.) at#9.5-1 5o Ho (a.u.) at #33.5

oINS A gy

Z(X) TRk ey
180f I'wan (a.u.) at #9.5-6 o L
4ot Ayt

340 S0 380 (ms)
X4-1 &35 8)72EHDY I F~OEFIZES
‘ ¥4 13— B OEALDH]
VEY) Zim=16 cm
200
B, By, PoOsitive
100 |- . ' CRE T
No Bias T
M e .
0
-100 Negative
[ limiter
_200 1 W/////% N [ . 1 N ] " 1 .
10 15 20 25 30 35 40.

Radial Position (cm)

K4—-2 YIFEBEAAMLESEIZLS
floating potential 431G OZAL,



BROZEAET ISR XN EEZONLH, LB L SHWRIUIIE S & Bbh
3o (ViFBIVAMNTOERICMTZREZ. BEDL I AEETLEL) LinLE
HE. NBI 75 XZIZHLT, $3Y I BT, HIEEOATELMMLIE. B
EAE LSS SHZR UOMEN BV BTYBETIEEDO 73 X2zt Y 1 4%
ARAFNOEFIZSBAA. ¥ 1A RALBRICEVT Mo SSEOR Rl Ehi
(B 4-3) o SOI&iE. HTHALADORBELTET S 600 b LA, BAIT. A
YANVEBRETHEATFTOY I §~OEEAMERTTIE, IETEEMBHIHFE LAY
DORBABIL TS (TRVFEUADOREEN S M T

ABDY 15384 T ZARBTIE,. BERIZHSH TR, RHPOBEHAS ( OF
HYOREREFIKENEBbNZ) | BEEMC L3P LADDOEBEETZAI LT
WATAREED B B, 72 ECHT I X<z Tid. BEEMIZE Y. OB,
b5F. SXESOREDOMME LUZORHENE—+ 27 LT 52 EHBRIE AL
EE, BEOCELGE DRUXNTUEING S4BT 5 &, FUMOBmEIHL, Y
I FNDTEEIIF SODHBEEZ 2 bDEMRENE, FHYAMHKETIZ LS4
OHELBETH B,

) 1Y OFAR, TAOBTHNB [IZk b AS &N BEBEN FOMBREMZIC
A EE A0, BEENIL, BERASEE I SIEATHATEE bS5, <ORE
ZRRINT 5 7201 b BA LADERA QM S ThSH IS B TH B,

5. EhVYIC

ROHHRIEIC L 5 37 - 75 X<k ORRET SBIC, NV Fo v EToORTHO
- T3 A BAEE LUFIEERAS T S,

BEF TORNBORIZFEETE LI L ATBMBIERIC LD /5 X BAAGBILE
ERIIHIE EREZNBO—MELTE/IZ M) 7 2ZERICEEIENRTINS S Lin
CEEPH - TEI, o, REMIZENS M) 7 ZABAD S X BMA2ET D2 &
LD, AR EHFLMATELAERLAR L, 3012, BFHAULAHOEESE
FRRTBEINEBRELBONTO S, RORXTFTyFELT, NEBEY 17 E44A
BHELIT - FIXTOBMUADUAFEA~OMYMA LML LITFEITETH S,



¢ Jpm=—18cm, V,=-200V
$Hel K. SH255 ~Snp258 TIAE =~ 1032 Pt = 32+ 1-11%
BHr 1, 3¢ BTe 9,00 Arx 0,00 avs ° Thras¥,.188 Mi= B
ILIHs -1 8,0 YOTR® , 53 s 13,5
[ Y ]
8210-2 FIr2rasT T T M T Y B217ns32-3  viva ﬂ'
"3 E34 em-2} o v §23,732

