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Heating experiments have been carried out in JT-60U with plasma
current up to 4 MA, toroidal field up to 4.2 T and neutral beam heating
power of 30 MW. Carbon-fiber-composite divertor plates with good align-
ment and beveled edges provide excellent power handling capability; mno
carbon burst has been observed during 5 s heating pulses at ~20 MW. H-
mode was observed at high toroidal field of 4.2 T. Confinement improve-
ment factor of up to 1.6 over the L-mode scaling has been obtained during
continuous ELMy phase at 4.2 T, 2.7 MA and an injection power of 25 MW.
Confinement enhancement of 2.2 has been obtained transiently. At plasma
current of 3.5 MA, diamagnetic stored energy of 7.7 MJ and energy con-
finement time of 0.36 s have been cobtained. Discharges with high poloi-
dal beta exhibit an enhancement in energy confinement of a factor of 3
relative to L-mode and high bootstrap current (58% of plasma current).

In this regime, high ion temperatures of 38 keV, electron temperatures
of 12 keV, maximum diamagnetic stored energy of 6.1 MJ and neutron yield
df 2.8 x 101® g~! were obtained. Effects of current profile and sawtooth

on mhd and confinement have been systematically demonstrated, suggesting

. importance of current profile and sawtooth for improving plasma perform-
ance. Schemes to avoid locked modes and disruptions have been checked
. experimentally. Divertor measurement indicates that high ¢, high density
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operation is favorable for divertor heat handling; remote radiative
cooling becomes significant and divertor heat load is less peaked In this
operation mode. Quantitative analysis of divertor spectroscopy data
indicates that the carbon production rate at the divertor plate is ex-—
plained by deuterium, oxygen and carbon sputtering. Toroidal ripple loss
power of NB-injected fast ions to the first wall was investigated by
using an infrared TV camera. Absolute values of the ripple leoss power
and dependence on plasma parameters were consistent with values calcu-
lated by an orbit following Monte-Carlo code. In the LHCD area, the
linear dispersion relation and accessibility condition for LH wave were
experimentally validated. Furthermore, the power directly lost via high
energy electron was shown to scale as the slowing down time, implying
that direct loss power will be negligible in ITER. Current drive of
4LO0kA (25% of the total plasma current) was realized with tangential NB.
ICRF experiments using two new antennas started, The maximum coupled
power to plasmas so far reached 1.6 MW for 1.4 s. Sawtooth stabilization

at a high He/Ptot value(~0.9 x 1019 ~3Mw—1) was achieved.

Keywords: Tokamak, H-Mode, L-Mode, High Poloidal Béta, Divertor, MHD,

Transport Process, Disruption, Current Drive, Progress Report
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1. H-mode and L-mode Confinements

1.1 Fusion Performance in Different Confinement Regimes

M. Kikuchi, S. Ishida, Y. Kamada, T. Nishitani, Y. Koide
H. Ninomiya, M. Shimada, R. Yoshino, H. Takeuchi

1. Introduction

Progress of plasma performances was made in 1992. The maximum fusion triple
product nj(0)Ti(0)Tg was doubled (2—4.4)x 1020ke Vsec/m3. A world record ion
temperatﬁrc T;(0)=38keV(high Bp) was observed. Maximum plasma stored energy was
increased from 4.3MIJ to 7.7MJ ( H-mode). The average fusion product <nT>1e0 was also
significantly improved from 4.3x101%eVsecm3 (1991) to (0.93-1.2)x1020keVsecm™3
(high Bp&H-mode,respectively). As one of important feature of JT-60U, high pressure
could be attainable since <nT>=(2/3)Wia/Vp~glpBy/ap. The maximum <nT>; of
~0.08MPa was obtained in both hot ion H-mode and high [Bp regime.

2. Characteristics of Different Confinement Regime.

Two different confinement regimes were explored in 1992. One is H-mode regime
obtained with reduced recycling with Boronization. L-H transition power was up to 16MW
in 4.2T low density hot ion,H-mode without clear Dy drop(see sections 1.3 and 1.4). This
mode was characterized with flat ne and high edge temperature Tig5 and Tegs up to TkeV
and 2keV, respectively. This mode was insensitive to the existence of sawteeth if the
sawtooth time is sufficiently long. On the other hand, the enhanced confinement in high Bp
regime was obtained when the sawteeth were suppressed. Improvement was associated
with peaked ne profile which resulted in the f3p collapse in the central region. The enhanced
confinement was seen at the net heating power well below the H-mode threshold. Table 1
shows a list of the plasma parameters obtained in H-mode and high Bp regime.

Table 1 Parameter list of H-mode and high Bp regime

Shot 16168 16128 16023 16045 Shot 16168 16128 16023 16045
BYT) 42 42 44 44 WgM)H 77 69 57 49
Ip(MA) 35 30 166 185  1gE(s) 036 045 028 04
Qeff 3.3 38 63 54 H-factor 1.43 1.8 22 2.4

ne(E19) 33 30 34 22 T;0)keV) 20 22 35 38
Ps(MW) 24 23 23 19 Te(0)keV) 55 72 12 8.8
PnettMW) 21 15 20 13 Sn(101655) 19 20 28 1.8
PradMW) 7 9 8 5 Mode H H HPBp HPp
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3. Plasma Stored Energy and Energy Confinement Time
Plasma stored energy Wi, and the energy confinement time 1€ are shown for L-

and H-modes and high Pp regime in Fig. 1. The confinement was significantly improved
from L-mode level (1991) to H-mode and high Bp level (~0.5s). Maximum Tg and stored

energy in JT-60U were 0.9sec in an ohmic discharge and 7.7MJ in H-mode, respectively
while longest tg and largest stored energy were 1.4sec and 13MJ in JET H-modes[1,2].

10 T T T T T 8
0.8 T T H T T
3.5MA(H-mode)
1-2MA{HIgh B)
8| P
o.6f ' _
a
é‘ 6L T; a 3.5MA(H-mode}
= o
= » o4 4
z 4t o
0.2+
2L
0 1 I 1 1 1 0 L L L L L
o & 10 15 20 25 30 o 5 10 15 20 25 30
Py, -dW/dt (MW)

P, -dWidt (MW)
Fig. 1 Total plasma stored energy and energy confinement time for L and H and high Bp regime.

4, High Temperatures
World records of ion temperature Tj(0)=38keV in high fp regime (2-nd is 35keV

in TFTR[3]) and T;(0)=32keV in high T; H-mode (2-nd is 26keV in JET[2]) were achieved
in 1992. The electron temperature up to 12keV in high By, regime and 10keV in high T; H-
mode regime were obtained while world record is 13keV from JET ICRF plasma[4].

Figure 2 shows central electron and ion temperatures as functons of Pret.
40

' 0 | T{0) (H
osl i) O @0
g [ J
E 30| ° 4
= 25f T - ° .
S 2ol e o SO AW
B [ Te(0)(HBY) * e
o
.° 10} K.Q L 2,94 * n
5t n i By o'ﬂ‘
. | 1 | 7 T400) (H)
0 5 10 15 20 25

7 P, -dW/dt (MW)
Fig. 2 Central electron and ion lemperatures as functions of net heating power for H-mode and high Br.

- 5. Fusion Triple Product
Fig. 3 shows the ( n;(0)teTi(0), Ti(0)) diagram for H mode and high Bp regime

with JET/TFTR published data. Maximum JT-60U fusion triple product are now
comparable to those of JET and TFTR. A better fusion product for high Bp regime than the

H-mode in JT-60U was attributed to its peaked density profile.
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These high performance plasmas are

characterized by selective ion heating with 102 'L P
Ti(0)/Te(0)~3-4. These high performances ‘?’E‘ - ]
were obtained transiently and terminated g i 1
quickly through MHD events such as Bp % 1020 |
collapse and ELM. E 1‘
6. Average Fusion Product S’- - TFTR ]
Since high T; H-mode and high Bp S 1o ® )
regime were characterized by selectiveion & -
heating with NBI, the experimental & C °
fusion triple product ni(0)TgTi(0) was i i
enhanced from that expected in the 1ol f—— ..1[|0 Yoo
Ti(keV)

heating soenario. The volume averaged

: Fig. ] i ;
fusion product <nT>‘cEG [5] may be ig. 3 Fusion triple product v.s. central ion lemperature

21
10° ¢
better as a measure of confinement :
performance. Figure 4 shows <«nT>1g0 o -
. . ‘=10
as a function of Ip together with those E
P >
from other major tokamaks., The valueof & -
x 190 JT-60U("
G . . . ~1 0 e B FRHH E oo ( 92)
<nT>tgC was significantly improved — w = ¢ _
d ‘h h ) 991 '_A - B JT-60U{'81)
compared with those in 1 . -
part . CORTIN e W LI eur-ocvi)
Interestingly, the upper bound 1s ' JET-DIII N JET(G-1)
; . . . C L-mode level
relatively insensitive to Ip while lower F ; N TFTR(sS)
. . o 17 ] N rerunrararars
bound increases with Ip. This might be 1o ] 1'0
caused partly by the operational difficulty Ip(MA)

Fig. 4 Average fusion product v.s. plasma current.

at high Ip.
Improvement factor of <nT>Tg over the low aspect ratio JET/DIIID L mode reaches

up to 100. The maximum <nT>1gC in high Bp regime and H-mode were
1.2x1020ke Vsecm™3 and 0.93x1020ke Vsecm3, respectively.

7. High Pressure Operation
Since high total pressure <nT>gof ~0.9MPa is required for the power reactor (ex.

SSTR), attainment of the high plasma pressure and study of related phenomena are
important. JT-60U is characterized by its high pressure capability with high IpBy/ap up to
30MAT/m at 6MA ( practical limit geff~3 sets Ip<4MA ). From Troyon relation
<p>=gly/apBt, we obtain <nT>(MPa) = 4x10-3gI,(MA)B(T)/ap(m). Figure 5 shows

experimental average pressure as a function of IpBy/ap for JT-60U high Bp regime (4.4T)
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and H-mode (4.2T) with DIII-D VH mode and JET(Qpt=1.14) shots for comparison.
The best DIII-D and JET data are obtained in relatlvcly low IpB;/ap (5- 9MAT/m) regime.

A DHID(VH)

region. On the other hand, the hot ion H-

And JT-60U high Bp regime produced 0.2 A Mt e ma
JT GDU avarage pressure ]
similar level of plasma pressure up to i B2
; e FHme 0.15
(0.83MPa. This pressure is limited by so- - _ High p. H-moge
called By collapses occurred in the central & [ dET(Qpp=1.14) P
‘;_ 0.1 -
=
=
\J

mode regime pressure is limited by the

(=]
o
[1,]

appearance of the ELM with high edge

ion temperature up to 7keV.

8. High Fusion Neutron Yields 0 5 10 15 20
IpBl! ap (MAT/m)

Attainment of the high temperature :
; Fig. § Toral average pressure v.s. IPB;/ap.
3

high pressure plasmas naturally led to the
high D-D neutron production rate Sp up

to 2.8x1016/s. Figure 6 shows Spasa 2.5F
function of total pressure <nT>;. Both § ’ :
data from two different confinement ¢ g
regimes lie on similar lines since peaked E 1se

density profile in high B, regime

—_

neutron

compensates smaller plasma volume. An

n 0.5
average total pressure of ~0.1-0.12MPa
is required to reach next target of Sp=4- 00
Sx1019%s. <nT> (MPa)

9, Summary Fig. 6 DD neutron rate v.s. total average pressure.

The high power DO beam injection into JT-60U plasma produces a plasma with
fusion triple product of 4.4x1020ke Vsecm-3, Other plasma parameters such as temperature,
stored energy, plasma pressure and neutron rate approach to a level of highest values.
Further impurity and recycling reductions and improved MHD stability will improve
plasma performances significantly in the next year.

Reference
[1] JONES, T.T.C. et al., 19-th EPS Conf. on Contr. Fus. & P.P. (1992 Innsbruck)I-3.

[2] JET Team, Proc. 13th IAEA Conf. on P.P. and Contr. Nucl. Fus. Res. (1990,
Washington) IAEA-CN-53/A-1-2.

[3] MEADE,D.M,, et al., ibid IAEA-CN-53/A-1-1.

{4} JACQUINOT,J. et al., Plasma Physics and Controlled Fusion 33, 13(1991)1657

[5] KIKUCHIM. et al., JAERI-M92-073, Paper 3.1.
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1.2 Operation Procedures and Basic Characteristics of the H-mode

H. Ninomiya, R. Yoshino, M. Kikuchi, Y. Kamada, M. Shimada, K. Ushigusa,
T. Kondoh, A. Sakasai, K. Tobita, H. Nakamura, T. Fujita, Y. Koide, T. Sugie, H. Kubo,
N. Hosogane, T. Taylor, G. L. Jackson, D.J. Campbell, D. Stork and A. Tanga

1. Introduction
H-mode experiments in 1991 were mainly performed. in the region of I =1.2-2.0 MA

and By = 1.7-2.5 T. The maximum enhancement factor of energy confinement over the ITER-
80P law was 1.5 for the non-steady state case and 1.3 for the guasi-steady state case.
Therefore, main effort of experiments in 1992 was first made to improve the H-mode
characteristics. Another important issue of the H-mode is t0 study H-mode characteristics at
high magnetic field and high power since future experimental and power reactors will operate
at high field and high power. JT-60U is capable of studying the H-mode at high field (4.2 T
at 3.32 m) and high power (30-40 MW). Therefore, the later phase of H-mode experiments is
focused on extending operation regions of H-mode to high field and high power. A clear H-
mode was obtained at R=4 T. In this section, the operation procedures to obtain these
results and basic characteristics of the H-mode are described.

