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1. Confinement Study
1.1 Study on H-mode Discharge in JFT-ZM Tokamak
1.1.1 Introduction

The JFT-2M tokamak has been operated by using a single-null and a
double-null open divertor as well as a limiter. For various types of
operations, high confinement regime (H-mode regime) is observed in NB
{or ICRF)-heated discharges. The transition to the H-mode discharge,
characterized by the decrease in Hu./D. emission and the increase in the
stored energy and density in time, is observed not only in divertor
discharges{1} but also in the limiter discharge with a inward shift of
plasma position. The transition occurs for both hydrogen and deuterium
gases., Among these operations, the single-null divertor discharge shows
the H-mode transition with less heating pover. In this report, we study
the dependence of the energy confinement time in the H-mode regime on
the plasma current and the toroidal magnetic field for the case of a
single-null divertor discharge. We also study the dependence of the
power threshold for the H-transition on the plasma parameters and the
plasma position. The results are expected to provide with promising data

base for the design of a fuslon reactor.

1.1.2 Machine Parameters and Plasma Shape

The machine parameters with heating apparatus are shown in Table.1.1
and the shape of the cross section with the poloidal field coil system
is shown in Fig.1.1. The JFT-2M tokamak can be operated in various types
of shapes as shown in Fig.1.2; divertor discharges with (1) single-null
point and {2) double-null points , the limiter discharges with (3} a
noncircular cross section and (4} a circular cross section. Limiters
and divertor plates are made of carbon graphite. In this series of
experiments, Ti-gettering is employed.

1.1.3 H-mode in a single-null divertor discharge
1.1.3.1 Hydrogen Plasma

Figure 1.3 shows the time evolution of plasma parameters for the
hydrogen discharge with HY injection of TOOKW. From top to bottom,
the evolution of plasma current Ip{KA), loop voltage V. (V), power of
neutral beam{ MK}, line-integrated density 'ﬁeL(1019m4ﬁ with L=0.7fm,
radiation power P,{Arb.unit}, the strength of H./D. emission{Arb. unit},
and stored energy(Ws(KJ, are shown. The emission of H./D, 1s observed

at the outer midplane of the torus. The stored energy is obtained from

_l_
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A=pBp+1,/2-1/2 in the magnetic fitting. The internal inductance, li, is
evaluated by the density dependence of A at the Ohmic phase. The
resultant fBp agrees with that obtained by using the diamagnetic
measurement within 10% error. In this discharge, the transition from
L-mode to H-mode occurs at t~715ms ( 25ms after the start of the neutral
beam) . In H-mode regime. the density and the stored energy increase in
time with the decrease in H, emission. However, the difference between
- and H- regime is not clear near the transition time in this
discharge. At 1z7%0ms. the periodic bursts of the H, emission appear
and the stored energy gradually decreases. Figures 1.4(a) and (b) show
the stored energy, W and the confinement time <i* as the function of
the total power input for Ip=P40KA and Br=1.27.respectively. The power
of the neutral beam is varied by using co-injection system (700K¥) and
counter-injection system (4D0KTW) . These figures show that energy
confinement is not degraded by the additional heating power from that in
the ohmic discharge. The symbol X denotes the ccrresponding value in
the L-mode regime. The L-mode is observed by the insertion of a limitef

near the separatrix.

1.1.3.2 Deuterium Plasma

Figure 1.5 shows the evolution of plasma parameters in D plasma
discharge (Ip=220KA, Br=1.2I) with H° injection. The neutral beam is
injected twice by using counter-injection of 450Kl and co-injection of
700K¥. The transition to H-mode occurs at t~610ms and the decrease in
He/Dy emission without periodic burst is observed, However, the
radiation loss increases followed by the saturation of the stored
energy. After the saturation., the neutral beam of 7OOAW is injected
and the stored energy begins to increase again. When the radiation power
reaches a certain level, the stored energy saturates and then decreases
a little followed by the transition to the L-mode regime. Figure 1.6{a)
shows the profile of the electron temperature, 7., measured by
ECF‘electron cyclotron emission) for the ohmic and the H-mode regimes.
The temperature at 0.8a (R-Ro~-25cm} is about 0.6KeV in H-mode regime.
This value almost agrees with that observed in ASDEX: 2} . In H-mode
regime, the line-averaged density near the edge cord and the plasma center
cord, the electron and 1ion temperatures at the plasma center
increase(Fig.1.6(b} and (c)). However. the increase of the electron

temperature seems to be more remarkable at the edge than at the center.
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Figures 1.7(a) and (b)Y show the dependence of the global energy
confinement time, =%, on Ip and Br, respectively. The confinement time
is linearly proporticnal to Ir and almost independent of Br,
nf ~ 0.151p(M4A) sec for these cases. The incremental energy

confinement time, Tipe=dW/4P, depends on both Jp and By, and

Tine™~0. 115Ip(MAY//Br{T)  (sec). This incremental energy confinement
time is estimated for the case Pioigi<I1MK. The time, Tmf. denotes the

maximum energy confinement time in the ohmic discharge with respect to
the density. The maximum confinement time, =g, is linearly
proportional to Br and independent of Ip. The result shows that IEG at

minimum qs; (the safety factor near the plasma surface) is almost the same

as 'E'OHP .

1.1.4 Power Threshold for the Transition to H-mode

Figure 1.8 shows the increment of the stored energy as the function
of the neutral beam power for [p=220KA, Br=1.2 and me~2x10%w3.  The
plasma current is oriented to the same direction as Lthe toroidal magnetic
field. The open and closed circle denote the discharges with upper and
lovwer single-null divertors, respectively. The power threshold for the
transition to the H-mode is about half for the case of the lower
single-null divertor; Pp~250K¥ for lower single-null divertor and
Pin~BOOKATY for upper one. The tendency agrees with the experiment 1n
ASDEX (3], but the power threshold is smaller than 1n ASDEX. Figure 1.9
shows the power threshold as the function of qqﬂ,qmz=5ﬁa%%1RIp
(ciellipticity, a, Rim, Br:T, I,:MA}. The power threshold is inversely
proporticnal to the plasma current (TOCKA<Tp=<300K4} for a fixed toroidal
magnetic field strength (Br=1.2T} and proporticnal to the toroidal
magnetic field strength (0.7T<Br<1.57T) for a fixed plasma current
(Fp=1680K4) . Thus, the power threshold increases as eyl - The

distance between the plasma surface and the outer movable limiter, &qut,

18 Suui~10cm. The triangle {a} denotes the power threshold for the case
of hydrogen discharge. Figure 1.10 shows the dependence of the power
threshold., Fix, on &gu:. As the outer limiter is moved closely to the

plasma surface, the power threshold for the transition to the H-mode
gradually increases for &gu>dom and Pin becomes suddenly large for
Gout <dcm. As for the clearance of the top region, the Hmode
transition is observed for smaller clearance, biop=lcm.  The result shows
that the clearance between tLhe plasma surface and outer limiter is

important factor for the H-mode discharge.
igi
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1.1.5 Burst of H,/D, Fmission and Heating Power

The burst of the H.,/D, emission is observed in the hydrogen plasma
(Fig.1.3), where the threshold of the heating power for the H-mode
transition 1is higher (Pw=z0.5MW) than that in the deuterium plasma
(Ppz0.2MF) for the case of the upper single-null point. When the burst
appears. the stored energy saturates (or decreases) and the increase in
the density is moderate. In the deuterium plasma. the burst disappears
during the H-mode discharge. Figures 1.11{a} through 1.11{d) show ihe
time evolution of the density (n.), the radiation power (P;.q), the stored
energy (W) and the H, emission of the hydrogen plasma with single-null
divertor configuration for Pyp=0.47MF, 0.61MF, 0.74MW and 1.21MW,

respectively. The threshold power for the H-mode transition. Py, is
about 0O.5HMW. Figure 1.11(a) shows the case of Pw<Pi, which is the
L-mode discharge. When Pw exceeds Py,. the transition to the H-mode

occurs and the burst of H, emission appears in the hydrogen discharge.