| S T S I Y |

sdazra |
400 (mV}

SX B

B212A/0 -4

EdEFasT
105 CHx

iy ALPRALIHITER W B RSTE T TN BT T S e
fim v AL A 1 f mn_- .
i HdL . /\f‘-ﬂJ—I‘-\} ll Y (T Vb — O V 7
= \ 1t S TATANAY/ .
ol TV ]
AN I e = R \ ]
t (ms) t (ms)
K4-3 ViISEMHTDY IFZTADEBEEINZLAELOH
BEHR
1 T Nizuuchi, et al., J. Nucl. Nater. 162-164 (1989) 105.
H. Matsuura, et al., Nucl. Fusion 32 (1992) 405.
2 S.Takamura, et al., Phys. Fluids 30 (1987) 144.
3 T.Mizuuchi, et al., Proc. Bth Stellarator Workshop (Kharikov, USSR, 1991).
T. Mizuuchi, et al., Proc. 8th EPS (Berlin, 1991) DIT.
4 Ayt bory—, 199 2EOYRESIRE,
9 T Mizuuchi, et al., J. Nucl. Mater. 196-198 (1992) 719.
6 R P.Doerner, et al., Phys. Rev. Letters 62 (1983) 159.
T T Uckan, et al., ORNL Report ORNL/TM-12075.

—99—




Response of the edge plasma potential during
AC limiter biasing in HYBTOK-II tokamak
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Department of Electrical Engineering and Electronics
School of Engineering, Nagoya University
Nagoya, 464-01, Japan

ABSTRACT

Experimental research on the modification of the edge radial electric field by
limiter biasing and its time response has been performed in a small research tokamak,
HYBTOK-II. In the DC negative biasing, the potential drop at the edge increases
linearly with the limiter current. The plasma potential in the positive biasing increases
in proportion to the bias voltage, generating the strong positive radial electric field at
the edge region. The suppression of the electrostatic fluctuation observed during the
positive biasing is related to the ExB velocity shear formed by the positive biasing.
When the bias voltage is changed in time, the limiter current changes in response to
the bias voltage and consequently, the plasma potential in the edge region oscillates
in time. An oscillating radial electric field induces the radial polarization drift in
addition to the ExB drift in the poloidal direction. As the oscillation amplitude of the
radial electric field increases, the radial diffusion processes of heavy ions would be
modified by this radial polarization drift and collision process. This radial diffusion
process due to the polarization drift might be employed for impurity exhaust, such as
helium ash. We have been studying the time response of the plasma potential during
AC limiter biasing and the possibility of the impurity exhaust based on the enhanced
radial diffusion due to the radial polarization drift.

1. Introduction

Recent theoretical[1,2] and experimental[3-5] studies on the improved con-
_finement like H-mode, indicate that the radial electric ﬁéld(Er) and/or sheared poloidal
rotation velocity in the edge region has an important role on the plasma transport
processes. This result suggests that the plasma confinement can be improved by
controlling the edge electric field a few centimeters inside from the last closed
magnetic surface or the separatrix. Active control of the plasma potential, such as
divertor biasing, has a possibility to obtain the improved confinement by modifying
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Er. In CCT[4] and TEXTOR(S5] the radial current generated by a small emissive
electrode inserted into the edge plasma, triggered the bifurcation phenomena like H-
mode. This bifurcation phenomenon is explained by the force balance between JxB
driving force induced by the radial current and the poloidal damping force, such as
viscous damping and TTMP. These experiments show that the electrode
- biasing(polarization) can modify the intensity and spatial distribution of Er.

Usually.the polarization experiment employs a DC biasing to obtain a steady state
of the modified Er profile and improved confinement. When the bias voltage to the
electrode 1s changed in time periodically, the radial current changes in response to the
bias voltage. Consequently, the plasma potential and Er change periodically. Time
varying Er induces the polarization drift in the radial direction in addition to the
poloidal ExB drift The polarization drift velocity(Up) depends on the mass of charged
particles. If the radial excursion of the charged particle due to the polarization drift is
much larger than its Larmor radius, the radial diffusion is enhanced by the polarization
drift through the classical collision process.

