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IMPROVEMENT OF CONFINEMENT CHARACTERISTICS OF TOKAMAK PLASMA
BY CONTROLLING PLASMA-WALL INTERACTIONS

SETO SENGOKU

Department of Thermonuclear Fusion Research,

Naka Fusion Research Establishment, JAERL

(Received June 25, 1985)

Relation between plasma-wall interactions and confinement
characteristics of a tokamak plasma with respect to both impurity and
fuel particle controls is discussed.

Following results are obtained from impurity control studies:

(1) Ion sputtering is the dominant mechanism of impurity release in a
steady state tokamak discharge. Lowering the electron température
of boundary plasma can reduce ion sputtering.

(2) By applying carbon coating on entire first wall of DIVA tokamak,
dominant radiative region is concentrated more in boundary plasma
resulting a hot peripheral plasma with cold boundary plasma.
Energy confinement time of such a plasma is improved by a factor
of two due to increasing of the effetive radius of the core plasma
by applying a carbon wall.

(3) A physical model of divertor functions about impurity control is
empilically obtained. By a computer simulation based on above
model with respect to divertor functions for JT-60 tokamak, it is
found that the allowable electron temperature of the divertor
plasma is not restricted by a condition that the impurity release
due to ion sputtering does not increase continuously. In this
case, it is necessary to consider how to cope with handling heat
load and erosion of a divertor plate.

(4) Dense and cold divertor plasma accompanied with strong remote
radiative cooling was diégnosed along the magnetic field line in

the simple poloidal divertor of DOUBLET II tokamak. Strong
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particle recycling region is found to be localized near the
divertor plate. In such a system, the heat load and the erosion by
ion sputtering of the divertor plate are decreased;

from particle contrel studies:

The INTOR scaling on energy confinement time is applicable to high
density region when a core plasma is fueled directly by solid
deuterium pellet injection in DOUBLET II tokamak.

As remarkably demonstrated by direct fueling with pellet injection,
energy confinement characteristics can be improved at high density
range by decreasing particle aeposition at peripheral plasma in
order to reduce plasma-wall interaction.

If the particle deposition at boundary layer is necessarily
reduced, the electron temperature at the boundary or divertor
ragion increases due to decrease of the particle recycling and the
electron density there. At that situatiom, the enhancement of
impurity release can be the serlous problem and thus some kind of
"localized" control of particle or impurity at the boundary or
near the diverter plate should be applied.

The controls of not only impurities but also fuel particles are

important as shown above. Improvement of energy confinement time is

demonstrated to be possible by controlling both impurity and fuel

particles.

Key

words: Confinement characteristics, Plasma-wall interaction,
Impurity and fuel particle control, Ion sputtering,
Carbon wall, Divertor, Fueling, Recycling, Pellet

injection, INTOR scaling.
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Fig. 1.2 Measured heat flux q vs. YISTE' in
electron temperature range Te = 5-55
eV. v includes the correction for
the distribution function [12]
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Fig. 1.3 Measured boundary temperature Tp vs.
calculated vTy from eq. (1-8) for
DIVA [9] (Ti-wall and C-wall [151),
TFR-600 {16] and DITE [17]. The
maximum v is also shown for hydrogen
(H) and deuterium (D) plasma.
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Fig. 1.4 Experimental results on electron temperature Te, electric

potential ¢, e$/Te, and the ratio of flow velocity vg to
sound velocity Cg along the flow at the ion side of the
scrape-off plasma of DIVA [18].
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Table 1.1 Essential parameters in boundary plasma (vg= flow
velocity; y=heat transmission rate; D, = perpendicu-
lar diffusion coefficient; Dp = the Bohm diffusion
coefficient; E =pre-sheath field; Cg=1ion sound
velocity; and L =path length along scrape-off layer)

DIVA [9, 12, 18] TFR-600 [16] DETE [17]
ve 0.3 Cg (0.46-0.55) Cg 0.37 Cg

¥ 7-20 7-20 o

D, v0.1 Dp (1-2) Dy (0.5-1) Dy
E ST /L - —
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DIVA tokamak in the carbon wall experiment.

Photo 2.1
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Fig. 2.1 Cross-sectional view of DIVA tokamak.
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Fig. 2.2 Cross-—sectional view of DIVA vacuum vessel.