As Puxg increases. the duration of the reduction of H, emission beccmes
longer {Figs.1.11{(b} and 1.11¢{c)}., and finally the burst-free H-mode
discharge is observed Fig.l1.11{(d)}. The power for the burst-free
H-mode in a hydrogen plasma is more than twice of the threshold power
for the H-mode transition. For the deuterium plasma. the threshold power
is smaller, Pi~0.2M and the burst of the D, emission always disappears
for Py>1.2P:; in the divertor configuration with the single-null point.

The result suggests the possibility of the suppression of EIM by the

heating power.

1.1.8 H-mode Discharge vwith Pellet Injection {4:

The pellet injector in the JFT-2M tokamak is the CRNL type of
gas-propellant single pellet injector. The size of the pellet {(design
value) 1is 1.65mm*x1 .65mmt and the speed of the pellet is about O.7km/s.
The size of the pellet sometimes changes. The pellet is injected before
the transition to the Hmode {t~0.68sec) in the deuterium plasma as shown
in Figs.1.12, 1.13 and 1.14), where the neutral beam with Py=0.7MW 1is
injected from t~0.Gosec. In this experiment, three types of H-mode
discharges are observed, i.e. Typel (Fig.1.12), Type2 (Fig.1.13) and
Typeld (Fig.1.14). In Typel discharge, the size of the pellet is smaller
than the designed one by chance and the increment of n. at the time of
the injection is about Aﬁewi.Bxlol%fS. After this time, the density
increases linearly in time such as the usual H-mode discharge of the

deuterium plasma. For the Type2 and Type3. the increment of n. is about

i4i
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de~4 . 5x10%m 3, In Type2 discharge. the stored energy increases
without the burst of D, emissicn. The radiation power (0.Z25MW/div) is
smaller than that of Typel during the increase in the stored energy.

For Type? discharge, the stored energy suddenly decreases with the growth
of the fluctuation of the poloidal magnetic field. The safety factor

at the Bmm inner surface from the separatrix {which corresponds to ébout
9% surface;. gqy. is about 2.5 and the Troyon factor is g~2.2 at the peak
point of the stored energy. For g~2.5, the hard disruption occurs when
qQy~2.5. In Type3 discharge, the increment of n, is the same as that
for the Type2. but the stored energy saturates in time when the
fluctuation of the magnetic field appears (t>0.7s in Fig.1.14). After
t~0.7s, the radiation power increases with burst of D, emission.

Figures 1.15 and 1.16 show the ablation profiles for the cases of Type2
and Type3. respectively. The profile is rather broader for Type3.

The broader ablation may affect the current profile near the plasma edge
which causes the MHD activity. However the profiles of density and
electron temperature are not precisely measured and the difference in
two cases has not been clarified. Figure 1.17 shows the global
confinement time, T¢=W¢/(Piotal—dWs/dt), as the function of the density.
Ne. The confinement time of the H-mode discharge with pellet injection
is longer than that of the Ohmic discharge, but the high confinement state

is transient.

1.1.7 H-mode Discharge during ICRF Heating {5}

In the JFT-2M tokamak. three sets of high-field-side antennas are
used to launch fast waves in a two-ion hybrid resonance heating. A
mixture of deuterium and hydrogen gas is used with the ratio of hydrogen
to deuterium density of approximately 40%. The plasma is heated via
electron Landau damping of the ion-Bernstein wave converted from the fast
wave in the thick mode-conversion layer at the center of the plasma.
The high energy icn tail created by the heating is very small. The
frequency of the launched wave is 16.8 MHz, which is the proton cyclotron
frequency at 1.1T of the magnetic field. The toroidal magnetic field
is 1.2-1.25T7 at the plasma center during the heating. The maximum RF
power available at the generator is 4.9MW. while the power coupled to
the plasma is 2.2MW in the D-shaped limiter discharge and 1.4MW in the

single-null divertor configuration because of a small loading impedance
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of the antenna.

Figure 1.18 shows an H-mode transition during ICRF heating in the
single-null divertor configuration. The plasma paramelers are : plasma
current. [,=28%kA, toroidal magnetic field, Rr=1.26T, surface g-value.
9s=3.73, ellipticity, x=1.43, and triangularity, &=0.19. The time
evolution of plasma parameters in the L-mode discharge with a similar
condition is also shown in the figure. dencted by thin lines. The sudden
drop in the H,/D, emission is accompanied by increasing the radiation
loss. electron density and stored energy. During the H-mode phase, the
increase in the stored energy, i.e. the improvement of the energy

confinement time, is asscciated with an improvement in the particle

confinement time. These parameters continue to increase until Hy/D,
emission increases suddenly. At the time of transition to the H-mode.
the loop voltage initially drops and graduzlly increases. The time

evolution of the ratio of two line-averaged electron densities measured
at R=110cm and R=124cm., shown in the second box from the bottom of
Fig.1.18, indicates that the electron density profile broadens in the
H-mode discharge.

The dependence of the radiation loss on the electron density is shown
in Fig.1.19. The radiation loss increases linearly with the electron
density in the H-mcde discharges, while it is almost unchanged in the
L-mode. Spectroscopic data indicate an accumulation of metallic
impurities near the center of the plasma. The central electron
temperature stays constant or decline slightly although the intensities
of the higher-charge-states metallic impurities increase much more
raplidly than those of lower charge states. While 70-80% of the total
input power is lost through the radiation at the highest density in the
Hfmodé, the global energy confinement time is close to the one in the
Ohmic discharge. This indicates that the energy confinement through
the conductive and convective diffusion in the H-mode is much better than
in the Ohmic discharge.

Figure 1.20 shows the global energy confinement time as the function

of the total heating power. The open and closed circles denote the
confinement time in the L-mode and the H-mode. respectively. In the

H-mode discharge with Py,: ~BOCKW and Pz ~300k)Y. the plasma is not always
stationary and the maximum values are taken in Fig.1.20. In this figure,
the cases of upper and lover single-null configurations are shown. For
reference the confinement times derived by the Kaye-Goldstone scaling

law are shown by crosses. The weak dependence of the energy confinement

_6_
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time on the power 1s shown up‘to Pror=1.1M¥W. Above this value, it is
degraded with power and tends to that in the L-mode discharge. The time
evolution of H-mode discharge with Pt ~ 1.5 MW is shown in Fig.1.21.