Selective pumping of impurities, especially helium ash from a core plasma of
fusion reactor is one of the crucial issues to obtain a steady state operation of the fusion
reaction. Accumulation of helium ash in the core plasma reduces the efficiency of D-
T reaction. The process of helium exhaust can be divided into two processes. The
helium transport is dominated by the cross field diffusion in the core region and parallel
motion is important for the transport from the edge region to the divertor and the
pumping duct through the scrape off layer(SOL). In the present experiment we have
been studying the spatial and temporal behaviour of the plasma potential and radial
electric field during AC limiter biasing, and possibility of the selective exhaust of
impurities using the radial polarization drift induced by AC biasing.

In the next section a belief review of the polarization drift and an estimation of
the oscillation amplitude of Er necessary for the enhancement of the impurity diffusion
is given and experimental results on AC limiter biasing are shown in third section. The
discussion on experimental results and summary are given in final section.

2. Enhancement of Radial Diffusion by Polarization Drift
2.1 Polarization Drift

When the magnetic and electric fields vary slowly, in the sense that

1>>5:E|KB_|,_1_.&, (1)
B QBdt~
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the motion of a charged particle can be obtained using a perturbation expansion, where
p and Q are the Larmor radius and cyclotron frequency of a charged particle,
respectively.[6] The lowest order perpendicular drift is ExB drift given by

Upy=EXB.. @)
B?
The second order perpendicular drift due to the particle inertia is given by Ug, as,
Uy =1 BxdYoL 3
“TQB do &

The time derivative of Ugy 1s
Wore @ 4 UpMEB . (4)

dt ot 2
- Equations (3) and (4) yield the nonlinear polarization drift. [Its linear part is then given
by

_1 JE;

QB ot ©)
Equation (5) shows that the polarization drift velocity is proportional to the mass of
a charged particle and time derivative of the perpendicular electric field. When the
oscillating radial electric field is generated in a cylindrical plasma, charged particles
drift in the radial direction periodically. When the oscillating radial electric field is
given by 8Er= ISErt eJO! and w<<Qj, the radial excursion length induced by the
_polarization drift is given by ,

e T 6
»~ OB (6)

2.2 Estimation of Radial Diffusion due to Polarization Drift

Here, we estimate the oscillation amplitude of Er necessary for the enhancement
of the radial particle diffusion. The diffusion coefficient of ionic species for a general
random walk process is given by

D=viA?, @)
where vj and A are the 1on collision frequency and the excursion between collisions.
The classical diffusion coefficientisthen given by Dc—-vipizo where pjis the ion Larmor
radius. When Ap>pj, the induced polarization drift modifies the classical diffusion.
Then I8E;l must satisfy

>Vii (8)

where vij is the ion thermal velocity. In the present estimation it must be satisfied that
vi<<w<<€2 With increasing the oscillation frequency close to the specific ion
cyclotron frequency the previous analysis on the polarization drift can not be applied
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since eq. (1) is violated. When the left hand polarized wave with m~£Q¢j is excited, the
resonant acceleration of the 10n perpendicular to the magnetic field is occurred and the
1on Larmor radius becomes large. The perpendicular velocity gain between collisions
is roughly given by

AV lziaﬁilﬂcivi-l, | 9)

where 8E | is the rf electric field of the left hand polarized wave perpendicular to the
magnetic field. The condition for I8E | similar to eq. (8) is then given by
IGE | |

>Pivi (10)

From eqs. (8) and (10} we can estimate the amplitude of the perpendicular electric field
necessary to enhance the cross-field diffusion using polarization drift.
The diffusion coefficient in the case of w~wcj is then given by

e IEVE (1)

Forexample, when B=1T, Ti=20eV, nj=1019m-3 the perpendicular electric field
necessary to enhance the heliumdiffusion is ISEr>35 V/icm and I8E ; I>1 V/cm for Het,

and I8E¢>10 V/cm and ISELI>_O.6 V/em for Fe3+. From the mass dependence of
€qs.(8) and (10) the threshold electric field decreases with increasing the particle mass.