2. Operation Procedures ar;d Basic Characteristics
Figure 1 shows the typical confi gurations used for the H-mode studies. The configu-
rations were selected to reduce fast ion ripple loss [1] and effect of the D-coil error field [2].
A wide scan of configurations was not made this year.
One explanatien of the poor H-mode characteristics in 1991 was insufficient reductions
of recycling and impurity. The effective particle confinement time ‘l:p* was ~1 sec. Therefore,
2

| S S

EZ'St'ath[rdeDlverior éEU ' ':
f D?D 2\
i 20 W=

"o

R (m)

ca

-2

R (m)
Fig. 1 Typical configurations for the H-mode studies.
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main effort of experiments in 1992 was first made to reduce recycling and impurity, for
which 4 methods of wall conditioning were used: He TDC, He GDC, boronization and

temperature control of the vacuum vessel [3]. The first boronization was made at the end of

July. Figure 2 shows the operation region in the Ip- By space. In the initial H-mode experi-

ments, standard configuration with the low
toroidal field (B{=2-3T) was used, because the
threshold power for the H-transition is low in the
low toroidal field case [4] and the content of
impurity may be reduced in such low power
heating. After obtaining good H-mode at the low
toroidal field, the toroidal field and plasma
current were increased and elongated configu-
ration was used. '

Figure 3 shows the typical time evolution of
the H-mode in the case of low toroidal field.
After a weak drop of D, emission (H(I), t=
8.3sec), a steeper drop of D, emission occurs
(H(O), t=8.7sec). Duration of this phase is Short
because edge localized modes (ELM) appear. In
JT-60U, ELM occurs at relatively low density
(ne=2-3x1019m-3) as shown in Fig. 4 (detail is
discussed in section 1.4), This low threshold
density of ELM onset restricts the improvement
of plasma performance in JT-60U H-mode. The

E15852, 1p=1.5MA, Bt = 2.5T
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8 9 10
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Fig. 3 Typical time evolution of low By H-mode.
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carbon bloom has not been observed
even at the high heating power of 28
MW.

In the H-mode experiments at the low
toroidal field (B(=2-3T), the
enhancement factor increases with
decrease of the sum of D emission in
divertor region as shown in Fig. 5. This
decrease of D, emission corresponds to
the decrease of recycling. ‘rp* is less
than 1 sec in the low D¢ emission
region. The maximum enhancement
factor of 1.9 was obtained. Thus the
toroidal field and plasma current were
increased. The first boronization was
made at the same time, so that there are
no data of high toroidal field region
before boronization. Reduction in
recycling is also the key item in
improving the plasma pcrformancc in
the high toroidal field case. Figure 6
shows the relation between the enhance-
ment factor and Dy emission in
1991 and 1992. The improvement

of the enhancement factor in 1992

can be understood by the decrease 2

of recycling. The relation between =

the enhancement factor and the -

content of impurity is not clear so

far. Figure 7 shows the improve-

ment of plasma performance =

according to the extension of £

. - L

operation regions. The plasma 3
: . >

stored energy, confinement ume,

Fig.7 Improvement of plasma performance according

to the extension of operation region.
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and central ion and electron temperatures increase with plasma current. Table 1 shows the
comparison of main results of the H-mode obtained in 1991 and 1992. The detailed results of
these H-mode characteristics are described in section 1.3 and 1.6.

Neutral beams are injected through 10 upper and lower slant ports (near perpendicular,
<28 MW) and 2 tangential ports (<12 MW). The difference between these two types of beam
was examined in the low toroidal field case. Figure 8 shows the relation between the
enhancement fagtor and the ratio of tangential beam power to the total beam power
PnpEn/PrpabS. No clear difference between the tangential and near perpendicular injections
is observed when we don't consider the effect of ripple loss. The slight increase of
enhancement factor with decreasing Pnp'@"/PNp2bs is due to the increase of absorbed power.
If we consider the effect of ripple loss, confinement characteristics become better in the
perpendicular injection case compared to the tangential case [5]. On the other hand, a ripple
loss seems to affect on confinement as described in section 1.12. Therefore, more detailed

study is need to understand the effect of ripple loss on confinement.
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Table ] Comparison of main results of H-mode in 1991 and 1992

fnot simultaneous, 1991 results include Lmode) 2.5 Frr

Items 1991 1992 - R :

Plasma Stored Energy | 2.8MJ | 7.7MJ g 2r 7
Confinement Time 0.16 s 045s e} © # ‘ r %

(Pper~ 15 MW) 21.5F *0% %o L
Enhancement Factor g | o
Steady State Case 1.3 1.6 & 1r .
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Fig.8 Enhancement factor as a function of the ratio of
tangential beam power to the total beam power.
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1.3 Overview of High Ti H-mode.

M. Kikuchi, H. Ninomiya, M. Shimada, Y. Kamada, Y. Koide, N. Asakura

1. Introduction
Hot ion H-mode regime was studied to obtain high fusion triple product
(ni(0)Tj(0)te<2.5x 1021ke Vsm-3). This mode of operation was characterized by low density
(ne=1-3x1019m-3) and high ion and electron temperatures (Tj(0)<32keV, To(0)<10keV) with
flat density profile. The target density was kept low (ne=0.4-1.5x101%9m-3) to-attain hot ion
regime. High D-D neutron rate Sy up to 2.3x1016/s was obtained in 3MA hot ion H-mode.
This regime was obtained even under the existence of sawteeth, in contrast to the high Bp
enhanced confinement regime. And no clear Dy drop was seen in many cases during
confinement improvement similar to the VH-mode. Power threshold for H-mode was
~16MW at high field (By(Rp)=4.2T). Another important aspect of H-mode in JT-60U was the
ripple loss. Maximum By ripple was kept below 1% to minimize fast ion ripple loss in which
power lost from ripple loss was calculated to be ~15% of the total heating power[1].
Experiments were done after 2-nd boronization associated with a reduction of particle
recycling[2].
2. Typical Hot Ton H-mode Discharges
Figure 1 shows typical:singlc null divertor

configuration used for the H-mode study.
Optimization of the conﬁguration was made to
reduce fast ion ripple loss. High power neutral
beams were injected through 10 upper and lower

Z{m)

slant ports (near perpendicular) and 2 tangential
ports. Figure 2 shows time evolution of a typical
H-mode discharge. The target density was kept
at ~1.5x1019m"3 to avoid locked modes in this
low-q regime. A L- to H-mode transition T —

L 1 T

[§)
(A
F-9
o -

occurred at t=8.5s accompanied by an increase in R (m)

dW/dt. The electron and ion collisionalities near
. Fig. I Typical equilibrium configuration of
the edge (0.95a) were roughly ~1 and ~0.1 at 500 i imode. Maximum B, ripple of 1%,
transition, respectively. But this transition is ~ Typical inboard clearance and X-point height
are 10cm and 9cm, respectively.

rather weak and no clear flattening of the density
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profile was observed. This discharge attained a
maximum plasma stored energy of 7.7MJ with
the H-factor of 1.5 over ITER-89P. Central ion
temperature reached up to 22keV with sawteeth.
Edge temperatures reached up to Ti(0.95a) =
5keV and Te(0.95a) = 2keV, respectively. For
higher qefr (>4), lower target density was
possible. In such a case, the discharge tends to
lose clear Dy drop. Figure 3 shows such an
example. But the confinement improvement was
obtained with increasing edge temperature
irrespective of Dg drop and Ti/Te ratio. These
phenomena will be discussed further in the
following section. '
3. Current and Power Scans

Hot ion H-mode regime are explored for
different plasma currents at Bi(Rp)=4.2T , Ip =
2MA, 2.5MA, 2.7MA, 3MA and 3.5MA. Figure
4 shows a comparison of the diamagnetic stored
energy with those of ITER-89P scaling as
functions of the net heating power ( Pans-dW/dt ,
Pahs=PNB+Pon ) and edge ion temperature. The
confinement enhancement factor (H-factor) varies
from 1-2.2, depending on plasma current, heating

power and recycling.

Ti(keV) Tg{1079m-3) Wqia(MJ)

THO) (keV) fig {1019m-3) Wyia (Md}
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Fig. 2 Discharge waveform of 3.5MA4.2T
Hot ion H-mode. Higher target density to avoid
locked mode resulted in the appearance of D g drop.
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Fig. 3 Typical D, transition-less H-mode
at 2.7MA, 4.2T. High performance was
terminated by strong ELM activity.

The confinement properties were improved with net heating power Ppet above 14-16MW,
independent of the existence of D¢ drop. This threshold power changes with toroidal field. An
example of 3T / 2MA power scan was also shown in Fig. 4. In this case, confinement
improvement started at Pret~ 10MW. In the usual H-mode, the enhanced confinement is closely
related to a formation of the edge transport barrier / high edge temperature. As is clear from Fig.
4, the enhanced confinement was associated with high edge ion temperature. Although the Dg
drop is weak, transition can be seen from the change of the dW/dt ( Fig.2 ). Figure 5 shows H-
factor as a function of Tj(0)/Te(0) which is a measure of hot ion effect. Poor correlation of H-

factor with T;(0)/Te(0) was seen.
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4. Achievement of Reactor Grade Ion Temperature
In this mode of operation, high central ion

and electron temperatures up to 32keV and

10keV respectively were obtained. Figure 6
shows typical temperature profiles. The edge
electron and ion temperatures reached values of ~
up to 2keV and SkeV, respectively. Figure 7

shows central and edge ion temperatures as

—~—
>
o
k-
—

functions of heating power. For H-modes, the
maximum DD neutron rate of 2.3x1016/s and

maximum fusion
7 5x1020keVsm-3 were recorded in hot ion H-

mode regime.

triple

product of

Fig.4 Diamagnetic plasma
stored energy(Wgs), ITER-
89P L-mode prediclion
(WITER) and edge ion
temperature at 95% minor
radius (Tgs) as a function of
net heating power for Ip
{2MA,2.3MA.2.7MA 3 MA
,3.5MA) and power (3-
25MW) scans. All scan
were done with B=42T
except 2MA,3.1T case
shown in left low.

Fig. 6 Typical temperature
profiles in hot ion H-
mode. Highly peaked ion
T{0)<T>=3.1 and broad
electron temperature
T,{0)i<T,>=1.7 with high
edge ion temperature up o
7keV are observed.

350
SUE

25

20
[
-0
10

T(0) (H)

f&p
d-Q ’

N IS FU TS P

0

Fig. 7 Cerral and edg
as a function of Pp.in,

'60 3 b. OO
09%33
o ~— T (L) ;
T (0.952) (H) 7.0 (M) ]
& e d w . Aen é
T(D 953), (L)~—’-°“<'D °o a"""’-- ;
| S |
4 8 12 16 20
b P (10“9MWm)

¢ ion and electron lemperatures
for L- and H-modes.



JAERI-M 093—057

5. Relation between Energy and Particle Confinements
G 0.5

The global particle confinement time, 1p* , 'p=3-15MA'BII=4-2T ' N

including particle fluxes in the divertor region, 0.ap Paps™16-25MW / -

were measured with a 15 ch. Dy photodiodes. > o

Figure 8 shows a comparison of 7,0 and tgdia E_‘T 0-31 ° 7

between H- and L-modes. The improvement in g o2k : ;-fg i

the particle confinement was not so significant as © /.10

in other devices. Since large part of the particle 077 L-mode 7]

flux comes from the divertor region, the particle 0 ! I | I

confinement time inside the separatrix (1p*) might I :zia (0::) o8 0s

be Sign iﬁcanﬂy longcr than TPG' Fig.8 A comparison of gloial particle confinement time

6. Termination of High Performance TPG and energy confinement time 7544 for L and H-mode.
d[rrryyrrrTyTTTI IO

Extension of the plasma performance was
not limited by the occurrence of a carbon bloom

Hp=3.2m,ap=0.83m,
Bt=4'2T' x=1.65

w

but by the appearance of frequent ELM's (Fig.3).
The cause of the ELM activity at low density has
not yet been identified since the main plasma
radiation was only 20-30% of the heating power.
Figure 9 shows plasma current dependence of the
ELM-onset density. As Ip increases, the S T
threshold density (for ELM) increases which ! | (TMA) 3
could be originated from MHD limit [3]. s

7. Conclusion
The hot ion H-mode confinement regime was studied in low density discharges. The

maximum plasma stored energy of 7.7MJ, maximum ion and electron temperatures of 32keV
and 10keV, maximum DD neutron emission rate of 2.3x1016/sec were obtained. Confinement
was improved sharply above 14-16MW. The confinement improvement was associated with
rapid increase of the edge ion temperature (Tigs up to 7keV) with power, in spite of no sharp
Dg drop. This suggests that different type of H-mode transition 1is possible in high

pury

n
»
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N
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[=]
Q

Fig. 9 ELM onset density as a function of plasma current.

temperature plasma without Dg drop.
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1.4 H-mode Regime and ELMs.