The H,/D. emission at the highest power { > 1.2MW) drops at the
transition, but it recovers almost to the level in the L-mode. The
electron density does not increases as high a value as that in the H-mode
with lower power. The total radiation power shown in Fig.1.22 is
considerably lower for Pie:>1.2MW and close to that in the L-mode, while

it reaches 80-100% of the fotal heating power during the H-mode with lower

heating powver.

1.2 FER Scaling (Mirnov-type Scaling) (6!

The experimental data of the H-mode discharge during additional
heating, obtained in medium-size tokamaks, indicate that the global
energy confinement time linearly depends on the plasma current,
relatively weak on the elongation and in some devices on the heating
power, while it is almost independent of the density and the magnetic
field strength. The normalized energy confinement time, <5/ (1K),
obtained in ASDEX'7}, PDX{8), Doublet-I11I1{8.10}) and JFT-2M See 1.1}. are
summarized as the function of the total heating power in Fig.1.23, where
Ir and x dencte the total plasma current and the ellipticity. The
confinement time in the H-mode discharges scatters in a wide range and
seems to be continuously connected to the L-mode discharge. For example,
in PDX, =r is strongly degraded by the heating power. The speculated

reasons are; (13the level of the edge relaxation might increase. (2) the
excess gas-fuelling might prevent the transition to the H-mode. In

Doublet-T1T, the normalized confinement time has the tendency that the
divertor-discharges show better conf inement time than the
limiter-discharges., although the former cases overlap the latter ones.
The confinement time decreases with the heating power and seems to be
saturated in the high power region. Those data are fitted in two ways,
(a+b/Prior cPr®, with a=0.044, b=0.059, ¢=0.097 and d=0.35. Both
formulae fit the experimental data within the same accuracy. Assuming
that the energy confinement time is saturated in a large heating power,
the Mirnov-type scaling law can be derived,

Telsy = 0.15bal(m; Ip(MA) VK . (1

Here the coefficient , 0.155, is obtained by using the minor radius of

__Ti
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Boublet-T111. On the other hand, there is no or weak degradation in the
confinement time by the heating power in ASDEX and JFT-2M{See 1.1}.

The maximum confinement time in the best H-mode discharges reaches the
level of that in an Ohmically heated plasma. The Mirov-type scaling
described here is pessimistic one by about factor 3 smaller that ASDEX

scaling.

1.3 Optimized-Confinement Scaling {11, 12}

In an optimized H-mode discharge. the global energy confinement
time, ©r, is as long as that of the Ohmically heated plasma. as shown in
Doublet-I111{9}, JFT-2M(See .1} and D-III-D{13} tckamaks. Therefore it
is important to understand the scaling law of the Ohmic plasmas with
optimized discharges (discharges with a maximum confinement time}. The

scaling law of the Chmic plasmas,

.. OH o YA ~1 05 N
TE = e lR a IQCyi K ’ (2)

is valid only for relatively lower density. As the plasma density
increases, fﬁw is saturated and gradually decreases as shown in Fig.1.24

except for the cases of the pellet injecticn. However, a steady-state
plasma is nol obtained in a pellet-dominated fuelling. Therefore, in a

steady state, it is sufficient to obtain the scaling law withcut pellet
injection. The "optimized” energy confinement time is defined as a
saturated value of ?ém in a high density plasma as shown in Fig.l.24.

The critical density, ngﬂﬁf3), in Fig.1.24 1s given by{i4},
n’ = 6.7x10%q. "' BrR /A 1 (m ) i (3

The “optimized” energy confinement time is obtained by using egs.(2) and

(3¢
- = 0.045RaBr~K /2D i (s) . (4)

The dependence on « is suggested by the data for relatively low elongation

(k=1.8) and the validity in the extrapolation to high K ‘kz=2} 1s notl

clear. The dependence on size, Ra, is not distinguished from a® within
present data base. The scaling,

0P _ 2 ; ;

e = 0.12a"Bra/Ap # () (5
is also possible as more pessimistic one in INTOR-like plasma{ll}. In

—8—
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good H-mode discharges. the energy confinement time is almost independent
of the healing power and preoportional to the plasma current. In JET-2M,
the energy confinement time in the H-mode approaches to the optimized
Ohmic confinement time, and Tﬂfr»rﬁw with qq ~ 2.2 in deuterium
plasmas. The optimized confinement times for both Ohmic and H-mode

plasmas are summarized in Fig.1.25



JAERI-M 88-029

References

{1} S. Sengoku and JFT-2M team, J. Nucl. Mat. 145/146 (1986) .
i M. Keilhacker et al., "Confinement in ASDEX with neutral beam and

RF heating™, 13th EPS Budapest 1885,
"ASDFX Project”, IPP Annual Report 1985 (1886).

Y. Miura et al., "Characteristic of Pellet and Neutral Beam Injected
Single Null Divertor Discharge of the JFT-2M Tokamak™, JAFRI-M

Report 85-148 (13986).

H. Matsumoto et al., "H-mode phencmena during ICRF heating on
JET-2M," to be published in Nucl. Fusion.

Japanese Contribution to INTOR-Related Specialists’™ Mesting on
Engineering Test Reactor National Design Concepts (March 23-27,
1987, Vienna) .

L A, Staber, et al., Proc. of the 4th Int. Symposium on Heating in

Toroidal Plasmas. Rome, (ENFA, Frascatti, 1984 Vol.1 [1984).

R. J. Fnock, et al., ibid., Vol.1 (1984;.

J. C. DeBoo. et al., Nucl. Fusion, 26 {1986} 211.

o A, Kitsunezaki, et al., in Plasma Physics and Controlled Nuclear
Fusion Research., {10th Int. Conf., 1984, London} [(IAEA, Vienna,
1885 Vol.1 (1985; 57.

Japanese Contributions to INTOR-Related Specialists’ Meeting on
Confinement in Tokamaks with Intense Heating, Kyoto (Nov. 21-22,
1986) .

Y. Shimomura, et al., "Empirical Scaling of Energy Confinement Time
of L-mode and Optimized Mode and Some Consideration of Reactor Core
Plasma in Tokamalk,” JAERI-M 87-080 (1887).

J. Luxon, et al., in Plasma Physics and Controlled Nuclear Fusion

Research, (11th Int. Conf., 19856, Kyoto).

14} S. Sengoku, et al., J. Nuclear Materials 145/147 (1987) 536.



JAERI-M B88-029

2.Ideal MHD Beta Limit
2.1 Benchmark Calculation
2.1.1 Example of equilibrium

For the stability calculation, we use four kinds of up-and-down
symmetric equilibria with A=4, Ry=4m, a=1m. k=1.6, & =0.3 (6~0.3),
qo=1.1 and q;=3.12 and 3.2 . The profile of the safety factor is
obtained by using the algorithm of the nonlinear eigenvalue problem with
the folloving profiles of dP/chy and F(dF/dy;

g—i<@> —Bi(1 - PhHE 0=y=1 (1)
and
- N dP - ¢
F%(w) - ROZ(EI]- - D@ @)

The vacuum toroidal magnetic field is chosen as B:;=5.DT at the center
of the horizontal midplane. By fixing q(y) obtained from the profile
(1) and (2) with 3;=0.001, the pressure is increased in FCT sequence.
Table 2.1 shows the parameters (jl1,j2) and the profile of P(¥) in the
FCT sequence.