3 AC Limiter Biasing Experiment

148 dat 15

AC limiter biasing experiment has been

carried out in HY BTOK-II tokamak to gener- § E :’ >ﬁ ; “g
ate the oscillating Er in the edge and SOL : :
region by limiter biasing technique. Machine % & ~————————F——°
parameters of HYBTOK-II are summarized ‘f_::- 10

in Table-{. We employ two circular poloidal g s

limiters located on the opposite side in the g

torotdal direction. Limiter bias voltage is fed e B 4sid
from a capacitor bank through a transistor —i—;: B :
switch. Since the bias power supply is uniporlar * “ .

in the present experiment we change the
polarity between the limiter and the vacuum
chamber to compare the positive and negative
btasing. The plasma parameters are measured ALl VU

. R : 45 48 47 48 48 ©
with movable Langmuir probes. The electro- Time (me)

static and magnetic fluctuations are picked by ~ Fig- I Typical waveforms of the HYB-
TOK-II plasma during AC biasing.
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Langmutr probes and magnetic probes, respec- 6383.DAT
1 } ] 1

tively. Typical wave formsin the case that the bias
voltage 1s positive and 1ts frequency is 30 kHz are
shown in Fig.1. In the previous DC biasing
experiment we have observed that the electron
density profile is drastically modified by limiter
biasing while the electron temperature is un-
changed.[7,8] The plasma potential rises in pro-
portion to the positive bias voltage. In the nega-
tive biasing, however, the decrease of the plasma
potential is much smaller than the applied bias
voltage. The potential drop in the negative biasing
is proportional to the limiter current, which sug-
gest that the potential formation during limiter 20—l
biasing 15 determined by the radial ion current. Time (me)
In the case of the AC biasing the conven-
tional Langmuir probe measurement with a probe
voltage sweeping can not be applied since the
plasma parameter changes quickly in time during
AC biasing. We estimate the plasma potential
during AC biasing, assuming that the electron =100
tcmp-erature isnotchangedand AV; = .AVf, where Fig 2 Typical waveforms of the limiter
AVs is the change of the plasma potentialand AV ;45 voltage, limiter current and float-
is that of the floating voltage. In Fig. 2 typical ing potential in the positive polarity.
wave forms of the bias voltage, limiter current,
floating potential and fluctuation of the ion saturation current at r=10 ¢cm are shown
in the case of Vp=+85 V and =10 kHz. In the positive polarity the floating potential
follows the limiter bias voltage clearly, while in the negative polarity the potential
change is not so clear as that in the positive biasing. We measured the spatial change
of the floating potential, ion saturation current and their fluctuation components shot
by shot. From Fourier analysis of probe signals we can obtain the frequency
dependence of the potential change during AC limiter biasing. Typical examples of
the amplitude and relative phase shift of the periodic floating potential change(8Vf)
at f=40 kHz are shown in Fig. 3. The amplitude of 8Vf(~8Vs) is nearly flat beyond
the limiter and has a steep gradient between the limiter and the wall(r=12.8 cm) both
in the negative and positive polarity. With increasing the bias frequency the spatial
profile of 3Vf tends to peak. A decrease of 8V with the bias frequency comes from
the frequency response of the bias power supply and that of the plasma itself. The
relative phase shift between the floating potential and the limiter current has a weak
spatial dependence as shown in the figure. Consequently, it is concluded that the

A

floating potentlal (V)