1. Introduction

Y.Kamada, H.Ninomiya and M. Kikuchi

“This section treats the following subjects; i) the threshold heating power Ppsth for the L-
H transition, ii) conditions of onset of ELMs and iit) the parameter dependence of ELM-

frequency. Study on these subjects is important for

realistic steady state operation. This se

the control of H-mode status aiming at the

ction also contribute to analyze the relationship between

MHD activities and confinement. One of the main objectives of confinement and MHD research
in JT-60U is to clarify the relationships among 1;, Qeff and TE including MHD instabilities (see
Sec.1.9). The subjects ii) and iii) comresponds to the relationship (5) in Fig.l in Sec.1.9 (

relationship between geff & li and ELMs).

2. Threshold Heating Power for L-H Transition

According to the experimental results  (8) 25 (~—r—rT T T T T
. . . . L 3 1
in 1991 [1], 1) Papsth is proportional to By or [ V,=02-88m :
B3, ii) Papsth /By or Pypsth /Bil-d seems to 20 j
L 2
be proportional to a/x by including results of i 3
many tokamaks and 1ii1) Pans't is independent 2 15 7
of qefr at a fixed By. The experiments in 1992 T T .
offered data of Papsth over wide ranges of & 10 — E
plasma parameters. Figure 1 shows the I ]
. 5 .
relationship between Paps and B(Q) for the r - 1
three regions s of plasma volume Vp, where 0 L T 1/ e Lt L b
B((0) is the value at the plasma center. The 0 5 2 3 4
B,(0) (T)
(b)zs_‘l'l'l‘l’l'l' —— (C)25T|v|-| T T
[ V,=65-75m° ] FV =50-65m" !
20 F 2 . 20 |- 3
s 15[ o e T s}
2, g . z |
2 - O @ X
a” 10 ¢ e Q" 10 |-
_ . 71.8 By1-5 - i
i -8 i
5 e ] 5 |-
D Fr"r’ | 1 1 1 | 1 0 Ld’?dnfifl T SO WY S T S NN T S
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B,(0) (T) B,(0) (T)

1

Fig.l: Relationship between Papc and B{G} for the three regions s of plasma volume.
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direction of the jon gradB drift is toward the x-point. For each region of Vy, the lower envelope
of Paps (=Papst) seems to be written as ¢B,!-5and the coefficient ¢ increases with increasing Vp
(or a). Figure 2, which includes all data, shows that Papsth is proportional to (a/x)B¢13. The
solid line corresponds to the scaling obtained in ref.[1] using data of IT-60U, JET, DIIID,
ASDEX, DIII, PDX and JFT-ZM (Pabslh(MW)=3.2(a(m)2/K)Bt(T)1-5). In this analyses, the
effects of ripple loss is not included. Since the ripple loss increases with increasing Vy in JT-
60U, the dependence on a?/k may be weaker in the ideal cases without ripple loss.

Another important parameter to be considered is ne. Figure 3 uses Bif, instead of B!
for the data with V;=82-88m3 (corresponding to Fig.1(a)) and Pyt seems to be proportional
to Bf. . Experimentally, T, correlates with By, because both I and Pyps tend to be higher at
higher By and 0. increases with By. Therefore it is still an open question whether Puth depends
on B,1-5 or Byii.. However it should be noticed that no H-transition have been observed at low
i, of T,<0.8-1x101%9m-3 in JT-60U and Pypgth cannot be written as a function of Bl in this

low density region. The analyses of edge density and temperature for the transition is given in

Sec.1.3.
25 L 25 _’ LA B I A AL (R R LS EL UL B A (ML AL A
i I S ]
20 20 L * o -
L L oo ]
F L d
~ | "
g 15 [ 2 15 e® o —
= | 2, | el
n o - L °
10 po10- * ]
. ]
5 5 F h
- _ao.aam?
: Vp_82 88m
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asz*a‘(o‘)‘-s (m*T"%) n_B,(0) (10"°m3T)
Fig.2: Pabs’h vs.(aZIK)BII"S for all data used in
Fig.l. The solid line corresponds to the scaling Fig.3: Pabs{h vs. BT, with Vp=82-88m3.

(P abs BMW)=3 2(atmPP1xIBAT) ) [1].

3. Conditions of Onset of ELMs

In the following study, we use the data after bolonization to exclude the effects of the
drastic change in particle recycling condition (see Sec.1.2). In JT-60U, the ELM-free phase is
observed only when T, is lower than the threshold value fi,!P. Figure 4 uses the data with
,=0.7-3.5MA, B=1.5-4T, V,=60-75m3 and x=1.55-1.7. Figure 4(a) shows MM increases
clearly with Ip. To understand this dependence, we use the parameter B2/(Rgegp)X]; which is a
measure parameter for pressure driven instabilities and proportional to Ipzli for a fixed plasma
configuration. This section uses 1j as a measure of the magnetic shear (for a more accurate

expression, the shear parameter should be used). We can also observe a clear relationship
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between T, and B2/(Raesr2)x1;. In Fig.4(c), MM is almost proportional to (Bi2/(Rgefr2)X1j)12.
In Figs. 4(a)-(c), closed circles corresponds to the data for a fixed B[2/(Rqeff2) (=0.08-0.11;
1.5MA, 3T). The behavior of the closed circles indicates ! increases with }j even if Byand Ip
are fixed (see Fig.4(a)). Figure 5 includes data of Tj(95%) which is the ion temperature at 95%
of the outermost flux surface. With increasing Bi2/(Rqef2)Xli, Ti(95%) also increases and a
measure of the threshold edge pressure Tj(95% )1, is proportional to BZ/(Rgefr2)xlj, which
may be interpreted that the edge pressure gradient is a function of B2/(Rqetr2)X]j. These results
suggests that the edge pressure gradient at the appearance of ELM is related to some types of

pressure driven instability.

(8)3-5_""[""|’"'l""‘_ bS.SF_"'] LI B B LA St e o et S B B B )
F Vp=60-75m3, k=1.55-1.7 8 3 ( )_ g R
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]g - ] s o
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3 k C B1=3T, Ip=1.5MA ]
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(C)s.5¢ T T T g
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" 2 - ' 3
- - ° %3 ]
s 1.9 [ ] 3
1= C ]
- 0 3 L=
T % ] Fig4: o™ vs. (a) Ip, (b) B 1{Rqeg?)xlj and (c)
. b (B;ZI(Rqefﬂ)x!;)“‘?. Closed circles corresponds 1o
0.5 F g the data for a fixed B?I(Rqef?) (=0.08-0.11;
C ] 1.5MA, 3T).
0 oS TS NN N TR SR S NN TN T S SN S S
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4. Dependence of ELM Frequency on Plasma Parameters

Figure 6(a) plots the ELM frequency fgi M against Pnp2bs for Bi=2T (closed circles) and
B=3T (open circles) with Vp=82-88m?3. Values of B%/(Rgef2)x}j are 0.06-0.09 for the 2T-data
and 0.12-0.16 for the 3T-data. The threshold power Pyysth for the L-H transition is indicated by
dashed lines. Both open and closed circles increases almost linearly with Pnpabs if Pngabs is
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high enough compared with Pabsth and fgrm for the 3T-case is systematically lower than that
for the 2T-case. If Pypabs is close to Pab__.;‘h, we observe another group with high fgrm (see
closed circles). In Fig.6(b), fepm is plotted against (PNpabs)/(B2/(Raefr2)x]; ) for the data with
I;=1.3-2.4MA, B=2-4T, B2/(Rqesi2)x1;=0.07-0.23. In this figure we also observe two groups
of data. In the first group, fgLM increases linearly with (PNB2EDS)/(B2/(Refr?)x]; ). In the
second group, fEL M can be high even at low Pngabs. This separation of data may suggests that
the origin of the ELM activity can be categorized into two types.
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1.5 Temperature and Current Profiles Evolution
in Hot Ion H-mode

M. Sato, M. Kikuchi, M. Azumi and Y. Koide

1. Introduction |

The maximum energy confinement of 7.7MJ, ion temperature of 32keV and electron
temperature of 10keV has been obtained in a hot ion H-mode of JT-60U [1,2]. The
characteristics of the mode are low density and flat profiles of the ion and electron temperatures
with high central and peripheral values. Since the plasma pressure at the edge is high,
bootstrap current is expected to flow. The bootstrap current is caused by the interaction
between the diamagnetic current and trapped particles [3]. Here the time evolution of the
electron and ion temperature profiles and current prbﬂlc in the hot ion H-mode are studied.
The bootstrap current is estimated by using a 1.5 dimensional transport code (1.5D code).

Preliminary computational results are presented.

2. Temperature Profiles Evolution

A typical equilibrium state and the time evolution of plasma parameters are shown in
Fig.1. Electron temperature profiles are determined from the observed electron cyclotron
emission (ECE) with a correction for the internal magnetic fields [4]. The ECE is measured by
an absolute-calibrated Fourier transform spectrometer (FTS) [5]. After ELMs start at 7.97sec,
ECE bursts which are emitted from supra-thermal electrons are observed, and the electron
temperature profile may not be determined from the FTS data in the ELM phase. The ion
temperature profiles are determined by charge exchange recombination spectrometry (CXRS)
[6] during neutral beam injection. Typical time evolution of the electron and ion temperature
profiles is shown in Fig.2. The time evolution of the central values and peaking factors of
electron and ion temperatures is shown in Fig.3. Just after the neutral beam is injected, the
electron temperature is drastically changed: The electron peaking factor decreases from 1.7 to
1.45 and the central electron temperature increases from SkeV to 8keV. On the other hand,
during neutral beam heating, the central ion temperature slowly increases from 4keV to 27keV
and the ion peaking factor increases from 2.0 up to 3.6 and then decreases to 2.9. Just after
the neutral beams are injected into the plasma, the electron temperature profile becomes flat,

while the ion temperature profile becomes first peaked and then flat.

3. Current Profile Evolution
The current profile is estimated by using the 1.5D code. The conductivity of the plasma

‘is calculated using the formula is obtained by Hirshmann et al [7]. The bootstrap current is
taken into account in the calculation [8]. The input data to the 1.5D code are determined from
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the experimental data in the following way. The electron and ion temperature profiles are
determined by FTS and CXRS data shown in Fig.2. The electron density profile is determined
by FIR interferometers. Zesr is assumed to be uniform in the plasma column and is determined
from the observed visible bremsstrahlung, and the profiles of electron density and temperature.

Here the preliminary results are presented. The time evolution of bootstrap current is
shown in Fig.4. The total bootstrap current increases during the neutral beam heating. The
time evolution of the total and bootstrap plasma current profiles is shown in Fig.5. The

bootstrap current flows in the peripheral region, and in total amounts to 20% of the total plasma

current.

4. Summary
Just after neutral beams are injected into the plasma to produce the hot ion H-mode, the

electron temperature profile becomes flat, while ion temperature profile slowly becomes peaked
and then finally flattens. Bootstrap current accounts for over 20% of the total plasma current.
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1.6 Edge Transport Barrier in H- and L-modes

M. Kikuchi, H. Yoshida, O. Naito, Y. Koide, T. Fukuda

1. Introduction

Formation of the edge transport barrier at the L- to H-mode transition is an
important characteristic of the H-mode. It is widely recognized that the density profile
becomes flat and edge temperature pedestal is formed during L- to H-mode transition.
However, a formation of the edge transport barrier was seen even in L-mode
discharges in JT-60U[1]. The edge T; up to 7keV was obtained in hot ion H-mode. In
this paper, edge Te and T; in 1.- and H-modes are discussed. Measurements are
compared with Shaing's theories of H-mode transition and transport barrier [2,3].
2. Width of the Edge Transport Barrier

The edge Thomson scattering system and charge exchange recombination
spectroscopy have spatial resolutions of 0.8cm, 1.3cm respectively. Figure 1 shows
typical edge Te profile measurements for I;=4MA, 3MA and 1.8MA. Formation of the
edge temperature pedestal was clearly seen for L and H modes. The measured pedestal
width § was 2.4-5.6cm which becomes narrower with poloidal field (6~1/By).