Table 2.1 (j1, j2) and pressure profile

Data 1 Data 2 Pata 3 Data 4
(J1 »J2 ) (2.3, 2.0) (2.3, 2.0) | (1.1, 1.0) | {1.15, 1.Q)
Q0 1.1 1.1 1.1 1.1
Calculated q; 3.12 3.12 3.20 3.20
Pressure P1 P2 P2 P3

Pl : P(y) = Po{l — 0.2y -2.6y° +1.8}°) (a given profile during FCT
sequence ;
P2 : The marginal pressure, P{y)"= —:[ (dPf/chyyedy ., to  the

ballooning mode.

P3 : The marginal pressure with the form factor,
Sr(y) = 2/{1+exp f@/0.95)32}9 i.e. P{y;=P{y}"Sr¥).
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The pressure is increased by using the profiles shown in Table 2.1 with
the increment of a3~0.2 % . In the cases of P2 and P3, the increment
of the pressure is given by using the marginal pressure profile of the

former step :

R O b BT N DI 87
Py) = Cp PP (), “
and
n-1
Cp = B__"-__ﬁé . (5)

g ]

This procedure 1is not a complete optimization with respect to the
ballooning mode but the FCT sequence by using the nearly marginal profile
of the pressure. The iteration with Cp=1 in eq.(4) gives the optimized
beta limit for a given g-profile. In Fig.2.1 to Fig.2.4 (which
correspond to from Data 1 to Data 4, respectively), subfigures (a)-(J)
show the following quantities:

(a) Contour of equi-¥. The symbol, #*, denotes the position of a null

point.

{b) Contour of equi-J,.

“¢) Plasma pressure, P(R,Z=0).

{d) Safety factor, g(R.Z=0}.

(e) Toroidal current density. J,(R.Z=0).

(f) Safety factor, q(¥).

{g) Pressure gradient dP/dy. The broken line shows the marginal

pressure gradient. dP®/dy.

‘h) Diamagnetic current density, FdF/dy.
{i) Averaged parallel current density.
(J) Stability diagram in S-q plane. The right side of the curve is

a stable region of the ballooning mode. The broken line denotes
the marginal line obtained by using dP®/d{, where S is a global
magnetic shear, defined by S=2V{(dq/dV) (V:volume surrounded by a
magnetic surface), and o is proportional to dP/dy.
These figures show the quantities at the nearly beta limit due to the
ballooning mode. In Table 2.2, the beta limit due to the ballooning
mode, fz. and other quantities are summarized. Here, 8 =8xp/mﬂ@(A}2
(poloidal beta value}, gp=8p{aBio/1,(MA)) and QJ1=5KangQ/(RoIpQVA)).
For Data | and 2, the shear is weak near the magnetic axis and the

numbers of turns for the integration of the ballooning equation should
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In the present calculation,

the marginal pressure is

obtained by using Mercier criterion when the local interchange modes

become unstable.

because of a small volume of this region.

Table 2.2 Beta limits and other related quantities.
Data 1 Data 2 Data 3 Data 4
88 (%) 3.0 4.3 4.1 3.5
By 1.2 1.6 1.7 1.5
I, (MA} 5.5 5.6 5.4 5.3
gz (%) 3.0 4.2 4.2 3.7
Qi1 1.97 1.92 2.02 2.04

However, it does not affect the beta limit too much

2.1.2 Stability Calculation of Low-n Modes

In this section. the ideal MHD stability of the n=1 external kink
mode is studied for the four cases of equilibria described in section
2.1.1

2.1.2.1 Basic Equation
The stability of the ideal MHD modes is studies by minimizing a

Lagrangean {1},

L =¥ + Wy - QJZWK , (8)

Wo = & fp d20Q + (e (Jpxn)iP + [Pgiv-£ 12

- 2n-gi*Joxn) - (Bovin) ,Q = X (€xBy) (7
P | X 2
Iy = -Efvd%vxm , (8)
and
Wy — é— fp Frpgieid (9)
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Here ¢ is the displacement of the fluid element, n is the unit vector
normal to the equilbrium magnetic surface {(n=vi/Ivy), and po is the mass
density. The quantities with a subscript O denote ones in an
equilibrium. The perturbation of the vacuum energy in eq.(8) 1s given
by using the vector potential, A, and the boundary conditions for ¢ and

A are given by {1}

nxA

i

—(n-€3By  at plasma surface , (10)

and

nxd = 0O at conducting shell or infinity. (11
The potential energy of the plasma motion, eg.(7), can be written in the
other form {2},

1 [ 3 £vF) Jo-Bo .. 2
~ 2reePeg ) (12
where
. / 2y t
Ko = [BUXV‘2P0+51"]XBJ . (13)
2By
This form is used in the analysis of the driving mechanism of the
instability. The first term in eq.(12) works as the stabilizing term
due to the bending and the compression of a magnetic field. The second

term and the fourth term are the destabilizing terms due to the current
and the pressure gradient and they are called the kink and the ballooning
terms, respectively. The weakly unstable MHD modes localize near the
rational surface where q(3¥) takes a rational number. For the accurate
calculation of the eigenvalue. > , and the eigenvector, it is necessary
to use a flux surface coordinate, (¥.2.¢), where x 1is the azimuthal
coordinate. In the axisymmetric system, the equilibrium quantities are
independent of ¢ and the Largangean can be written in the form of the

single summation with respect to the toroidal mode number, n,

L= ;Ln : (14)
and

£ ®) = Yéa(bie™ . (15)
The Fourier-component, €.{%.%). is written in the contravarient form !

£, = ReX{vyxvp) + RUsgxvy + RYBo . (16)
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2.1.2.2 Numerical Method

The details of the numerical methods of the stahility code, ERATO,
is described in Ref. {3!. Here, one of the most important procedures in
the FRATO-J code is described, i.e. the mapping from the (R,7Z,¢)
coordinate to the flux coordinate, (¥.x.@). The azimuthal coordinate,

%, 1s defined by

!
dl . dl N
= th 27 = 95__#, , 17)
GO M AV 72) (
where ./ is the Jacobian of the flux coordinate systenm. One of the

typical coordinate systems 1Is given by

aR’ .
NG = o (18;

In this coordinate system, the angle between the toroidal and poloidal

magnetic field lines is constant on a magnetic surface:

B -5~ (19)

Where B® and B* are the contravarient components of the magnetic field.
This coordinate system is called "a natural coordinate system™.

| For the mapping, the trace of the magnetic surface and the numerical
derivatives with the high accuracy are inevitable. In the FRATO-J code,
the 3rd order or the Bth order spline interpolation is used in the
(R,Z) space. The magnetic surface is traced by solving the equation

of the magnetic field line:

dR 1 % dZ _ __1 % (20)

dl ~ vy ez dl eyl R

where dl is the element of the arc length along the magnetic surface.
The differential equations {20} are solved by using the 4th order
Runge Kutta method. Along the magnetic surface, the derivatives of
V(R.Z) are calculated by using the two dimentiocnal spline function.
The mesh accumulation is efficient to describe the ideal MHD modes
near the beta limit. In the ERATO-J code, the weight of the mesh

accumulation is given by

i C;

di g, _, (21)
ds 2 1 +[(S—S«;)2/wi]"

vhere s=«/§l The accumlation point, s:, 1s placed near a rational

surface, and the weight, C;, and the width, w;, are adjusted to be suitable
to the structure of the eigenmode. The mesh point in s is cobtained by

W;=W(s;3 (W;: equi-distant mesh in W space).
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2.1.2.3 Data set for benchmark calculation
In Table 2.3, the parameters used in the stability analysis are

shown.