4 4.1 4.2 4.3 4.4 4.5
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plasma potential is varied simultaneously in
space. Phase difference between the plasma
edge near the wall and r~% cm is about 0.45
radian in the negative polarity and 0.62
radian in the positive polarity. These phase
differences correspond to time differences of
1.8 us and 2.5 s, respectively. The spatial
profile of the phase shift in the positive
polarity is different from that in the negative.
In the positive polarity the phase shift near
the wall 1s in advance of that at the edge
beyond the limiter, and vice versa in the
negative polarity. This difference should be
related to the electron and ion cross-field
transport during AC biasing. We can obtain
the frequency dependence of dVf profile by
changing the bias frequency. Figure 4 shows
the radial profiles of 8Vt during AC limiter
biasing normalized by the applied bias volt-
age, taking the bias frequency as a parameter.
From Fig. 4 it is shown that the periodic
potential change in the core region is about
(0.6-0.8)V1im in the negative polarity and
(0.8-1)V]im in the positive polanty. With
increasing the bias frequency the 8Vt profile
becomes broader in the positive polarity, which
means that the radial electric field tends to
penetrate into the core region with increasing
the frequency. '
From the amplitude of AVg we can obtain
the space potential and the radial electric
field(Er) during AC biasing, assuming that
AVs~AVf. Figures 5(a) and (b) show the
spatial profile of the space potential and the
radial electric field during 40 kHz AC biasing.
As shown previously in Sec. 2, the diffusion
coefficient based on the perpendicular po-
larization drift depends on the amplitude of
the oscillating E¢(6E¢). When the AC limiter
bias voltage of £85 V is applied from the
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limiter(r=11 ¢m) and the wall(r=12.8 cm).

The amplitude of &Ey is about 35 V/ecm at
r=11.6 cm and =40 kHz. The frequency
dependence of 8E; is shown in Fig. 6.
With increasing the bias frequency 8Er decreases oradually, which is related to both
the frequency response of the plasma itselt and that of the bias power supply. The
oscillating limiter voltage actually applied to the limiter(dV]im) drops from 50 V to
10 V when the bias frequency is varied from 5 kHz to 100 kHz. Although the real
frequency dependence of 8Er is much different from that shown in Fig. 8, we can
generate the oscillating Ey at the edge region as high as 8Er ~ 30 V/cm at frequencies
up to 60 kHz. We believe that the value of 3E; increases significantly if the bias
voltage is kept constant against the frequency change.

Fig. 6 Frequncy dependence of the am-
plitude of oscillating E_atr=11.6 cm.

4. Discussion and Conclusion

The radial electric field, which oscillates periodically in time and in phase with
respect to the space, is generated in SOL region by AC limiter biasing. The amplitude
of the oscillating Er, for example, is as high as 60 V/cm in SOL at a frequency of 30
kHz when the voltage swing of AC bias voltage is from V]im=-15V to V|im=+40 V.
We think that the electrode biasing with AC power supply, such as divertor plate AC
biasing, can be applied to the impurity exhaust by the enhancemerit of the cross field
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diffusion using the polanization drift and/or the ion cyclotron resonance. The spatial
profile of the phase shiftof 8Vyis related to the electron and ion radial transport during
the limiter biasing. Further study is necessary to clarify this problem.

In addition to the AC biasing, the modulated electron beam injection is an
alternative candidate to generate the oscillating Er.  In the previous electron beam
injection experiment we have obtained SEr of about 10 V/cm by the electron beam
injection of 35 A. In this case the modulation of Er 1s occurred mainly on the flux
surface where the injected hot electrons drift toroidally.

In near future we will test the present concept for impurity exhaust using the
polarization drift and ion cyclotron resonance in NAGDIS-I[9] and simulate the
particle diffusion during the AC biasing, taking account of the real configuration of the
oscillating Er. These results will be published elsewhere.
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DESIGN OF LHD DIVERTOR
and HIGH TEMPERATURE DIVERTOR OPERATION

N.Ohyabu

National Institute for Fusion Science
Furocho, Chikusa-ku, Nagoya, 464-01

With the inherent advantage of the stellarator as an attractive steady state
reactor, there has been growing interest in the stellarator. We are constructing a
large superconducting heliotron/torsatron device ( B=4T, R = 3.9 m), called
the Large Helical Device (LHD), aiming at demonstrating the attractiveness of
the helical device at more reactor relevant plasma parameters [1]. A built-in
divertor configuration exists for heliotron/torsatron devices. This advantage has
not been explored in any existing helical device, and the LHD device will be the
first helical device to demonstrate various divertor functions such as impurity
control and enhancement in the energy confinement. The LHD divertor
configuration should be as flexible as possible so as to be able to accommodate
a wide range of operational scenarios of the divertor. To this end, we have
designed a large vacuum vessel for the installation of closed divertor chambers
of a reasonable size.