Table 2.1 Basic parameters of DIVA tokamak

Toroidal magnetic field
Magnetic flux

Plasma current

Plasma major radius
Plasma minor radius

Noncircularity

Bt
¢m

22T
0.3 Vsec
=55 kA
0.6 m
0.105x0.14 m
£1.33
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Table 2.4 Basic parameters of DOUBLET IIT tokamak

Toroidal magnetic field BT 24T
Magnetic flux : O £5.0 Vsec
Plasma current Ip =1 MA

Plasma major radius R 1.43 m
Plasma minor radius axb 0.43x0.65 m

(typical value)

Noncircularity K =1.7
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Fig. 2.9 . Bird-eye view of DOUBLEL Il tokamak.
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Fig. 2.10 Three typical equilibrium configurations: limiter (a),
divertor (b} and (¢) configurations. Field shaping
coils are also shown, '
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Fig. 3.1 Experimental arrangement of the experiments for
impurity release mechanisms. GSeveral kind of
materials are inserted in the divertor region
and biased negatively with respect to divertor
plate. Released impurities are monitored with
a spectroscope. Particle flux ontc the sample
surface is also measured.
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Dependence of Al T and Au I line radiation intensities in
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or the gold-plated shell. Vg-Vp7 is the potential gap
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Fig. 3.6 The scanning electron micrograph picture
of a gold protection plate surface. The
cone like fermation due to the ion sput-
tering are observed. The protection
plate was desposed to the plasma about
10000 discharges.
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Typical wave forms of ion saturation currents ig of a target
limiter, increment of CII line intensity AIgy, and loop voltage
Vy. (a) Pyrolytic graphite. (b) Carbon surface produced by
rf sputtering {(pulverized surface); arcing is observed. (c)
Carbon surface produced by methane discharges. (d) Carbon
surface produced by methane discharges in a disruptive phase
of discharge; arcing is observed.
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(c) (d)

Scanning electron microscopic (SEM) picture of (a) a pyrolytic
graphite surface; (b) a precoated carbon surface {(pulverized
surface); and carbon surfaces produced by methane discharges
(c) and by RF sputtering (d4) in situ.
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DIVA  C-Wall

Par PeHg (A.rb. Units )

0 20 40 60 80 100
SHOT NO.

Fig. 4.4 Time history of partial pressures
for methane (M/e =15) and argen
(M/e =40) during discharge cleaning
after entire carbon coating.
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Fig. 4.5 Spatial distributions of electron temperature (Tg), demsity
(ne) and radiation and charge exchange loss power (PR+Pcy)
for (a) carbon and (b) titanium walls.
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Table 4.1 Comparison of power balance for divertor
discharges with C—wall and Ti-wall. Pg
is the Joule heating power; Wp the tem-
poral derivative of plasma stored energy;
PrtPex the radiation and charge exchange
loss power obtained by bolometric measure-
ments; Pconn.convy. the conduction and
convecticon loss power onto wall, divertor
plate and limiters.
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Fig. 5.4 a) Plasma configurations with and without divertor. b) Sheet
model of tokamak plasma. The ordinate is taken to be in the

direction of the sheet thickness, and the abscissa in the

direction of the magnetic field lines. The thickness of the
scrape—-off plasma is denoted by d and that of the main plasma

by a. The length along the field line of the scrape-off
plasma is L =1L1+2L; and that of the main plasma is L,.
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DIVA H- PLASMA
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Fig. 5.5 Radial profiles of electron temperature and
density for DIVA.
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JT-60 H-PLASMA
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Fig. 5.8 Assumed profiles of a) electron

temperature and b) electron density.
The electron temperature, Tgg, and
the electron density, neg, of the
main plasma, and the electron tem-
perature of the scrape—off plasma,
Tebs are given parameters., Both
thickness, d, and electron density,
eh, 0f the scrape-off plasma are
calculated from these parameters.



Table 5.1

Main plasma

JAERI—-M 85— 102

PLASMA PARAMETERS

Major radius
Minor radius

Length of the
Plasma sheet

Toroidal magnetic
field

Plasma density
Plasma temperature

Effective charge

0.95 m

30 m

7x 1013 cm™3
7 keV

2.25

Scrape-off plasma assuming Tep =50 eV without a divertor

Average plasma
density

Thickness of
scrape—off layer

Flow velocity

Perpendicular
diffusion constant

Pre-sheeth field

Neb

3.19 % 10'2 cm3

2.1 cm
2.13 % 10° cmes™t

3,13 % 103 cm?.s7!