Table 2.3 Data set for ERATO-J

Parameter Contents Value
- Coordinate Natural in ¥
s= ¥
Ny mesh numbers in s 101
N, mesh numbers in ¥ 81

{only upper half plane)

Ci eq. (21) 1.0
L} eq. (21) 0.1
81 eq. 21} 0.9
£4 Convergence of &? 107
in the eigenvalue
solver
n Toroidal mode number 1
Ryali Position of Cenducting @
Wall

2.1.2.4 Growth rate and beta limit

The stability of the n—=1 external kink mode is studied for the four
classes of equilibria (Data 1 - Data 4) described in section 2.1.1.
Figs. 2.5 - 2.7 shows (a) the safety factor as the function of S=N/$1
(b) the eigenmode X(s.x=0), {¢) the eigemmode U(s,x=0) and (d) driving
terms averaged on a magnetic surface. The symbols A, K and B denote
the bending of the magnetic field, the kink term and the ballooning term
given in eq. (12}, respectively. In Table 2.4, the growth rate and the
beta value are summarized for Data 1. The growth rate is normalized by

the Alfven frequency, 72=4nﬁ/wA2, where @A3=Buf/(u@pd%§).
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Table 2.4 Squared growth rate and §; for Data 1

Be (%, ¥ B I, (MA} qJ1 mode
4.80 | 3.28x107° 1.77 5.68 1.90 Fig.2.7
4.60 1.92x107 1.71 5.66 1.91

4.40 | 9.99x10™* 1.65 5.63 1.92

4.20 | 4.21xi0™" 1.59 5.60 1.92

4.00 | 1.18x107* 1.52 5.58 1.93 Fig.2.8
3.80 t.45%10™ 1.46 5.55 {.94 | Fig.2.5

The coperator in the ERATO code has a branch of a continuum spectrum in
the vicinity of =0, The eigenfunction of the continuum spectrum has
the singularity at a raticnal surface. Due to the discrete space in ¥
and 7, the continuum spectrum appears in the unstable side by a numerical
reason. Therefore .when the sharp peak in the eignmode, U, localizes
with a few meshes. a plasma 1s considered to be marginally stable.

Figs.2.5 (c) and (d) show the structure for a nearly marginal state.

The growth rate 1is 72=4ﬁP/QA2=1.45X10_5. This result indicates the
o-stability criterion 4} with ¢°=1.0x10™. For Data 2, 3 and 4, the
squared growth rates and the beta values are shown in Tables 2.5, 2.6
and 2.7, respectively. The mode structures near the beta limit are also
shown in Figs.2.8 to 2.13. The beta limits due to the ballooning mode

and the kink mode are summarized in Table 2.8.
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Table 2.5 Growth rate and B: for Data 2
By (%) ¥ I I, (MA) | ar mode
4.70 2. 78x107* 1.7% 5.66 1.91
4.50 8.13x107° 1.69 5.63 1.92
4.31 2 24x107 1.83 5.61 1.92 Fig. 2.9
4.12 8.91x107° 1.57 5.59 1.93 Fig.2.8
Table 2.6 Growth rate and 3; for Data 3
Be (%) ¥ By I, (MA) | au mode
3.92 8.06x107" 1.84 5.33 2.02
3.73 2.91x10* 1.57 5.30 2.03
3.53 4.24x107° 1.50 5.28 2.04 | Fig.2.11
3.34 4.06x107° 1.44 5.25 205 Fig.2.10
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Table 2.7 Growth rate and j: for Data 4
Bu (%) ¥ B I, MA) q; mode
3.72 8. 06x10™" 1.57 5.38 2.03
3.53 o a1xio* 1.50 5.98 2.04
3.34 4.53x107° 1.43 5.25 o 05 | Fig.2.13
3.14 9.45x107® 1.36 5.23 > 06 | Fig.2.12
Table 2.8 Beta limit due to ballooning mode and kink mode

Data Bs (%) gz (%) Bx (%) gr (%)
Data 1 3.0 3.0 3.8 3.8
Data 2 4.3 4.2 4.2 4.1
Data 3 4.1 4.2 3.4 3.5
Data 4 3.5 3.7 3.2 3.4

2.1.3 Summary

In this report, we used four clagzes of equilibria. In Data 1 and
Data 2. the shear is weak near the magnetic axis and is strong near the
plasma surface. In Data 1, the pressure is increased by fixing the
profile which 1is close to the optimized one near the magnetic axis.
The kink limit is greater than the ballocning limit. In Data 2. the

pressure 18 increased by using the marginal pressure at each iteration
step. The two limits coincide with each other. In this case the

toroidal current densgity has a finite value at the plasma surface, but
For Data 3, the kink

limit is smaller than the ballooning limit mainly due to the weaker shear

the averaged parallel current density is small.

By the reduction of the pressure gradient near
For the data base

near the plasma surface.

the plasma surface, two limits become closer.
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assessment in the internaticnal ccllaboration. it is necessary to compare
the results in vider range of parameters and to summarize them from the

physical point of view.

2.2 Second Stability Access b, 6}
2.2.1 Optimization of plasma pressure profile

The ideal MHD beta limit due to n=« ballconing modes (n @ toroldal
mode number) is obtained by optimizing the plasma pressure for a given
profile of the safety factor, q(v). The n== ballocning mode equation
{7} with zero growth rate and the Grad-Shafranov equation are solved
iteratively to obtain the pressure of a marginally stable state by fixing
the safety factor (FCT sequence with optimized pressure). The profile
of the safety factor is given by following profile of the toroidal current

density at a low beta state:

AP 1 dF o0
Je & —r{aﬁ‘b - Oer-P H ( )
dP _ npory . ilyi2 - 3
and
dF _ p2cl _pyndP .
P - RECE - DD , | (24)

where ¥ is the normalized poloidal flux to Osysl (y=0 at the magnetic
axis and y=1 at the plasma surface. and R; denotes the major radius of a
plasma center, We choose 3;=0.1 to determine gq(y).
2.2.2 Direct access to second stability region
The effect of the magnetic shear on the beta limit is studied by
using different profiles of q(y). We choose jo=1.0 (casel) and 8.0
{case?} in eq.{(23). The parameter j; is adjusted so that go=1.2 and
as~3.1 for A=3, k=1 and 5=0. where q;, A, K and & are the safety factor
at the plasma surface, the aspect ratio, the ellipticity and the
triangularity of the cross section. respectively. For the case 1 the
shear is moderate in whole region of a plasma (Fig.2.14(a)). The shear
is weak near the magnetic axis and strong near the plasma surface for
the case 2 (Fig.2.14{b}). We define the flatness of the g profile by
=(q{y=0.5)-q0)/(qs—qa) . For the cases | and 2 this parameter takes
S,=0.23 and 0.05, respectively. A small S, corresponds to a broad
toroidal current profile in a low beta state. Figures 2.15{(a} and

2.15(b) show the increase of beta as the function of the iteration in
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the equilibrium and the marginal stability calculations of the ballooning
modes for the cases 1 and 2, respectively. For the case | the beta value
saturates at the beta limit, whereas it increases unlimitedly as the
iteration for the case 2, The pressure gradient, dP/d}. at the final

stage of the iteration is shown in Fig.2.16{a) and 2.16(b) for the cases

I and 2, respectively. The broken line denotes the marginal pressure
gradient to the ballooning modes. For the case 1, dP/cdy is almost
marginal everywhere in a plasma. However, Fig.2.16(b) indicates that

dP/dy can be increased unlimitedly or plasma enters the second stability
region of the ballooning modes in a low shear region, S=0.2., where
S=2Vi{dq/dV)/q and V{}) is the volume surrounded by a magnetic surface.