The magnetic topology and the associated divertor plasma behaviour
needs to be understood theoretically before the LHD divertor system is
designed. A helical divertor magnetic configuration in LHD is depicted in
Fig.1(a),(b). A closed surface region is surrounded by a stochastic region
generated by overlapping of the islands(n = 10) which somewhat naturally
exist in the outer region. The field lines escaping from this region pass through
thin, curved surface layers before reaching the X-point and then the divertor
plate. The existence of edge surface layers is a peculiar feature of this type of
helical divertor [2]. A surface layer consists of several layers, each of which
again consists of multiple layers. Such a structure is generated by successive
folding and siretching processes as the field lines rotate poloidally. The former
process occurs because the radial position of the X-point changes with poloidal
angle as much as ~1/3 of the plasma radius. The latter is caused by the high
local rotational transform and shear at the edge on the larger major radius side
of the torus.

To study the structure of the divertor channel, the field lines are traced from
the stochastic region until reaching a helical plane ( 8 = -[5¢ + 8, + 0.1
sin(5¢-+6,)] ) rotating with helical coils. In the real device, the divertor plates
are located at r=1.55 m near this plane. The effect of the perpendicular plasma
transport is taken into account by field line tracing with a random walk process
( at every 0.2 m step, positions of the field lines deviate by & in the plane
perpendicular to the field lines with random azimuthal angies). Puncture plots
of the field lines in this plane are shown in Fig.1(c). A strong poloidal
asymmetry is seen in the plots. The fine structure of the edge surface layer is
clearly seen when it is traced exactly, i.e. & = 0. For a random walk process
with & = 1.2 mm which corresponds to an effective perpendicular diffusion
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coefficient of 0.5 m?/s for a plasma with a temperature of 100 eV, i.e. a value
that is smaller than a typically observed edge value), the fine structure is
smoothed out completely. We expect that the distributions of the heat and
particle fluxes in the plane for the LHD experiments are close to those with 6 =
1.2 mm. On the basis of this estimate, the maximum heat flux on the divertor
plate with a field line incident angle of 3 0 is expected to be ~5 MWm'2 for a
standard 20 MW LHD discharge.

Divertor operation with a high density, cold divertor plasma [3,4] can
reduce impurity sputtering and enhance edge radiation, a promising boundary
control which we plan to pursue in the LHD experiments. The vague boundary
discussed above has poor confinement properties and thus may provide a cold,
radiative edge volume reducing the heat flux on the divertor plate [4], but may,
in turn, prevent the formation of an H-mode edge temperature pedestal, which
leads to an improvement of core energy confinement [5]. This has led us to
propose & high temperature divertor plasma operation, as will be discussed in
the following.

High temperature divertor plasma operation has been proposed to improve
the energy confinement in helical devices as well as in tokamaks [6]. In this
operational mode, the divertor plasma temperature is raised by efficient
pumping in the divertor chamber. An elevated divertor temperature will lead to
an improvement of the core plasma, as observed in H-mode discharges.

The divertor temperature (T, ) is estimated from power balance in the
divertor channel. We consider a steady state discharge heated (Q, (input
power)) and fuelled (I'; (particle flux)) by neutral beam injection alone,
illustrated in Fig.2(a). We assume that the pumping efficiency of the divertor is
§ , i.e. a fraction (§) of the particles reaching the divertor plates (['y; ) are
pumped and the same amount of the particles need to be fuelled by neutra}
beam injection, i.e. &, = I, . The power injected into the main plasma
region (Q; ) flows into the divertor channel, and the power balance (Q, =¥y
Ty I”dw ) at the sheath of the divertor plate, is satisfied where 7y is the heat
transmission coefficient. From these relations, the divertor temperature is given
by Ty, =(Q,, /T; )& / v . For a parameter set ( beam energy(Q, /T ~ 200
keV, vy ~ 10, £~0.2), T, becomes as high as 4 keV, which is significantly
higher than the values observed at the pedestal of the H-mode discharges.