Shaing[2] has proposed a theory of the H-mode based on the non-ambipolar ion
orbit loss near the plasma edge and has proposed a formula for the edge transport
barrier width & considering orbit squeezing effect due to radial electric field Ep,

3=Yeppi'S where €, Ppi and § are inverse aspect ratio, poloidal gyroradius and the
orbit squeezing factor, S=/1-dE/dr/BpSYp/, respectively.
2.5

Since JT-60U is a high poloidal N " Som=2.4cm
field tokamak (Bp~0.9T at Ip=4MA), orbit 3‘5 :
squeezing effect (~dE./dr/Bp?) is less - H.'iifd’f,:;j:%:m
important (S~1) unless A®~30kV (dEr/dr obr iy T I
~33MV/m2) in the edge. Shaing's H-mode ~ 25" Bout=4.2cm 4

1.5 -
theory predicts for typical JT-60 data = b erarasscs E
o ' L-mode, a=1.09m
&Eppi/fs-ﬂ'ﬁppi(m)—*mgx()ﬂﬁl-cm:O.38cm 0-5F 470, ,S'0.577 3
0 o ] L J r 3 .
while the measured width is ~2.4cm ( 4T, _oE Li_ . 'Bow=5.6em 3
4MA discharge). However, the basic idea o 1.56 3
. X |E E15858,9.0s 3
of Shaing's theory indicates the importance R, f Mmode a=1.13m 3
of the orbit loss of the energetic ions il ek =
6.5 0.6 0.7 0.8 0.9 1 1.1
(Maxwellian tail or fast ions). Since there r/a

Fig.l Edge T, profile measurements for L- and H-modes.

is a population of fast ions produced bY  4/.;cured edge transport barrier varies with 1iB,.
neutral beam injection, the transport barrier
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width may be explained by the 5 E13784, 8.2 .
corresponding theoretical width for a fast

ion (8fast~-3.6cm), which is close to the 25 { s @ 9 :}, 1°
measured transport barrier width. A 2t % 4 d 14 ‘f’;
narrower width with Bp (8~1/Bp) is also 2 1.5} P i3 2
consistent with poloidal gyroradius picture. ol Te t j2 3
Although experimental width § is much gl ° Me ‘}.} 11
wider than theoretical width, it should be o . ‘ *. 0
noted that the electron pressure gradient at cs 06 07 c:i oe 1 1

this transport barrier (dP¢/dr=1.4x1021keV/
m? = 0.22MN/m?2 for E13784 , Fig.2) is
ten times larger than that in the inner

Fig. 2 Edge T, and n, profile for a 4MA discharge.

high n, s E15442 lown_; E15482

plasma region. Such pressure profile .~ 2 ,
. ) . E L ]
shape may not be suitable to get high %, | highn, 1 !
normalized beta BN (=<B>/(Ip/aBp) = low n,
) L. . ) T PR P FEVEE PUPTY FURTR NI R ST o
since beta limit will be reached at the & 2 B
. . E i high n.l//j,7—_7—=‘=’“‘—:
edge with lower bulk pressure gradient. 7, it low n, =
3. Edge T; at L-H Transition F o 1o
Sudden L-H transition is one of =
o
interesting phenomena in the tokamak ¢
edge. Figure 3 shows waveforms of - 1.5 oo b e
. . " o 1.04 highn L—H LT R U N
typical two discharges at L-H transition 2 osh | ._,_",,,u‘_f' mseereny et
. = 0.5t e -
(same By, I, configuration). Increases * 0”,;:"....'T‘..'.'.,1..4.1....1...,1....11.1.1“.,;...,
: 7.0 7.5 8.0

in plasma stored energy Wia, edge ion
temperature Tijgg and line average
density ne was seen at transition
associated with sharp D¢ drop. Shaing
proposed a condition of L-H transition,
as v*=vjiqR/(velS) (~ ngR/Ti?) = 1.

t (sec)

Fig. 3 Time evolutions of low and high density neutral
beam heated plasma with L-H rransition._!,,:] 3MA, B=2T.

This theory indicates that the edge ion temperature is key parameter for L-H transition
and it increases with plasma density and safety factor (T;~(qny)0-3). However, as is
clearly seen in the figure, L-H transition occurs at lower edge ion temperature for high
ne discharges compared with lower ne case. The transition is well correlated with the

edge ion temperature independent of heating power which is a function of plasma
density. Figure 4 shows the Tj(0.95a) at L-H transition as a function of line average
electron density for various heating power (8-15MW). Open circle shows Tijgs at 1-st
L-H transition after neutral beam injection (gesr=4.4). Closed circle shows Tigs at 2-nd
or later L-H transition after neutral beam injection. Later L-H transition occurs at higher

— 22;

Py (MW}
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edge T; for the same density. Although theory predicts higher edge T; for higher ne and
geff (Ti(edge) ~ (niqefr)0->), experimental edge Tj is higher at low qefr and low ng as
shown by open squares (qefr=3.2) in the figure. Since density profile becomes more
broad with increasing plasma density and Zegf generally reduces with density, the edge
ion temperature must increase more strongly with average electron density if vsj =118

- 1t it 2 T T T T T T T T
the L-H transition condition. [ 1.3IlA,2—nd'I|'r. 1.THA, -8t Trl.

This suggests that simple 5 ]

L. L =1.5r vey(eff)=1 7

vs; = 1 criterion may not be > 2 [rons T (nE%8°=0.857, Zers=4.5) ]

. . " x X L ]

sufficient for L-H transition R o ? l OO

e . -T O, naelh

condition although the edge ion koS °-:9 ‘ol E

. =050 OO Vo= (0t 48=(0.25-0, 5)15%) |

temperature can be an important &xxx ..... N I

: TS EAA H00R000NIE TN ]

parameter to get into the H-mode. 0, b — 2 3
A1o' m Y

The edge ion temperatures

corresponding to v+ =1 and Fig. 4 Edge ion temperature at L-H transition as a function
vei(eff)=1 defined below are S0 255 1 wamdion) apen sgure (1 TMAZT. 1.4 waaion.
shown in the ﬁgurc. Tig5 corresponding to ion collisionality of 1.0 is also shown.
4. Impurity Effect on L-H Transition
For further understanding, we investigate here the effect of impurity on L-H
transition. Since Shaing considered the balance between the poloidal torque by faster
ion orbit loss and viscous:damping by low energy ion viscosity, effect of impurity on

H-mode transition should be important. The normalized viscosity coefficient K111 may

be written by[4],
; i . vir(x)Rq
K} 1=8—;j—f—t‘lf‘£dxe-‘2x4 VD(’“i'ti) L ah(1-3 2 VX i
e 1+2.48sz-iYL-X;(’i”Eii (_i‘;L;.Uim)Z_,_(VTE{’;)fq )2

Key impurity effect comes from the change of the deflection (vpl) and
anisotropy relaxation (vi) frequencies by the impurity. Both frequencies have same
asymptotic form for x> 1 vhvi-3fZemd(@x’mzt;) and it conserve the structure by
replacing viovi(z.sme/z¥n;), We may also expect such an effect on fast ion orbit loss.
This might change the L—H transition condition to vsi~niZ;%/Zesme and right hand side
ranges from 1 - 1/25 (Zefr=1-5).

5. Edge Electron and Ion Temperatures for Hot Io

High.performance plasmas with Tj(0)=32keV and W gia=7.7MJ were obtained
in hot ion H-modes at B{=4.2T[5]. This mode was reached by intense NB heating to
low target density (<1x1019m-3) plasmas by which high edge ion temperature was
obtained just after NB injection. In this mode of operation, there was no clear Dg drop

n H-mode

as a sign of L-H transition.
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The edge ion temperature for similar qeff
(=4.3 at I;=2.7MA) was plotted as a
function of average electron density in
Fig.5 together with those in Fig.4. The
edge ion temperature in this mode of
operation is much larger than those required
for L-H transition. In such a case, we may
expect that energy confinement can be
improved continuously from L-mode to H-
mode without any sharp transition. Here,
we call it as "Dy Transition-less H-mode".
Although sharp Dy drop was not
seen, the edge ion temperature-up to 7keV
were obtained during hot ion H-mode.
Figure 6 shows H-factor over ITER-89P as
a function of edge ion temperature Tjgs.

Good correlation between H-factor and

edge T; were seen. Required edge ion
temperature to obtain some H-factor was

rather insensitive to B; and varies with Ip,.

6. Conclusion
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Fig. 5 Edge ion temperature as a function of n, for Dg
transition less H-mode. Tgg from NB-start to ELM
occurrence are shown
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Fig. 6 H-factor as a function of edge ion temperature for

Ip=2MA (3.IT and 4.2T}, 2.7MA and 3 SMA.

Characteristics of edge transport barrier is studied for NB heated plasma in JT-60U.
Formation of the edge transport barrier was seen for both L- and H-modes whose width
increases inversely with poloidal field Bp and much larger than the theoretical width. Density
and qegr dependences of the edge ion temperature at L-H transition were studied. Dependences
are different from those expected from collisionality dependences (Ti~(niqetf)?-). To reconcile
this discrepancy, effect of impurity on L-H transition was considered which was shown to be
very important. The disappearance of the sudden Dy drop in hot ion H-mode regime was
discussed by its high edge ion temperature with which Shaing's theory predicts loss of L-H

transition.
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1.7 Effective Ion Collisionality Regime across the H-mode Transition

T. Fukuda, M. Kikuchi and Y. Koide

1. Introduction

Among the various experimental documentations in JFT-2M [1], ASDEX [2] and
JET [3], the significance of the edge plasma temperature has beén disputed as one of the
key issues to induce the H-mode transition.

Theoretical considerations also take this quantity in terms of the cffcctlve ion

collisionality V;. As Shaing predicts [4, 5] from the poloidal momentum balance
equation, high-energy collisionless particles contribute to the ion orbit loss and drive a
poloidal torque, while low-energy collisional particles contribute to the poloidal viscosity

and resist poloidal rotation. The critical v: at which the poloidal flow velocity makes a
sudden change to a more positive value is anticipated to be around unity. The sample

calculation in Ref. 4 shows v;' to be 1.85. However, quantitative agreement with the
theory has never been previously shown, except for a single discharge in DIII-D [6].
This paper revisits this issue pursuing the parametric investigations in various JT-60 U
plasmas including the Hot-ion mode plasma to understand whether the threshold of the
ion effective collisionality ever exits and to find the quantitative agreement with the

theory.

2. Definitions and the Description of the Data Set

One of the major problems in matching the theoretical bifurcation vi = 1 with the

. - - . * 3
experimental measurements is the lack of a proper definition for V; for a finite aspect

ratio divertor plasma with one ion species. The standard definition vf =v; Rq/ e2/3 vy
is for a large aspect ratio limiter plasma with one ion species. This definitions
unfortunately singular on the separatrix of a divertor plasma. The JFT -2M work [7]

utilizes this definition but evaluates it 7 mm inside the separatrix to obtain the value of v}'
around 50 in both the L- and H-mode, whereas in ASDEX it was Jarger than three. The
DIII-D work also does not include the impurity effect.

In this work, the standard definition of Vr has been employed. For the numerical
estimate of V?, the factors which appears in the Braginskii’s definition of the collision

frequency and the edge ion temperature at p = 0.94 obtained from the SLICE code were
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used. SLICE code expands the measured quantities on the magnetic flux surfaces
separately obtained by an equilibrium solver [9]. Local electron density was evaluted by
this code, which evaluates the whole density profile with two interferometer chords. The
most recent correction which deals with the wavelength-dependant optical transmissivity
of the vacuum window was included.

However, the transition condition is naturally influenced by the impurities. One of
the mechanism is the enhancement of the average ionic charge Zeff. When Zeff
increases, pitch angle scattering of the bulk ions becomes more frequent and the threshold
value increases. The other mechanism is the non-ambipolar loss of impurities. The
toroidal rotation ejects impurities from the plasma because the toroidal rotation velocity
of the impurity ions, which is close to the bulk rotation velocity due to ion-ion collisions,
can be supersonic for heavy impurity species. It does not seem feasible in JT-60 U of
which impurity content is considerably high compared to the other machines mentioned
above to exclude the impurity effect in evaluating the effective ion collisionality.

For further understanding, we first investigate the effect of ion-impurity collision
theoretically in terms of the normalized viscosity coefficient [10, 11]. Key impurity
effect comes from the change of the deflection and the anisotropy relaxation frequencies

by the impurity . We have applied the replacement of Vi with V; (Zegene/Z# n;). This
treatment is included hereafter for the estimate of the ion collisionality at the transition.
The definition of the H-mode transition can also be an issue of controversy, since
the simpIc'rcduction in the Dg signal can occur at any occasion. For the data base
compiled in this work, reduction in the edge density fluctuation and the changes in the

poloidal rotation velocity were also referred to confirm the transition [12].

2. Results from the Data Analysis
Over 50 pulses in the 1992 campaign were analyzed. The temporal evolution of the

value of V; is depicted in Fig. 1, together with the Da signals at two different positions,

NB power, average density at two different locations, stored energy and the poloidal

- - . . *
rotation velocity. As the NB heating is commenced at 8.0 s, V; starts to decrease

according to the increase in the temperature to finally reach the value of 2.6 x 10~ Zat
8.68 s when the transition occurs. The required time for the transition to take place is

di'rectly relevant to the characteristic time of V; to decrease. The poloidal rotation
velocity data taken from two neighboring channels, one of which is situated on
separatrix and the other 1.5 cm inside, also documents the creation of the edge poloidal
flow velocity shear. Time delay in the poloidal rotation data is due to the integration time

constant of milliseconds. When the ELM starts, the value of v? swings back to larger
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Fig. I The temporal evolution of the value of ion effective collisionality depicted

together with the Do signals at two different positions, NB power, average density
at two different locations, stored energy and the poloidal rotation velocity.

*
number. This documents the intimate relationship between V; and the plasma mode state.
After the procedure described in the previous section, which takes the impurity effect into

. * ‘e -
account, the value of v;, which we denote Vv; eff hereafter, at the transition is converted to

be 1.1. This is astonishingly close to the theoretical estimate.