1.67 x 1072 voltecm™

1
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MONTE - CARLO CALCULATION
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Fig., 5.9 Results of the simulation for

molybdenum impurity recycling
in JT-60: (a) average charge
states, ZI; (b) average sput-—
tering energies, ET; (c)
impurity growth rate, Np(t+At)
/N1 (t); and (d) the ratio of
radigtion and charge-exchange
loss powers to input power,
as functions of the electron
temperature in the boundary
plasma, Ty [8].
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Fig. 5.10 Measured electron density, ned, and

temperature, Ted, profiles on the
divertor plate for average electron
densities of the main plasma: e =
1.0x101% em™3 (L), 2.2x1013 em™3 (M)
and 3.4x10"1% em™3 (H), at t= 700 ms.
'"UPPER' and 'LOWER' in this figure
correspond to the upper and lower
separatix., The separatrix flux sur-
face and the limiter-scraped flux
surface at the divertor plate (¥g
and ¥p) are also shown. The letters
., M and H refer to the density region.
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Fig. 5.12 Horizontal profile of the electron temperature,
Tems and ion saturation current, jgp,, across
the lower divertor channel (mid-plane: Z = 0Ocm)
and corresponding vertical profiles of Ted and
jgd on the divertor plate at t =800 ms. The
connection of the field lines between both
profiles is shown by broken lines.
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Profiles of remote radiative and charge-exchange loss power,
Pyr.cx, in the divertor region (Pyp cx = 0.45 MW for ne =3.4
1013 em™3 (—0O—) and Prr,cxtO.Z’MW for Ne = 2.2x1013 cm™
The radiative power flux was meas-

X

3

ured by the bolometer channels looking through both the main

plasma region (shadowed area) and the divertor plasma
The contribution of the main plasma region

{(hatched area).

was subtracted by using the channels looking at the upper

plasma.

Good up-down symmetry with respect te the straight

dotted line is observed in non-diverted and low-ne discharges
in which the remote radiative cooling power is small.
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Fig. 5.14 Model calculations of the electron
temperature, density, particle flux
density and Mach number along the
field line, L is the co-ordinate
along the field line. Experimental
values of Te, ne and I' are shown
with error bars.
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Fig. 6.1 (a) 6Bp, Terg, and electron temperature near the
main separatrix magnetic surface versus DgLIM for
discharges with similar 1e [(4-4.9)x1013 em™3].
Only the intensity of the cold-gas puff was chang-
ed during the beam injection for these discharges;
(b) DuIIM versus gas puff intensity. [4]
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Fig. 6.2 Ratio of me (0.9a) to ng (0) versus
ne for low-recycling, high-recycling
divertor discharges (open symbols)
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a is the horizontal minor radius of the
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ferent Ip, which are the same as in
Fig. 6.3, [4]
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parameters for both gas fueled (dot-
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b) line-averaged electron density
obtained by C0O; laser interferometer
and the pellet injecticn timing (ar-
rows); ¢) pre-programmed gas puff
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Fig. 6.5 Temporal and spatial evolution of Abel
inverted square root of Bremsstrahlung
emission as a relative density profile
evolution (Ig & neZegfl/? Te”1/4) for
the pellet fueled discharge in Fig. 6.4.
Signals are filtered by 500 Hz low-pass
filter and sliced in every 1 ms. The
pellet penetration for pellet numbers
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neutral beam injection period 1s shown
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D, signals coming from pellets (P3-P7)
to a 90° filtered photodiode (DyP) as
the pellet ablation profiles. Penetra-
tion measured from the limiter surface,
Xp, 1s deduced from the measured pellet
velocity (800 m/s). Neutral beam in-
jection starts from t =657 ms.
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Fig. 6.7 Neutral beam power dependences of
a) D, signals at limiter surface
(DgLIM) as the peripheral re-
cycling level and neutral pressure
at the upper chamber (PUP); b)
global energy confinement time
obtained by diamagnetic measurement
and pellet penetration measured from
the limiter surface and normalized by
the minor radius, X,/a, (x). All
data are taken at t= 720 ms.
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Fig. 6.9 Improvement of energy confinement time
by beam interruption in limiter dis-
charges. The global energy confinement
time is obtained by smoothing the stored
energy signal over several pellets from
the diamagnetic measurement, W: Tp* =W/
(Papg—dW/dt) where Paphg is total absorbed
power. Open circles correspond to the
maximum and minimum values of TE* and
corresponds to pellet penetration for t=
700 to 800 ms., The beam duty ratio is
53% with 20 ms of duration. At is the
delay time from the beam turn-off.
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Fig. 6.10 Dy signals coming from pellets
to 90° filtered photodiode (DgF)
as the pellet ablation profiles:
a) for continuous 1,3 MW bheam
heating and b) for interrupted
beam heating (averaged beam power
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Penetration is measured from the
limiter surface, X,, deduced from
measured pellet velocity (800 m/s).
Those pellets are injected between
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Control of Plasma — Surface Interactions
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Fig. 7.1 Control flow-chart of plasma-surface interaction.
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