We have studied a high temperature divertor plasma, i.e. a collisionless
divertor plasma in a one dimensional model as illustrated in Fig.2(b). An equal
number of ions and electrons with temperature T, are supplied between the
divertor plates. Ions simply flow to the divertor plates. A negative electric
potential is set up for the ambipolar flow condition and electrons with parallel
Kinetic energy less than the potential amplitude are trapped by the potential. The
electron distribution functions in the divertor channel, calculated by a Fokker-
Planck code, [7] are shown for two different collisionalities. When the mean
free path becomes much longer than (M/m)!/2 L (where M/m is the ion-
electron mass ratio and L is the distance between the divertor plates), the
trapped electron density becomes nearly equal to the ion density, even with a
potential amplitude of < €T, and the average perpendicular energy of the
trapped electrons is much greater than the parallel energy as is shown in the
case on the right hand side of Fig.2c. On the other hand, for a marginally
collisionless case (on the left handed side of Fig. 2¢), the potential amplitude is
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less than €T, but the temperature distribution is isotropic.

Such a collisionless effect becomes important for the energy balance with
secondary electron emission. At temperatures above 100 eV, secondary
electrons emitted from the divertor plate become a source of cold particles,
which lower the divertor electron temperature. This effect can be included in y
(8] ; y= 7.8 without secondary electron emission and ¥ = 10 when the
secondary emission rate is 0.7. But when it exceeds ~0.7, 'y increases rapidly
and then saturates at ~23, because of the space charge limit. When the divertor
plasma electrons are collisionless, the secondary electrons emitted from the
divertor are first accelerated by the sheath potential and barely trapped by the
potentials. They eventually hit the divertor plate during the thermalization
process. The parallel energy with which they hit the plates is nearly zero and
the perpendicular average energy is a fraction of the sheath potential, in
contrast Lo the conventional collisional sheath model where both average
energies at which they strike the plates are equal to T, , the electron
temperature. Thus the collisionless effect substantially reduces the cooling
effect by secondary electrons and, hence, y.

In this operation, the density profile is maintained by a combination of deep
fuelling such as pellet or neutral beam injection and particle pumping. Thus the
diffusion coefficient (D) and hence the particle confinement become important
in determining the energy confinement. This is desirable 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 may not be high because the ions are confined by E x B drift (v-
regime). The radial electric field in such a plasma regime is positive and, hence,
a neoclassical outward impurity pinch [9] may prevent impurity contamination
in the core plasma. :

For this operation in LHD, we plan to instal a pump system with an overall
pumping efficiency of ~20% in the divertor chamber. For reactor design, we
are trying to find divertor configurations which guide the heat and particle
fluxes towards a remote region, away from the main coil system, thereby
making particle pumping and heat removal achievable.
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Fig. 1

(a) Poloida! cross-sectional view(¢ = 0) of the LHD helical divertor.

(b) Hiustration of the LHD edge magnetic configuration(¢ = 18 ).

(¢} Puncture plots of the field lines on a helical plane ( 8 = -[5¢ + 8, + 0.1
$in(5¢+8,)] ) in the divertor chamber( shown in Fig. 1(a)) for three different
random walk parameters.
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Fig. 2

(a) Simplified heat and particle balances in the high temperature divertor
plasma operation. (€ : pumping efficiency).

(b) A one dimensional medel with a collisionless divertor plasma.

(¢) Electron velocity distributions in the model divertor (4b) at two different
collisionarities; Z.e /L =36 (3) for the left hand side case and le JL=360
(240) for the right hand side case. Here A, is the electron mean free path ata
temperature of T, (the numbers in the parentheses are those estimated by
the temperature (the average kinetic energy) of the trapped electrons) and L is
a half of the distance between the divertor plates, ( Vo= (kKT /m)!?2 ).
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