The mechanism of the access to the second stability region is shown in
Figs.2.17{a) and 2.17(b). Due to the outward shift of the magnetic
axis, the negative local shear (8}, S,<0, appears in the region of

negative curvature of the magnetic field line, ky<0O. where
_ Bxwy vox Bxwy

S, -
Y [ et

(25)
and
Ky = w.g.vg _ (26)

When the region of S,<0 stays only in the region of ky<0 (Fig.2.17{(a;),
the pressure gradient reaches the marginal one everywhere in a plasma.

If the negative local shear region extents across the line of k=0, a
© plasma locally enters the second stability region on the magnetic surfaces
which are included in the region of S,<0. The local negative shear
is produced more easily in a low shear region than in a high shear region.

We define a “transition beta value™, (.., as the beta value where the

tip of S,-0 reaches the line, x;=0. Above (., a plasma has the
capability to maintain unlimited pressure. Dependency of f. on go and
Kk is shown in Fig.2.18, The parameters ji and j» in eq. (23 are chosen

so that gs=3.1 and S,~0.15 for 4=3. In the shaded region in Fig.2.18,

the beta limit is smaller than the transition beta value (no direct

access) . The broken lines in Fig.2.18 show the boundary flux surface
within which a plasma enters the second stability region. The
transition beta value is smaller for smaller elongation. As K

increases, the value tends to increase as qo (Fig.2.19). In Fig.2.20,
Ky and S, are shown as the functicn of the field line for (a) $;=0.1,
3=0.15% and k=1, (b) B,=1.5, $=3.16% and «=1, (c) f#:=0.1, B3=0.30%,
k=1.8 and 6=0.3, (d) B,=1.4, B=7.4%, k=1.6 and 6-0.3. respectively.
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The length of the field line, !=0 and l=1 correspond to the outside and
inside of the torus. In a D-shaped plasma, the local shear is modulated
along the field line even in a low beta plasma and it takes the maximum
value near the top of D, while it takes the maximum value inside of the
torus in a circular cross section. Then the larger shift of the magnetic
axis is required to enter the second stability region In a D-shaped
plasma. In Fig.2.21, the example of the equilibrium in the second
stability region is shown. Figs.2.21(a) to 2.21(c; show the profiles
of the plasma pressure, safety factor and toroidal current on the
horizontal midplane. respectively. The broken line shows the averaged
current density, <J-B>/<Br>, which is slightly hollow.
2.2.3 Stability of low-n modes

For the stability analysis of low-n modes the pressure gradient 1is
obtained by using the ballooning mode equation with zero growth rate.
The pressure gradient is increased by CdP./d}. where dP./dy 1is the
marginal pressure gradient to the n=« ballooning instability at each step
of equilibrium calculation, In the FCT sequence. the constant, C. 1s
adjusted to be 48=0.2%, where 43 is the increment of the volume-averaged
beta value. The profile of the safety factor is <chosen as
Se={q(y=0.51—-qn)/{qs—q0:~0.00 and qs=3.1. Above the critical qo
(Fig.2.19), the direct access to the second stability region is
possible. For such an equilibrium the profile of the current parallels
to the magnetic filed becomes hollow (Fig.2.21; which deteriorates the
stability of the external kink modes. Figure 2.22 shows the beta limit

of the external kirk modes for k=1.86 and 6=0.3. The upper and lower
lines denote the cases for a,/a = 1.2 and =, where a, and a are the
horizontal radii of a conducting wall and a plasma., respectively. Bue

to the reduction of the global shear, the beta limit decreases as gqp for
the case of no conducting walls. When the conducting wall is placed
close to the plasma surface, a,/a=1.2. ~11% possible for qp=1.5. The
beta limit due to the n=1 external kink modes is close to Troyon's beta
limit, fB=glp/aB;~4% for g=3, without a conducting wall. The conducting
wall placed at a,/a=1.2 increases the beta limit up to 328% and Troyon's
factor ¢ becomes ¢g=6~8. For the case of k=<!1.6, the facter ¢ takes
almost the same value. Above the beta limit. the dominant mode 1is
m/n=4/1 for the case of no conducting wall and the mode 1is localized
near the plasma surface {(Fig.2.23}. When the conducting wall is placed

at au/a=1.2, the dominant component become m/n=1/1, which has no rational



JAERI-M 88-029

surface (Fig.2.24;.

When the conducting wall is placed close to the plasma surface, low-n

internal modes becomes unstable. Figure 2.25 shows the beta limits of
the internal modes as the function of the toroidal mode number. The
minimum beta limit is for n=3,. As n increases the contribution of the

driving term changes from the current-driven (kink) term fo the
pressure-driven (ballooning) one (Fig.2.26-Fig.2.28:: (a}) q as the
function of /7., {b) radial eigenmode X{ ~/¥. %x=0), (c) poloidal
eigenmode U{ N/fQ ¥»=0), and {d) potential energy (K ; kink term, B ;
ballooning term). In the low-n region, the dominant mode has low-m
(low-poloidal mode number) component which has no rational surface and
is localized in a low shear region. This means that the unstable modes
are driven by the mode coupling due to the large deformation of the
magnelic surfaces. For the enhancement of the beta limit due to the
ballooning modes. the low shear region near the magnetic axis 1s required,
whereas the low-m current-driven modes becomes unstable in the low shear

region.

2.2.4 Summary

By using the control of current profiles the direct access to the
second stability region of the ballooning medes is shown for a plasma with
a circular and D-shaped cross section and go=1. The ballocning modes
do not limit the beta value but low—n external and internal kink modes
determine the beta limit. Further optimization of qg-profile 1is

necessary to attain high beta stable state §>10%.

2.3 Beta Limit of D-shaped Plasma
2.3.1 Beta Limit due to the Ballooning Mode {9. 10:

The alternative iteration of the Grad-Shafranov equaticn and the
ballconing equation with zero growth rate gives the marginal pressure
derivative in a whole region of the plasma column, from which the beta
limit for the ’"optimized pressure profile” to the ballconing mode is
obtained. The FCT algorithm is used to obtain the optimized pressure
profile for a fixed profile of the safety factor, q{vy). The g-profile

is given by following profile of the toroidal current density at a low



JAERI—M 88-029

beta state:

- — dP _ 1 pdE /
J@ HOR dw R F dﬁ\{/ L4 \27>
D =m0 - T7 (28)
and
i ) = RiC I SR e P g o)
qu/ (#j RU (ﬁ! 1)“0(1.‘\', .\‘D; . l\29/

The parameters, ji{ and j2 in eq.(28) determine gs/qo and the flattness of
g{y) near the magnetic axis. In this study, we take ji=1.