In Fig. 2 and 3, the value of V;cff is shown against other plasma parameters
including the difference in the configuration. The threshold of V?eff does not show clear
dependence either on Bt or Ip. All the data points scatter around V?eff = 1. For the

*
hot-ion mode plasmas, since no clear transition was observable, the lowest value of v;eff
right before the ELM was plotted. Their values are remarkably below one, which can

support the transitionless H-mode phenomena. Also as pointed out in Ref. 5, when V; eff

decreases further, only the more positive H-root exists. As to the high Bp discharges

published in Ref. 13, the value of vfeff scatters in the range of 3 to 8, which indicates that
the improvement of confinement is purely ascribed to non-H-mode properties.
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1.8 H-mode Characteristics with Outboard Configuration for
Combined IC and NB Heating

H. Kimura, N. Asakura, M. Kikuchi, Y. Koide, M. Nemoto and T. Fujii

1. Introducfion

Combined ICRF and NBI heating in H-mode will be useful for producing reactor regime
plasmas in JT-60U (say, T,~T;~10keV at high electron density), since ICRF heating acts
mainly as a bulk electron heating through collisional power transfer from energetic minority
ions produced by ICRF waves to electrons, while NBI heating provides its power mainly to
bulk ions. Divertor configuration with relatively narrow gap between the separatrix and the
outboard wall (hereafter we call this an outboard configuration) shouid be necessary for
combined ICRF and NBI heating because of ICRF antenna-plasma coupling. Plasma operation
with such configuration is also interesting from a point of view of effects of plasma
configuration on H-mode quality, since H-mode experiments on JT-60U [1] have been carried
out exclusively with a large gap between the separatrix and the outboard wall (i.e., standard
configuration and high elongated configuration) to lessen ripple-induced fast ion loss. In view
of these matters, preliminary H-mode experiments with combined ICRF and NBI heating with
outboard configuration have been conducted for the first time on JT-60U. H-mode
characteristics with outboard configuration will be discussed in comparison with those of
standard configuration as well as effects of ICRF heating on H-mode plasmas.
2. Operation Conditions

The toroidal field was set to be 2.5T at the plasma center, which satisfies third harmonic

cyclotron resonance of proton (3@cy) on-axis or sixth harmonic cyclotron resonance of
deuteron (6,p) on-axis. Wave absorption by the latter damping mechanism can be enhanced
by the presence of deuterium beam jons. The plasma current was 1.7MA and the safety factor
(qesp) Was about 4. The gap between the separatrix and the outboard wall in the equatorial plane
(8p) was set in the range of 14cm ~ 9¢m in order to secure sufficient antenna-plasma coupling
(the antenna coupling resistance Rc ~ 50 [21), while the value of 8pis around 27cm for the
standard configuration. A sum of the ripple trapped ion loss and the banana drift ion loss for the
perpendicular NBI amounts to 35-40% for the outboard configuration and about 25% for the
standard configuration. The wall temperature in the present experiment ranged from 135° down
to 110°. The NBI heating power was 7 ~ 16 MW including 3 ~ 7 MW of tangential beam,
while the ICRF heating power was 2 ~ 3 MW. The ICRF antenna phasing was (%,0) mode.
3. Results

Figure 1 (a)-(c) show time evolution of typical H-mode shots of (a) standard configuration
(std. config.), (b) outboard configuration (outbd. config.) with NBI only and (c) outbd.
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config. with NBI+ICRF. Clear L—H transition appeared in both outbd. config. cases as well
as the std. config. case. Threshold power for L—H transition with outbd. config. with
NBI+ICRF is about 10 MW, which is slightly higher than the one for std. config. with NBI
only. ELMs appear at i, = 1.6x10m™ for the outbd. config. cases, whose value seems
common with those of other configurations in JT-60U {3]. Deuterium beam ion acceleration by
6w, heating was observed by an active charge exchange (CX) analyzer whose line of sight is
about 40 degree to the magnetic axis, although high energy tail of protons by 3w y heating was
not observed clearly by the simultaneous measurement with the same analyzer. However, the
6w, heating has not yet been well optimized in the present experiment, because the power
deposition profile of NBI is off-axis for the outbd. config..
Total Radiation Loss

If conditions of the ICRF heating are not optimal like in the present experiment, increase in
the total radiation loss tends to be large (AP,,4™*"/P;c~30% [2}). However, as mentioned
above, application of the ICRF heating gives no adverse effects on L—H transition. Figure 2
shows total radiation loss power just before L—H transition versus absorbed power, Py
IC+NB data are on the line of P_,4'*/P,,=0.25, similar to NB only data with std. config.. The
data of NB only with outbd. config. is much smaller. The fact suggests that the total radiation
loss itself does not critically affect the L—H transition. The radiation loss increases rapidly after
L—H transition. It is important to compare the rate of increase in the total radiated power
(dP,,4°Y/dt x 1/P,, ) just after L—H transition between IC+NB case and NB alone case.
Figure 3 indicates the radiation increase rate as a function of dWg;,/dt just after L—H transition.
We found that dP,,4"/dt x 1/P 4 is in proportion to dW 4;,/dt and that impurity release just after
L—H transition by ICRF heating, which was problematic in early stage of JET ICRF H-mode
experiments {4], was moderate, i.e., similar to the data of NBI alone with std. config..
Newtral Particle Influx

Figure 4 shows the divertor D, intensity and the main chamber Dy, intensity, normalized by
P,;» as a function of 8. Both D, signals are found to be significantly reduced with decreasing
value of 8,. Moreover, a ratio of the divertor D, intensity to the main chamber Dy intensity
decreases with decreasing value of 8y. The result may be related with possible reduction of
back flow of the neutral gas from the divertor due to reduction of the conductance of the space
between the plasma and the outboard wall with the outbd. config..
Global Energy Confinement

Figure 5 indicates the diamagnetic stored energy versus the loss power, from which ripple-
induced loss power is not subtracted, for the outbd. config. (open circle) and the std. config.
(open square), comparing them with TTER-89 power-law scaling. Data of the outbd. config.
show good results, considering larger ripple-induced ion loss and off-axis NBI heating. The
maximum H-factor is about 1.7. Somewhat worse data with outbd. config. are of IC+NB
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heating. The reason is possibly due to imperfect optimization of the ICRF heating based on
60, beam ion acceleration.
4. Discussion and Conclusions

It is well known that reducing the edge neutral density is crucial for getting good H-mode.
We found that particle influx from the divertor and the first wall could be significantly reduced
with decreasing outboard gap. Back flow of neutrals from the divertor may be limited by
narrow outboard gap. Thereby H-mode characteristics with the outboard configuration do not
degrade in spite of larger ripple-induced ion Joss. Moreover, ripple-induced ion loss brings
about negative electric potential in the plasma edge, which may facilitate L—H transition [5].
Further detailed studies on these matters including plasma rotation measurements in the edge are
needed. We have got following conclusions from the present experiments:
(1) H-mode can be produced for the outboard configuration with combined IC and NB heating

in spite of significant ripple loss and unoptimized ICRF heating.
(2) H-factor achieved is about 1.7.
(3) Particle influx in the divertor is significantly reduced with decreasing outboard gap.
(4) Deuterium beam acceleration by 6Gp heating was observed. High energy tail of protons
due to 3w,y heating was not observed clearly.
Combination of ICRF heating (SMW) and tangential NBI heating (10MW) with additional
perpendicular NBI (< 10MW) at By=4T will be the best choice to get much better H-mode with
the outboard configuration in the next campaign.
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ellipticity x=1.44, X-point position Ry=3.04m, plasma center position Rp=3.32m, tangeniial beam power

PNB',/=3.]MW), (b) owtboard configuration with NBI only (shot EI6379; 8=0.19, x=141, Ry=3.Im, Rp=3.44m,
PNB//:6'9MW) and (c) outboard configuration with NBI+ICRF (shot E16389; 8=0.22, k=141, Ry=3.1m, Rp=3.45m,
PNB//=5'8MW)'

Outboard Config.

Outboard Conflg. 1 T ]
................. T T ] :-.. : :
I O IC+NB : ] o O IC+NB -
s & NB only ~ 0.8 A NB only
’?'_" A Std. (NB only) o3 [ & St(NB only)
= : = 06t '
bl X H H
s = 0.4 ? :
- b A 8 H L
.2 g‘. [ o) ;
o n-‘i 0.2: ............ ol WO S ...........
° i : : ! i
0 [~ i I P i i L
0 1 2 3 4 5 6

dw, dt (MW)

Fig.2 Total radiation loss power just before L—H

transition versus absorbed power. Fig.3 Total radiation increase rate as a function of

dW ;, jdt just after L—H transition.

. BT:Z.ST, |P=1.5MA, 1.7MA
® IIC+NB O IC+NB 4
—- T T T T

“TA NBonly A NB only F , ]

2 e 001 £ Outbd. ]

-y 16' 5 : 0.0 = E o ]

- . . a8 . r ]
a2 o . m

2 i e —~ 3¢ 0 ]

31-2 0.06 3 S 2 5 3

. [ Q. = u ]

a 0.8 0.04 c o] ]

2 a © o 7

® g 0.4 0.02 E, =~ : ]

Q ! (=] g'c . .

P SIS TN UV DU P Y - H .

o 5 10 15 20 25 3¢ 1L ITER 89P:

Qutboard Gap (cm) . 3

0 F. . ]

Fig.4 Divertor D, intensity and main chamber D, e e e

intensity, normalized by P, .. a5 a function of outboard 0 4 8 12 16 20

zap. P _- dW_/dt (MW)
Ia

abs

Fig 5 Diamagnetic stored energy versus loss power for
the outbd. config. {open circle) and the std. config. (open
square), comparing them with ITER-89 power-law
scaling.



JAERI—M 83—057

1.9 Effects of Safety Factor and internal Inductance
on Energy Confinement in L-mode and H-mode

Y.Kamada, T.Takizuka, M.Kikuchi and H.Ninomiya

1. Introduction
The purpose of the series of studies in Secs. 1.4, 1.9, 1.10, 1.11, 2.6, 8.1 and 8.5 is to

obtain systematic understandings of effects of safety factor q and current profile on MHD
activities and Tg. Concerning Tg for L-mode, I has a strong effect {1]. Although the role of Lhc
current proﬁlc j(r) is important to understand the origin of the Ip-dependence, the effect of j(r)
on 1 has not been clarified in spite of its strong effect on MHD. Some effects of 1; on Tg were
reported firstly in ref.{2] by current ramp experiments. This paper expands the discussion to
generalize the understandings. Another important value is g. In particular, the reason for the
degradation in 1 at low-q is still an open question. For identification of these effects of 1; and
Qeff, macroscopic instability and micro-turbulence should be separated. Based on this objective,
we treat relationships among l;, qefr and 1g including MHD instabilities in NB-heated plasmas.
Figure 1 gives the scenario for analyzing these relationships ((O)-l(S)). The tokamak MHD

regions are identified on the li-qefr plane { (0);

Sec.8.1). Relationships (1), (2) and (3) are given (9)/‘ C”rhr’e”c;efmf”e "~

in Secs.8.5, 1.9 (this section) and 1.10, &7

respectively. Section 1.10 also summarizes the 5\"\/;&"\\ (1) (2) \
relationships (1)-(3) for L-mode. Section 1.11 /7~ —

analyses the H-mode confinement where the ':Lsa—"mih’ I
Telar_ionship (5) is presented. The relationship (4) \\\ (3) /

is given in Sec.1.4. These sections treat low [3 ' l L
(Bp<1, Bn<1.5) plasmas to achieve a basic \ ] Confinement /
understanding. The effects of I; at high-p is e ,,//

presented in Sec.2.6. The summary of these  Fig.J: Scenario for analyzing relationships among
Qeff. li, confinement, sawleeth and ELMs.

studies were presented in refs.[3] and [4].

2. gefr and Confinement in L-mode and H-mode

As shown in Sec.8.1, discharges can be clearly categorized by Qefr (q9s~0.8qefr in JT-
60U) and [j in the low P region (Fig.2). In Fig.2, we can observe the boundary corresponding
to the quasi-stationary current distribution (dashed line}. Usually, if I, is kept constant stably,
increases asymptotically toward this boundary. The important behavior of Ij along the dashed
line is that Ij is almost constant in the high-q region (qefr>3) and decreases rapidly with
decreasing qefr at gefr<5. The dotted line indicates the boundary for appearance of sawteeth.

Figure 3 shows the confinement performance ( H-factor=1g /eI TER89P [3] ) in L-mode
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and H-mode (ELMy and ELM-free) with I;=1-4MA, By=1.7-4T, Ppe=4-25MW, R=3.1-3.3m,
a=0.8-0.9m and x=1.5-1.7. The net heating power Ppg; consists of absorbed NB power PNg
(reionization loss and shine through are subtracted), OH power and dW4ia/dt. The ripple loss
[5] of beam ions was not included. The dashed line in Fig.3 gives the tendency of the H-factor
for L-mode deuterium discharges. The H-factor decreases rapidly with decreasing gegr at low-q (
qefr<5 ) and stays nearly constant at high-q(qeg>5). Since the dependence of H-factor on gegf is
‘similar to that of l; on gegr (dashed line in Fig.2), Fig.3 suggests a strong correlation between |
and the H-factor. In H-mode, the H-factor also degrades with decreasing Qefs.