- ¥We summarize the dependence of the beta limit on go and Qs and the
geometrical parameters, A, « and 6. Figures 2.23(a) and (b} show the
beta limit as the function of ¢s by fixing qo=1 for 6=0 and 0.4,
respectively. The aspect ratio, A, is fixed to 3.37 and k 1is changed
from k=1 to 1.6 in these figures. The result shows the enhancement in
the beta limit due to the elongation coupled with the triangularity.
The calculated data fit the formula,

k0.75
qs

4

)

1.5 1.5
B(%) = @'\——[Ho.g(x—l)a - 0.6 F14(~1)(1.85 k)2 ] . (30)

Ags
The range of parameters are 12q:56. P=A=6, 1=x=1.8, 0=56=0.5 and
qo=1. The solid lines in Fig.2.29 dencte the values obtained by using
the formula (30). The 3rd and the 4th terms of eq. (30 aré effective
in the lower q. region, g.<3. There appears the degradation from the
scale in 1/{gA) for q:<3 (the 3rd term) and it 1is improved by & (the
Ath term). The sign of the 4th term changes from positive one to
negative one for xz=1.85. However it should be noticed that the data used
in this analysis are limited within xk=1.8. It should be also noticed
that the formula (30) may be applicable for the moderate current profile
{1.e. we take ji1=1). The flat and hollow current-profiles are
excluded. The beta limit can be summarized by using the normalized
current, Iy=I,(MA)/a(m)Br(T), where the toroidal magnetic field, By, 1is
measured at the center of the plasma. The beta limit is roughly

proportional to the plasma current, %y=gly. In the low current region
(high gs; 9s>Qsc, Qsc depends on K ), g takes about 4 it becomes smaller

as Iy increases ‘Fig.2.30). The degradation in g can be improved to some
extent by increasing 6. There appears the degradaticn in g with k for
a given (s. Figure 2.231 shows 3 and g as the function of k for g;=3, A=4,
6=0.3 and j2=2. The beta limit tends to be saturated as xk and g-value

decreases., As Kk increases, the g profile given by egs.(28) and (29
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becomes flat near the magnetic axis and the marginal pressure gradient
becomes small in the flat-gq region. The competition between the flat
and steep-q regions causes the saturation in the beta limit. The
dependence of the beta limit on qo is shown in Fig.2.32. The beta limit
is enhanced for larger gy and 6 . and for smaller gs/qo. This indicates
the access to the second region of the stability for the ballconing
mode {See 2.2].

2.3.2 Beta Limit due to External Kink Modes {10, 11}

To obtain the beta limit due to the external kink modes, the pressure
gradient i1s increased by CdP./cy, where dP./dj is the marginal pressure
gradient to the ballooning mode. In the FCT sequence, the constant, C,
is adjusted to be 43=0.2%, where 48 is the increment of the
volume-averaged {(toroidal) beta value. The profile of q(y) 1s given by
using eqs.(28) and (29) with ji=1, B3;=0.1 and go=1. The stability of
the sequence of the FCT equilibria is studied by using the ERATO-J code
and the beta limit is obtained from the marginal equilibrium with
y2§10“5, where v 1is the growth rate in the ERATO-J code. The

! ~lusec for the INTOR parameters. The

characteristic time in v is wa
squéred growth rate of */2=1O—5 gives the marginal mode structure in this
analysis:l12, also see 2.1}. Figures 2.33{a) and (b} show the beta limit
as the function of g for the case without and with a conducting wall,
respectively. For the case with a conducting wall, the wall is placed
at a,/a-1.5, where @, is the horizontal minor radius of the wall. The
broken lines in Fig.2.33 denote the beta limit due to the ballooning mode

described in section 2.3.1. The beta limit due to the n=1 external kink
mode is smaller than that due to the ballocning mode for the case without

a conducting wall. Two limits coincide each cther for «,/u=1.b. The
sequence of the equilibria used in this analysis is optimized for the
ballooning mode but not optimized the external kink mode. The
optimization for the external kink mode can be carried out in the
g-profile (or the parallel current density to the magnetic field line,
Jy=1-B/B rather than the pressure profile. The external kink mode 1is
stabilized by reducing Jy near the plasma surface and increasing it near
tha plasma center. This rearrangement in J, gives a large magnetic shear
(S={V/q)(dq/dV), V: the volume surrounded by a magnetic surface) near
the plasma surface., which stabilizes the n=1 external kink mode.

There appears a steep degradation in the beta limit near gs=integer
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for ay==. The degradation is usually largest near g.=3. We study the
effect of the current profile by changing jz in eqs.(28) and(29). For
larger j», the resultant equilibrium has a larger shear near the plasma
surface. Figure 2.34 shows the beta limits as the function of qs for
j2=1.0 and 1.5, (in this calculation., the equilibrium with high beta
tokamak ordering is used and the beta value is normalized to 5/ for a
circular cross section;. For jpz=1.0, there appears the unstable window
below gqs=3. For j»=1.5, the beta limit has a finite value, although there
remains the degradation in qs<3. For a given Ji-profile, the shear
becomes stronger near the plasma surface and weaker (sometimes negative)
near tha magnetic axis with the increase in the elongation and
triangularity. The degradation for ¢.<8 1is improved for a large
elongation. However the weak shear causes an m=! mode near the magnetic
axis {14, See also 2.2}.
The beta limit due to the n=1 external kink mode is approximately
summarized in the Troyon's formula (Fig.2.3b},
B{%) = (BfZiO.5)IP(MA)/(a(m)BT(T)) . (35)

The modulation near the integer gq. is included in the coefficient.
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3.Effect on Conducting Wall on Positional Instability of Elongated Plasma
As shown in the sections 1 and 2, an elongated cross section is
favourable to enhance both the energy confinement time and the beta limit
through the enhancement of the plasma current for a given safety factor
at the plasma surface. On the other hand, the positional instability
with n=0 {( n ! toroidal mode number} plays important role for the
formation of elongated tokamak plasmas. The limit of the elongation
for the case of no conducting wall is given by using a rigid model as

the function of the aspect ratio, 4, {1};

1, 3 17 \
K<k, = 1 + F( Z In 84 ***ig) . (1)
The critical value, k., 1s about 1.1 for A=4. However, the positional

instability is suppressed by a conducting wall and k. can be increased.