3. 1; and Confinement in L-mode

Figure 4 shows the relationship between the H-factor and Ij for L-mode obtained in
deuterium and hydrogen discharges. In Fig.4, data were taken when I was kept constant (not
Ip-ramp) and the time scales of change in plasma parameters except Tsw were much longer than
1g. The H-factor increases clearly with I over a wide range of qeff: qeff=2-14. However, about
50% of scatter is still observed at [;~0.8-1.2 which is caused mainly by the effects of sawteeth
(Sec.1.10). In Fig.5, where data with Tg>21g (including sawtooth-free) were used to exclude

the effects of sawteeth, it is found that the H-factor in L-mode is almost proportional to ;0.
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Fig4: H-factor vs. lj for L-mode and H-mode Fig.5: Dependence of H-factor on lj for L-mode
discharges . with Tou>21F . The solid line indicates H~108
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The high 1; values (1.5<1;<1.9) of hydrogen data were obtained when a strong minor
Jisruption occurred in the very early phase of the discharge. However the effects of the minor.
disruption on Tg was negligible because Zefr <2.8, Pag™ain/P . <30% and no evidence of metal
impurity accumulation was observed (the first wall is fully covered by carbon). The effective
mass number A; for the hydrogen data was about 1.2. This section is based on the ITER-89P
law [1] where 1 ~A05, Clan'ﬁcatidn of the A;-dependence was reported in Ref. [6].

4.1; and Confinement in H-mode

Figure 6 shows the relationship between H-
factor and }; for H-mode where the L-mode data
are plotted as a reference. In H-inode, the H-
factor also increases with 1;, however the scatter
is much larger than that of L-mode which is
caused mainly by the effects of sawteeth, ELMs
(Sec.1.11) and the complicated lj-dependence
shown below. In Fig.6, some transient data from
the Ip ramp down experiments are included, in
which I was ramped down from 2MA to 1.5MA
in 0.5sec during the H-phase. The H-factor
reaches to 2.6 which is the maximum H-factor
obtained in JT-60U H-mode so far.
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I; for H-mode and L-mode.

To analyze the effect of I; on H-mode confinement, Figs.7(a) and (b) use the data of
discharges free from both ELMs and sawteeth at medium geff; Qef=4-5. Data were taken at the
end of the ELM free period (typically 0.3-1s after the start of NBI). The H-factor increases with
I; of the target ohmic plasma rather than ] at the time when H-factor is calculated. Therefore, in

H-mode, the dcpendcnlcc of confinement on l; is complicated. Our observations are as follows:
1) In H-mode, ]j usually tends to decrease with increasing H-factor due to the edge pedestal of

temperature and pressure. Therefore, the H-factor increases with decreasing 1. ii) In turn, the

H-factor increases with }j of the target
ohmic plasma, which suggests thatthe {5 [
peaked j(r) in the inner region causes

2 e

R . R . -F— . A
improved confinement. i1i) However, if & - }r . . ]
Q
l; is increased significantly by Ip ramp »I'?m - . ot Y e .
down (Fig.6) during the H-phase, the - ] 1
. 1.2 i ELM-iree ELM-free

H-factor can be improved, which may (just betors ELM) ¢ (lust before ELM)

. . , 1 Lt TN PPN DI | POV SIS BN IRV e e
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the inner region. These observations
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Fig.7. H-factor for H-mode free from both ELMs
and sawteeth plotted against 1j of target OH plasma

and 1; at the time when H-factor is calculated.

.3
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mean that the dependence of 1 on 1; in H-mode should be discussed by separating the current

profile in the central region and the edge region.

5. Discussions

Concerning the refationship between ; and 1g in L-mode, this paper reported the results of
experiments where I was kept constant. By comparison with the Ip-ramp experiment (5,9,
10], the reason for the Ji-dependence may be related to the strength of poloidal field at the
relatively inner region or magnetic shear at the relatively outer region. The effect of sawteeth is
independent of this l;-dependence because the sawtooth region expands with I;, which should
lead to the opposite dependence of the H-factor on Jj (see Secs.8.5 and 1.10). MHD modes with
medium (m,n) have not been observed to correlate with the dependence. Therefore, the Ii-
dependence may be caused by high (m,n) MHD activities or micro-turbulence. We treated the
total energy confinement including thermal and high energy components (W and Wp). For
more detailed analyscé, effects of I; on Wy, and Wr should be separated. Finally, Fig.8
compares the lj-dependence of H-factor obtained in many tokamaks (JT-60U [4], TFTR[7],
DIID [8] and TORESUPRA [9]). From this figure, the 1;-dependence of H-factor seems to be
weaker than the linear dependence and H~1;0-8 seems to be a good fit for the L-mode .

4 vy rTorT o T e r o T o e et
E DIlI-D H-mode k-ramp
3 b JT-60U TFTR Ip-ramp-
JT-60U 4— H-mode L-mode ]
o H-mode
T 2 Ip=const. 3
Z I :
- :
1 F | Fig.8: The li-dependence of H-
. 1 factor in many tokamaks {JT-
i 1 60U (4], TFTR{7}, DIID (8]
JT-60U L-mode ip=const. | 3 and TORESUPRA [9]}.
0 llllllllllllllll P jau
a 0.5 1 i.5 2 2.5 3 3.5 4
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1.10 Effects of Sawtooth Activity on Confinement
Y Kamada, T.Takizuka, M.Kikuchi and H.Ninomiya

1. Introduction

One of the main objectives of confinement and MHD research in JT-60U is to clarify the
relationships among 1, gerr and 1g including MHD instabilities (Sec.1.9). The scenario of our
analyses was given in Fig.1 in Sec.1.9, for which this section studies the relationship (3) and
then summarizes the relationships (1) (Sec.8.5), (2) (Sec.1.9) and (3) for L-mode using a new
scaling of the H-factor. The results quantitatively explains the degradation in confinement at
low-q where the effects of sawteeth on confinement becomes stronger at lower (efr. The L-
mode confinement cannot be scaled without including the effects of 1; and sawteeth. The

summary of the sawtooth effects on confinement was also reported in refs.[1,2].

2. Effects of I;, q and Sawtooth Activity in Low-q L-mode

This section treats the confinement degradation in the low g region (qeff<5 or q9s5<4),
where H-factor decreases rapidly with decreasing gefr (Fig.3 in Sec.1.9), for which one of the
main reasons can be explained by the effect of 1; on confinement. As shown in Sec.1.9, H-
factor is proportional to 1;0-8, and 1 decreases rapidly with decreasing def in the low q region.
Therefore with decreasing qer confinement becomes poor. To clarify this point, Fig.1 shows
dependence of H/1;0-8 (H-factor normalized by 1,0-8) on qegr for L-mode discharges shown in
Figs.3 and 4 in Sec.1.9. The maxima of H/1;0-8 are almost constant over the whole range of
Qefr. This conclusion is important to understand the confinement degradation in the low q
region. In Fig.1, however, large number of data with poor confinement are still observed 1n the
low-q region. To understand the further confinement degradation, effects of sawtooth is
examnined below for which the key parameters are Tgy and riny (OT I'mix). Figure 2 shows the

dependence of H/A{98 on g, and on (ripy/a)sx for

L B 7 T AL A B
four tegions of ; at qefr=3.9-4.2 (I;=3MA, o hydrogen
1.1 f o deuterium
B=4T, Vp=73-78m3), where the data plotted at ; f
C o]
Tsw=1s and (tipv/a)sx=0 are those for sawtooth £ : o
. . @ 0.9 C - @ o o m}
free discharges with low li-values. For these < F B4 ===
- T 0.8 RI8S 855
data, T =0.2-0.3s . In Fig.2(a), H/0.8 £ 0.8 pemdy o7 g &Y
[ = ]
increases almost linearly with Tgyw at Tsw<I~21E, 0.7 &@@”’O .
then seems to saturate at H/1;0-8~0.92. The 0.6 ?goc _
saturated value is comparable to H/1;0-8 for 0.5 =2 ‘ — ' L
sawtooth free discharges. In Fig.2(b), H/1;9-8 2.8 6 q BH 1z
=3

decreases with increasing (riny/a)sx. From (2} and
(b), if I; is kept constant, rjgy/a is also nearly
constant and H/1;0-8 increases with tgw (see open

Figd: H/i,‘o'g V. qeff for L-mode.
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Fig2: H/l;o—‘g vs. (@) Trw and (b) ripy/a for four regions of I at qeﬁ‘=3.9—4.2. Sawtooth-free data are plotted at
Tow=1s and (rim/a)sx=0.
circles). In case of closed circles, riny changes widely at nearly the same l;. This is because Tipy
changes rapidly around the ];-threshold for the appearance of sawteeth (see Fig.2 in Sec.8.5)

and the spread of the threshold 1; values in our data set is about 0.1. However, once the plasma

starts sawtoothing regularly, change in Tipv 1S well related to 1;.( in case of closed circles in

Fig.2(b), change in (rinv/a)sx is about 0.04.)
The interesting feature of effects of sawtooth on confinement is observed when the

dependence of H/1;0-8 on 14y is examined as a function of qgegr. Figure 3 shows the dependence

in four regions of gefr (2) gef=2.6-2.7, (b) Qefr=3.35-3.45, (¢) Qefr=3.9-4.2 and (d) gefr=5.0-

6.0, where values of [ is restricted ina (b)

—_
1]
—

=
w
J—
~
Ay

narrow range to keep Tipy/a almost

<
o

constant in each data set. Since the

H/I0-0
o
Y

selected value of 1j is around unity,
H/1;08 is nearly equal to H-factor itself o, ¢ 1t ]
Pl Qet1=2.6-2.7, Uefr=3.35-3.45,
in Fig.3. In each sub set, H/;0-8 A EeaTer h=1.03:1.08
01 o2 03 O o 0.1 0.2 ©.3 0.4 o5

increases linearly with Tgw, however
Tsw (S) Tsw (5
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~
*
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w
e LAt |

the tendency is different. The slope ( ' .
f=A(H/1;0-8)/A1gy decreases and the E e’ et
|

=}
u

limit of H/1;0-8 for Tgw-->0

H,'ho.l].-

(Y= hmO(H/l?'g)) increases with

w3 0.5 Qart=3.9-4.2, ] ? Qat1=5.0-6.0,
. . , ' 11=1.03-1.16 i 11=1.05-1.20 E
increasing qeff. For example, in case o, L . . ‘ I i . . , .
- - 0 q.1 0.2 6.3 0.4 a G.1 0.2 0.3 0.3 0.5
of (d), even if Tgy increases by a factor e (S) Tow (5)
of 4, change in H/1;0-8 is only ~10%.
On the other hand, in (a), H/hO.S Fig.3: Hf[go's vs. Tgyw for four regions of qeff (a)
. . . =2.6-2. =3.35-3. =3.9-4.
increases rapidly with Tsw. We made Qefr=2.6-27, (b) Geff=3.35-3.45. (¢) qeff=3.9-4.2 and
(d) qeff=5.0A6.D.

10 subsets of data with different
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values of (Qeff, 1) then examined the dependence of f and Y on qegr. In Fig.4, f increases with
1/qe as f~(1/gefe)2. Since (rinv/a)sx is proportional to 1/qefr in the steady state (Sec.8.5), Fig.4
suggests that f is proportional 1o the area of the sawtooth inversion (or mixing). In Fig.5 where
Y is plotted against (rjpv/a)sc (€q.(3) in Sec.8.5), Y decreases with increasing (finv/a)sc. The
value of Y at (rjnv/a)se=0 is assumed to be the same as H/1;0-8 for sawtooth free discharges. The
interpretation of the parameter Y is that the confinement performance when the transport
coefficients are infinity within rmix. From Figs.2-5, it is concluded that energy confinement in
the low q region is a function of Tgy and the dependence is stronger at lower qeft.

10 ¢ 1 e T

(et (WE FTR I ST FETTE SR PN

o
n

0.1 : . et 0 0.1 ¢.2 9.3 C.4

0.7 1/ Qats ! {rinv/alsc

Fig4: The slope f=A(H/[i0'8)l'ATm vs. quﬁ-‘ Fig5: Y (Limit of H/Il'o'g Jor Tow ->0) vs(ripylalsc

given by eq.(3) in Sec.835.

Finally, from Figs.5 in Sec.1.9 and 1.6 ASASSRERRRE T T
Figs.2-5 in this section, we can make a o _ O hydrogen, ger=11-13 . DC_T:
scaling of H-factor given by [ e deuterium, sawtooth 50 3

Hie = (Y+tsu)08 ; Tow < (V) 12 O gevenum o
Hg = cli08 ; Tow > (C-Y)/f - = 1
£=10.0/qef2, Y=c-0.96(rinv/a)sc, €=0.92, (1) T 1 ﬁ?o _
where (rinv/a)sc is given by eq.(3) in Sec.8.5. 0.8 _, 4§b _"
Then Hgc can be calculated only with qeff, 1 L L" .
and Tgw. Figure 6 shows good agreement 0.6 : %y O 7
between experimentally obtained H-factor and 04 T T 5
H,.. Therefore, the scatter of data around ' 04 05 08 1 1.2 1.4 1.6
ITER89P law (Fig.3 in Sec.1.9) is understood Hse
by introducing the effects of ij, qefr and Tsw
which are not used explicitly in T/ TERSP, F;i'i;_fﬁp ;;:ngj ;i:if;‘iiﬁgﬁ-:ﬁg?c given

3. Discussions
For the sawtooth effect, the dependence of Tgw on plasma parameters should be

discussed. In JT-60U, Tgw increases with volume averaged electron temperature as
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tew~<Te>32 ~ resistive diffusion time (see Sec.8.5). Therefore it is reasonable to conclude a
kind of positive feedback relation between gy and Tg: Increase in Tgy IMproves g, then the
improved Tg can cause further increase in 1gw by raising Te. Therefore, the causality of
correlation between H/L08 and Tgy is not clear only from Fig.2. To clarify the causality, the -
dependence of the sawtooth effect was examined in Figs.3-5 which showed that the sawtooth
effect becomes strong with decreasing qegr. In turn, the relationship between Ty and <Te> is
almost unchanged over a wide range of qegr (See Sec.8.5). Therefore the cause of change in
confinement can be concluded to be the effects of Tsw. Based simply on the full-reconnecting
structure of sawteeth [3], the sawtooth activity flattens the central pressure profile inside Tmix.
Then, the stored energy released from the central region (q<1) should be a function of Tw and
Tiny (OF Imix). When Ty, is much shorter than the transport time scale in the central region, the
central energy confinement TSP i a strong function of Tgy. As Tgw becomes longer than the
transport time scale, TECRIeT is governed by the transport properties and the effects of Tgw
becomes weak. This tendency was shown in Fig.2(a). This discussion is supported by the
results of JT-60 pellet experiments [4] where T was improved with increase in Tsy similar to
Figs.2 and 4. In that case, T, at the center was decreased compared to gas fuelled discharges
and the increase in Tgy was not caused by increase in Te. In order to clarify the causality
further, the relationship between 1g and Ty should be examined by active Tsw control to
decouple Tgy from T, with ICRF heating [5] or the combination of co- and counter-injection of
NB [6]. To evaluate the role of sawteeth on confinement, ref.[7] reported that the effects of the
heating profile is the key factor and the effects of sawtooth becomes smaller for broader heating
profiles. The experiment treating the effects of heating profile will be performed in future.
Finally, the high 1; operation with active control of current density profile may be useful
in future reactors to improve confinement as reported in this paper and to increase B-limit [8].
However it is important to clarify whether the high-1; operation is consistent with significant

fraction of bootstrap current in the steady state operation.
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1.11 Effects of ELM Activity on Energy Confinement
Y .Kamada, T.Takizuka, H.Ninomiya and M.Kikuchi

1. Introduction
As discussed in Sec.1.9, one of the main objectives of confinement and MHD research in

JT-60U is to clarify the relationships among lj, geff and 1g including MHD instabilities. This
section expands the study toward the H-mode in which the effects of ELMs on confinement 1s
the main interest (the relationship (5) in Fig.1 in Sec.1.9). In particular, the effects of sawteeth
and ELMs are important at low-g, because about 70% of the plasma volume is governed by
these activities (rpix for sawtooth reaches ~a/2 at qef=4 (Sec.8.5) and the mixing of ELMs is
observed at r>0.8a.).The relationship between qerr & 1j and ELMs was discussed in Sec.1.4.
The brief summary of the ELM effects on confinement was reported in ref.[1].

2.The H-factor in H-mode and Hg,

In Fig.1, the H-factor for H-mode is
plotted against Hg, where Hg is the H-factor
of L-mode given by the new scaling law
including the effects of 1 and sawteeth (see
Sec.1.10). Open and closed circles correspond
to the ELMy H-mode and the ELM-free H-
mode, respectively. The data of ELM-free H-
mode were taken at the end of the ELM-free
period (just before the onset of EL.Ms). The H-
factor for both ELM-free and ELMy discharges 0.5 1,],l||

3 I"IIIIII|IIlllTIITIY]!TTIFI]IrIlTITEYr]]
at ELM-on A

®
C ELMy phase Y i
2.5

Lo v g o [y

H-factor

vl

TIIIITY‘IIIIIIIIIIIiTIII

increases with Hgc and the maximum 0.50.60.70.80.9 1 1.11.21.3
improvement from the L-mode level 1s about Hsc

2.1-2.2 for the ELM-free cases. In case of L- Fig.l: H-factor vs. H for H-mode. Open and closed
mode (Sec.1.10), the degradation in TE at l0W-  circles correspond to the ELMy H-mode and ELM free

q is explained by effects of ]; and sawteeth and H-made, respectively.

a good agreement between the experimentally
obtained H-factor and Hg is observed. To clarify that the Hg is also a good measure of

confinement in H-mode, the following paragraphs discuss the dependences of H-factor in H-
mode on geff, 1j and sawtooth period Tgw.

Figure 2 shows the dependences of the H-factor and H/Hse (H-factor/Hsc) on gesf for H-
mode. For this figure the data were taken when I was kept constant (not the Ip-ramp
experiment). In Fig.2(a) where the H-factor is plotted against geff, We can observe the strong
degradation in the H-factor with decreasing qefr at the low-q regime of qefp<d~5. This tendency
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Fig.2: Dependences of the {a) H-facior and {b) HiH g (H-factor/Hg) on qeﬁfor H-mode.

is almost the same as that for L-mode shown in Sec.1.9. In Fig.2(b), the maxima of H/Hg is
nearly constant over a wide range of gefr for both ELM-free and ELMy data. This result
suggests that the degradation in the H-factor at low-q in H-rnddc is also explained by the effects
of I; and sawteeth.

Concerning the effects of 1;, the H-factor in H-mode tends to increase with l; as shown in
Fig.6 in Sec.1.9. In this section, we use I; at the time when H-factor is calculated for the
calculation of Hg.. However, we also discussed that the dependence is complicated in H-mode
(Sec.1.9): i) In H-mode, ] usually tends to decrease with increasing H-factor due to the edge
pedestal of temperature and pressure. Therefore, the H-factor increases with decreasing lj. ii)
In turn, the H-factor increases with 1j of the target ohmic plasma, which suggests that the
peaked j(r) in the inner region causes improved confinement. iii) However, if 1; is increased
significantly by Ip ramp down during the H-phase, the H-factor can be improved, which may
be related to increase in magnetic shear in the edge region or poloidal field in the inner region.
These observations mean that the dependence of 7g on |; in H-mode should be discussed by
separating the current profile in the central region and the edge region. Therefore the effects of
1; is not so simple as observed in L-mode.

Concerning the effects of sawteeth on the H-factor, Fig.3 indicates the dependences of
the H-factor and H/Hs. on Tsy, where values of qefr and 1j are restricted in a narrow range
(qerr=3.5-4, 1;=1.0-1.2) to keep the sawtooth inversion radius nearly constant (see Sec.8.5).
Regions of plasma volume is Vp=68-84m3. Closed circles correspond to the ELM-free data
and open circles indicate the ELMy data with a fixed ELM frequency ferm (1/fgLm=0.011-
0.013s). (The dependence of confinement on fEpMm 1s discussed later.) In Fig.3(a), the H-
factor increases with Tew at Tsw<1~2TE and saturates at H-factor=1.7~1.8 for the ELM-free data
and H-factor~1.4 for the ELMy data. In this figure, 1g for the ELM-free and ELMy data are
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0.2-0.5s and 0.15-0.3s, respectively. This (@)

tendency is almost similar to that observed in L-
mode (Sec.1.10). In Fig.3(b), the dependence of
H/Hgc on 1y 1 very weak compared to the
dependence of the H-factor on Tgw (Fig.3(a)). In
particular H/H¢ for the ELMy data is nearly
constant {~1.5). In case of ELM-free data,
H/Hg.=1.5~2. This remaining scatter does not
depend on the plasma volume nor the value of
the target OH plasma. The possible dependence
is that on the particle recycling. Fig.3(c) shows
the relationship between H/Hg and the intensity
of DdiV/f, for the data used in Figs.3(a) and (b).
In this plot, H/Hg for the ELM-free data tends to

increase with decreasing D d1¥/m,.

3. ELM Frequency and Confinement

As shown in Sec.1.4, the ELM-free phase
is observed only when T is lower than the
threshold value T.th, and T!P increases with
B2/(Rqef2)x]j which is a measure parameter for
pressure driven instabilities. The ELMy phase is
observed when T, exceeds T, and fg1 v seems
to increase with increasing Pnp and with
decreasing B{2/(Rqesf2)xl;. Based on this
knowledge, this section studies the effect of

ELMSs on confinement.

Figure 4(a) shows the dependence of H/Hsc
T

on 1/fgr.m for ELMy H-mode. With decreasing
frLm, H/Hse increases and reaches the level of
ELM-free plasmas (H/Hge~ 1.4-2.4). On the other
hand, if H-factor itself is plotted against 1/fELm
(Fig.4(b)), the effect of fgr m becomes unclear.

Therefore, H/Hgc is better for the measure of

confinement status than the H-factor.
Figure 5 indicates the relationship between

H/H,. and 7, for the data used in Fig.4 where no clear dependence of H/Hgc on e is obse

H-factor

(b)

H/Hsc

=
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Experimentally, as shown in Fig.6, H/Hsc 2T . IR
increases with decreasing Do div/m, for a fixed 1.8 © ° o .
1/fgLm (=0.01-0.013s). el Lot g
We found that confinement in H-mode is well brd r 3 .
described by H/H and 1/fg1.m. However, there ‘If M -d s’ *
remain the following problems: 1) The complicated 1.2.F ., i YA
dependence of H-factor on lj was observed 1 L 3
(Sec.1.9). ii) The role of recycling is not clear. 1ii) o ) ’ ! ’ ;_
Effects of density, temperature and pressure - ] 5 3 4

N (1019m-3)

. Fig.5: indicates the relationship between .
confinement has not been analyzed.v) Effects of HiH . vs. Tie for the data set used in Fig 4.

profiles has not been analyzed. iv) Thermal

ripple loss has not been included. In particular, P — -

the depth of ELMing region (the transport barrier) . . ]
from the separatrix should be systematically . ]
treated. In JT-60U, we observe two stages of H- 1.8 g . -!. .o ]
mode: The first type is the so-called weak H-mode E 1.4 '.’ :': . ]
with small drop in Dg signal and the second type T, - . _
is accompanied by a clear large Dg-drop. It is i
important to clarify the relationships among the ! F fh:’fufb"."ﬁfl.m E
depth of the transport barrier, particle recycling B —

and the type of H-transition. | ¢.01 Dadlvfn‘{A(.){f_)

Fig.6: HIH,, vs. Dg%VM for ELMy H-mode
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1.12 Relation between Fast-Ion Loss and H-Mode Performance

A.A.E. van Blokland and M. Kikuchi

1. Introduction

The large toroidal magnetic field ripple and the large power of nearly perpendicular
injected neutral particles in JT-60U enable the investigation of the impact of fast-ion loss on the
H-mode characteristics. Two plasma configurations with a volume of 70 and 80 m3,
respectively, and thus different field ripple are compared with respect to their global
confinernent characteristics and fast-ion loss due to the magnetic field ripple.

2. Plasma Configurations and Analysis

Figure 1 shows both plasma configurations which were operated at a plasma current of
3 MA. The smaller plasma (see Fig. 1(a)) had a volume Vp=70 m3, B[=4.'2 T and a Qefr=3.7;
the larger plasma (see Fig. 1(b)) was operated at a volume V=80 m3, B=4.1 T and a
qefr=4.2. For both plasma configurations, the density range was <neg>=1.4-2.6x1019 m3. The
maximum ripple for the smaller plasma was about 1%, while it was 2% for the larger plasma.
Both parallel and perpendicular neutral beams were operated with injection powers up to 7 and
22 MW, respectively. The shine-through values of the beams were measured by thermocouples
and IRTVs.

The fast-ion loss was calculated by the Orbit Following Monte-Carlo simulation code
(OFMC) which has been shown to be in good agreement with experimental ripple-loss data
[1]. It should, however, be noted that the results from the OFMC code only simulate the power
deposition on the first wall and that they do not predict the physical origin of the power loss,
since particies that are banana-trapped can be lost in the lower ripple and thus increasing the
calculated value for the ripple-trapped loss. The electron temperature and density profiles were
measured by an ECE polychromator and a two-channel interferometer, respectively. Ion
temperature profiles were obtained from Charge-Exchange Recombination Spectroscopy.

Temperature profiles for both configurations are shown in Fig. 2.

3. Experimental and OFMC Results

In Fig. 3, the experimental diamagnetic stored energy is compared with the ITER L-
mode scaling as function of the absorbed power. Here, the absorbed power is not only
corrected for the shine-through but also for the fast-ion loss from ripple-trapped and banana-
drift particles as calculated by the OFMC code. This additional correction will increase the H-

factor since the net absorbed power will become lower. A clear difference in global
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confinement characteristics can be seen for both configurations. An H-mode was obtained for
the smaller plasma, whereas only L-mode behavior was observed for the larger plasma. Only
elmy-free plasmas were evaluated in the smaller plasma case. No dependence was observed of
the H-factor on the target-density of the plasma.