We estimate the critical position of the conducting wall for a given
elongation, kK, by using the ideal linearized ideal MHD model. The
equilibrium used in this analysis is for gp=1, ¢;~3, Z=1.5% and A=4 in
up and down symmetry (double-null divertor configuration) where go, s
and 3y denote the safety factors at the magnetic axis and at the plasma
surface and the poloidal beta value, respectively. The toroidal current

density is given by

- _ dP _ 1 zdf 3
Jo = uoRdw er“i’ , (2)
@”T - 1 il ;
¢ ) =Pof3i(1 ) 3)
and
FALOH =R - DL @) (4

The parameters Py and j1 are used to adjust qp and ¢ to prescribed
values. The shape of the cross section is specified by using the

functional form:
R

Ro+acos (68+8 sin 8) {5)

and

Z Kasin 0 (6)
where x, & and qp denote the ellipticity, triangularity and the horizontal
minor radius. Figure 3.1 shows the equilibrium for k=2.0 with =0, 3:
(a) contour of poloidal flux function., {b) contour of toroidal current
density, {c) plasma pressure, (d) safety factor and {e) toroidal current

on the horizontal midplane.
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The analysis with a closed conducting wall at the equi-distant
position from the plasma surface shows that by/b,~1.3 for «k=2.0 to
suppress the positional instability. The parameter, b,/bp, specifies
the position of the conducting wall, where b, and b, are the radii of
the conducting wall and the plasma at the top of the cross section,
respectively. The Furopean contributicn{Z2} shows the partial wall is
sufficient to stabilize the instability by using_the rigid model, In
this report, we evaluate the effect of the poloidal cut of the conducting
wall by using the shape of the wall shown in Fig.3.2. The shape of the
wall is specified by using the parameters, p,(0)/0:.(0), pu(m)/pp(x}, bp
and cly » where Pu(0) pulT) s pp(0), pp(T) and by
(bp=Kdp ,tp={ps(0)+pp{w))/2) denote the outer horizontal radius of the
wall of the torus., the inner radius of the wall, the outer radius of the
plasma, the inner radius of the plasma measured from the magnetic axis
and the radius of the plasma in the vertical direction, respectively,
and <, denotes the width of the cut. The choice of the origin at the
magnetic axis 1s only for the numerical reason in the ERATO-J code.
The horizontal radii, a, and ¢, can be used in stead of p, and py without
essential difference. In this analysis, we take
0w 0)/0p{0)=pu (%) /Pp(m)=2.0 and d, 1s changed. Figure 3.3 shows the
flow pattern of the plasma motion projected to the poloidal plane for
the case without conducting wall. The Fourier analysis of the elgenmcde
shows that the deminant meodes are m=+1 and Imiz2 modes are included near
the plasma surface. Figure 3.4 shows the case with conducting wall for
ch/ap=2.9. The large motion at the right shoulder of the cross section
in Fig.3.3 is suppressed by the conducting wall. The squared growth
rate, V%Gﬁ. is shown as the function of d,/a, for the cases of &=0.1

and 0.3 in Fig.3.5. The case of the smaller triangularity is more
unstable. However, the critical width of the cut is almocst the same,

i.e. du/op~1.9. The closest distance of the wall from the plasma
surface is about 60cm for the INTOR size of plasma (ap=1.2m, R=4.9m and
K=2.0). The critical width of the cut is almost independent of
0u(0)/pp0)  for pu(0)/pp(0)>1.5. THe result of the preliminary
analysis shows the conducting wall placed at the shoulder of the cross
section can suppress the positiocnal instability. The result agrees with
that shown in the European contribution. The quantitative comparison

with the rigid model is not carried ocut.
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Fig. 1.11 The time evolution of the density, radiation power,

stored energy and H emmission in the hydrogen discharge
for (a) P, =0.47MW (below threshold power .for H-mode
transition) and (b) PNB=O.61MW (slightly above the
threshold power).
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Fig.1.18 Time evolution of H-mode discharge during ICRF heating.
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Fig. 1.20 Energy confinement time vs. total power for ICRF heating.
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Fig.2.14 Profile of safety factor as the function of y. for gu=1.2. q=3.1,
A=3, k=1 and &=0. Figs.(a) and (b) correspond to the case 1 (
S,=0.23) and the case 2 ( §,=0.05), respectively. where

S.=(q(#=0.5)—q0)/(g:~q0) -
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Fig.2.15
B: vs. iteration number. Figs.(2) and (b) correspond to the case |
( 5,=0.23) and the case 2 ( S5,=0.0%), respectively. For the case 1.

the beta value saturates.at the beta limit.
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Fig.2.16

The pressure gradient as the function of ¥ (a) for case | and (b)

case 2. The broken line denotes the marginal pressure gradient to

the ballconing modes.
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(b)

Fig.2.17
Contours of ik,;=C (bold broken line) and local shear. S, (a) for case

5.<0 .

In the shaded regicn,

1 and (b) case 2.
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Fig.2.18

Transition beta value vs. gy for x/6= 1.0/0.0, 1.3/0.2 and 1.5,0.3.
Other parameters are g,=3.1, S,=0.15, 4=3. The broken lines show
the boundary flux of the second stability region. % ., within which a

plasma has the capability to maintain the unlimited pressure.
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Fig.2.20 Local shear, v, and normal curvature, k;, vs. length of field
line, | on the flux surface within which second stability
access is possible for {a) k=1, 6=0, #,=0.1, B3=0.15%, (b)
k=1. 6=0, B,=1.5, B=3.16%, (c) x=1.6, 6=0.3, B;=0.1, B=0Q. %+
and (d) x=1.6, 6=0.3, B,=1.4, [(=7.4%. The profile of safety
factor is chosen as qg=!.5. @.=3.1 and 5,=0.15.
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Fig.2.20 Local shear, v, and normal curvature, k,, vs. length of field

line, l on the flux surface within which second stability
access 1s possible for (a) k=1, &=0, £,;=0.1, 3=0.1%5%,
k=1, 6=0, B8,=1.5, 8=3.16%, (c) «=1.8, 6=0.3, $,=0.1, B=0.36%.

The profile of safety

and (d)} «=1.B, 8=0.3, B;=1.4, B=7.4%.

factor is chosen as gp=1.5, q.=3.1 and S5,=0.15.
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Fig.2.21

Profiles of {(a) plasma pressure. (b) safety factor and (c) teoroidal
current in the equilibrium with 3,=8.6%, x=1.3, §=0.2, 4=3, qu=!.5,
gs=3.1 -and §,=0.15. The plasma is in a second stability region
inside of ¥.=0.2. The broken line in Fig.6(c) shows the

surface-averaged parallel current density, j,=<J-B>/<Br>.
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Fig.2.25 Beta limit of internal medes

S,=0.08.
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Fig.2.30 Beta limit due to ballooning mode vs. In=1,(MA) /a(m)Br(T).
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Fig.2.31 Beta limit vs. & for A-4, qs=3 and 6=0.3.
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Fig 2 .34 Bata limit @ ¢ (e£=1."4;, due to n=l external kink mode for the
averaged current density, <j.,;>“jo*\if¢-)’:. The ratio, qs/q9o,

is given by s qo=jz-1.
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Fig.2.35 Beta limit due to n=1 external kink mode vs. Ij.
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Fig. 3.3 Flow of the unstable modes for the case

without a conducting shell

_93 —_—



JAERI-M B8&-029

d_ m

‘Srz=8/®

ST YIPTA 30D BYL
*TT24Us burjonpuco y3jTm
8sSeD B{yl IO0JF sopou
aTqe3sun syl Jo #MoTd $'¢ *BTa

00000 1 = 40l
00005" ¢ = aa
E11ed- 0 = dldy
SO6IE"D = dyl
S1920° ¢ = 4114
00000 ¢ = 1X3d




JAERI-M 88-029

Fig. 3 .5 The squared growth rate vs. dw/ap.