Figure 4 shows the loss of fast particles expressed in fraction of the injected neutral
beam power as a function of the line averaged electron density. The total loss is about 10%
higher for the larger plasma in comparison with the smaller case for the density range
considered. This difference can be ascribed to the fast-ion loss due to the field ripple. The fast-
ion loss is slightly increasing with the density. Although one should be careful to interpret the
OFMC results in terms of physical origin of the ripple-loss, it is clear that the bananadrift-loss
is dominant in the larger plasma case. The relation between the H-factor and the total fast-ion
loss is shown in Fig. 5. For lower values of the fast-ion loss (the smaller plasma), higher H-
factors are obtained, whereas for losses higher than 20% (the larger plasma) H-factors were

found to be below 1.6.

4. Conclusions
There seems to be a relation between the fast-ion loss and the H-mode performance at

JT-60U. It is, however, not clear whether the loss of fast particles is directly responsible for
the quality of the global confinement characteristics by generating radial electric fields or that
other loss processes, like orbit loss of thermalised tons, are dominant. H-mode experiments
with a maximum ripple smaller than 1% can give more evidence for the possible direct impact
of fast-ion loss on the H-mode behavior in JT-60U.

The analysis can be improved by separating the total stored energy into thermalised and
fast ion- components, since the measured diamagnetic stored energy can be affected by fast
ions in the plasma [2]. Furthermore, including additional neoclassical particle transport induced
by the toroidal field ripple [3] can give a more complete understanding of the H-mode behavior

in JT-60U.
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Prpilinj) = NBI power injected into the plasma, Pnpifabs) = NBI power injected with shinethrough.
ripple-trapped and banana-drift losses substracted, sep = position of the separatrix.



Fast lon and Shine-Through

JAERI—M 93—057

10 : : 10
i o a) : b)
8 | - 0 ISR - feereeeimsneaes et
o © Q i
P _,Q;@ ..... O, ................................ [ __ ....... Y B
2 | i Qo I o &
2 | Wit % : Wil o I
- m.. B r g® M|
z 4 fome U - - BU—— e
+ ITER L-mode B - ITER L-mode ‘z
[ : i '
2 e o T SR S
o L. . i Lo e oz -
5 10 15 20 5 10 15 20
P,,, - dWdt (MW) P, - dW/dt (MW)
Fig. 3 Comparison between the experimenial diamagnetic stored energy and the {[TER L-mode scaling for both
plasma configurations; a) Vp=70 m3, and b) Vp=80 m.
50 r 50
[ a) ! , b)
i I g BB A :
40 40 [ At Bl —
- L a
—_— tot Ap A i
9 30 — R 30 |-
vma’ [ : A : :
2 - ; G |
0 20 [--8hloy 20 e Sh""g"’% e TR
[ i i o)
: C o [ Pan® % g
) s T OO ARt el oo L P ) S U OV 0 o
L rip ©9® e é % i i .
L pan®® & ;  rpe®e § oo e
N an i K
o PR P T S RN i 0 PO S S S SN PRI ! :
1 1.6 2.2 2.8 1 1.6 2.2 2.8
<n > 109 m? <n > 10"%m™®
Fig. 4 Fast ion- and shinethrough-loss in perceniage of the injected neutral beam power;

shi = shinethrough, rip = ripple-trapped loss, ban = banana-drift loss, tol = shi+rip+ban,

a) V,=70 m3, and b) V=80 m?

L p ‘

— 2.000
®
5 1.800 |
E -
5 1.600 [
8
= 1.400
o
° 3
&8 1.200 |
T [
1.000 |
0.800 C
10

15 - 20 25 30

Ripple Trapped + Banana Drift Loss (%)

Fig.5 Corrected H-factor as a function of the total fast-ion loss due to the magnetic field ripple for both

plasma configurations.



JAERI-M 93—057

1.13 Comparison of H-mode confinement with Tangential and
Perpendicular NBI

TTC Jones

In this report it is attempted to identify any deleterious effect on H-mode global
confinement due to significant (=25%) ripple+first orbit losses which may occur for near
perpendicular NBI in the standard divertor plasma configuration shown in Fig.1, e.g. under

the effect of the radial electric field which is set up.

1. Method of Tangential versus Perpendicular NBI Assessment in H-mode
JT60-U H-mode is usually characterised by its H-factor, defined as the ratio of the
diamagnetic global energy confinement time compared to the ITER89-F power law L-mode
scaling. In this report nominal corrections for shinethrough and ripple + first-orbit losses are
applied, and the H-factors are recalculated in terms of the absorbed power. The ripple+first
orbit losses are taken from an Orbit Following Monte Carlo (OFMC) simulation of a
particular discharge (E15489, Table I) similar to those of the present experiments [1] and the
shinethrough is estimated from the line averaged density using an empirical formula. Ripple
+ first-orbit losses are also density dependent as shown by OFMC calculations {2] performed
for a series of 3MA discharges with approximately similar configuration and q value as the
present experiments. The same density dependence of ripple + first-orbit loss is assumed
herein, which largely offsets the 1/n, dependence of the shinethrough fraction. Only a weak
density dependence of the combined loss fraction Mjygg Temains, giving 48%>1)555>42% for
the present density range. The corrected H-factor data are examined for any residual

dependence on the proportion of perpendicular NBI, and also on other parameters.

Case Rip.Trap (Banana [Total
Table 1 OFMC calculation of ripple-well Perp Balance[7.8%  {19.1% 269%
trapping and banana first-orbit+stochastic Perp.Co. 6.6% 17.89% 4.4
drift loss fractions for discharge E15489
(Ip=1.7MA B7=2.5T,ner=1.6 101%m3) Tan.Balance |[1.8% 8.6% 10.4%
[Tan.Co. 1.9% 2.6% 4.5%

Reliable operation of the NBI system was limited to =85-90kV, giving Pmax(tan)~
8MW and P,y (perp)=20MW. The direct comparison of perpendicular versus tangential
NBI above the H-mode power threshold was therefore restricted to low toroidal field and
plasma current. At 1.5MA/2T the direct comparison was just possible. A few series of
higher power discharges with different proportions of perpendicular NBI at constant total

power are also analysed. Time-traces of key plasma parameters for a typical H-mode in the
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configuration of Fig.1 are shown in Fig.2(a) (shot E015852, 1.5MA/2.5T). Fig.2(b) gives the Tj

radial profiles which show the pedestal characteristic of an edge transport barrier .
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Fig.2 (a) Time-traces for typical H-mode discharge
in the configuration of Fig.1(shotE15852 Ip=1.5MA,
Bt=2 5T).(b) Ion temperature radial profiles.

2. Direct Comparison of H-modes with Perpendicular or Tangential NBI only
Fig.3a gives the plot of H-factor versus total NBI power, for 1.5MA/2T discharges
with perpendicular NBI fraction Pperp/ Ppp; = 0 or 1 {data corrected for shinethrough only).
There is considerable variation in the H-factors, suggestive of marginal absorbed power for
exceeding the H-mode threshold. However, when the estimated ripple + first-orbit
corrections are additionally applied (Fig.3b), a clear threshold-like feature in the data is not
recovered and, subject to the uncertainty of the beam loss corrections, the H-factor
enhancement for perpendicular NBI even exceeds the tangential data. This result indicates
that, even if there is a deleterious indirect influence on H-mode confinement by beam-ion
losses with perpendicular NBI, there must be an additional effect responsible for increasing
the measured diamagnetic stored energy compared with purely tangential NBI. Such an
additional effect would have to dominate at least at moderate perpendicular NBI power. A
candidate effect consistent with this observation is the sensitivity of the diamagnetic
measurement to the perpendicular fast ion energy component, which is larger in the case of
near-perpendicular NBIL A further observation, consistent with this explanation, is that the
variation of perpendicular NBI H-factors correlates well with the absorbed power per unit

plasma density, while the correlation for tangential NBI is not established (Fig.3c). The

.._50 —
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correlation for perpendicular NBI in Fig.3c is not an artefact of the weak 1/ ne dependence of
the combined beam loss corrections because the same trend is also observed (to a slightly

lesser degree) if the uncorrected data are plotted.

3. Effect of Varying Mix of Perp./Tangential NBI at Constant Total Power

Three groups of data are identified, with total NBI power well above the H-mode
power threshold. The discharge parameters are defined in Figs.4. For NBI powers and H-
factors corrected only for shinethrough loss, Fig.4a shows that there is no clear dependence
upon the perpendicular NBI fraction Pperp/ Pppi for values up to =0.75, although the
performance with 100% perpendicular NBI is substantially worse. When the ripple + first-
orbit corrections are applied there is some indication of a weakly increasing trend up to
Poerp /Pppi=0.75, mainly apparent in the {1.5MA/2.5T Prpi=13MW} dataset, while the 100% -
perpendicular NBI H-factors are still low. A more obvious feature in Figs.4a and b is the
variation within the {1.5MA/2.5T,Ppp,;=13MW] dataset at each value of Pperp. This variation
is again associated with Pperp/ ne (Fig.4c), consistent with the role of fast perpendicular
ions. Conversely, a measure of relative thermal plasma confinement enhancement given by
n(0)T;(0)/WITERS9-P does not exhibit a positive correlation with Pperp/ne- Fig.4c also
indicates that the dependence on 1/ng is stronger than the dependence of Pperp, consistent
with a competing deleterious effect at high Pperp which eventually dominates for 100%
perpendicular NBI (Fig.4b).

4. Conclusions

For similar total injected power levels, discharges with a large proportion of
perpendicular NBI are adversely affected by substantial shinethrough and ripple+first-orbit
losses. When corrections for these power losses are taken into account, there are still
residual dependences in the H-factors which suggest the existence of additional effects. An
enhancement to the corrected H-factor at moderate values of Pperp is attributable to the fast-
ion contribution to the diamagnetic energy measurement, whilst there is an indication of an
overall degradation in H-factor at high values of Pperp - These tentative conclusions, based
only on global data, will have to be confirmed by further systematic
tangengential / perpendicular NBI comparison experiments together with detailed transport
analysis including separation of the total stored energy into thermalised plasma and

perpendicular and parallel fast-ion components.
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1.14 Nondimensional Scaling for JT-60U L-mode Plasmas

T. Takizuka, H. Shirai, M. Sato, Y. Koide, Y. Karmada, M. Kikuchi

1. Introduction

Recently in JET [1] and TFIR [2], it has been found that the thermal energy transport
of L-mode plasmas is Bohm-like one; the heat diffusivity X is approximately given by X =
(T/eB) p«®E(B, Vx, g, €, ...) with o = 0, where normalized Larmor radius px, plasma beta [3,
collision frequency normalized by bounce frequency Vs, safety factor q, inverse aspect ratio €,

etc. are nondimensional variables. Such finding can make the confinement scaling accurate for
the design of future reactors. However, uncertainties of profile parameters etc. make it difficult
to exclude gyroBohm-like transport. In order to clarify the dependence of X on px as well as

on B and vx, Bt scan experiment was carried out in JT-60U L-mode plasmas.

2. Experimental Condition and Analysis Method

Experimental parameters are as follows. The major radius R was about 3.2m, minor
radius a = 0.85m, elongation k = 1.65, and plasma volume V = 70m3. Deuterium beam was
injected nearly perpcndiéularly into deuterium plasma. Beam input power was 5-17 MW,
which was much larger than the joul beating power. Ripple loss fraction of beam energy was
assumed 10-20% and total loss fraction with shinethrough loss became about 30% [3].
Toroidal magnetic field was changed as By =4.2T, 3.2T and 2.5T. Two series of operations of
Qeff =4.5 (By/Ip = 4.2T/2.5MA) and qeif =6.5 (Bt/Ip = 4.2T/1.8MA) were performed. We
could not keep the q profile constant The internal inductance ]; decreased with the increase of
the absorption power Pyps as shown in Fig.1, where 115 is roughly proportional to Pabs'l. We
could not control the value of line averaged electron density ne]. The range of ne] was not wide
(1.6-3.1 X1019m'3) and the range of nejqeff Was much narrow (10-14 x1019m'3). As aresult,
there existed a strong relation between pp and QefiPp as shown in Fig.2, where the normalized
poloidal Larmor radius is defined as pp =< Tx0-3 / lilp and the normalized poloidal beta p o<
nelTs/ (Iin)z. These correlations, 1j o Pabs'l and pp2 o< QfiPp, causes the uncertainty of

the confinement scaling as described later.
" In the present paper, the thermal component of the stored energy Wy is calculated by

the following simple scheme. We assume that the total stored energy is measured
diamagnetically with small error, i.e., Wgja = Wi+ Wy Effective averaged temperature Tx 1s

defined as W, = 3Cne TV, where an artificial constant C is set 1.4 for the present database.
The stored energy of fastions Wris determined by the simple classical formula Wi = We(Tx).

These nonlinear equations are solved iteratively. Calculated fast ion component becomes 20-

70% of the total. Electron temperature was diagnosed by ECE measurement. The effective
averaged temperature T is compared with the ECE measured temperature near r=2a/3 TeECE.
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They agree well with each other as shown in Fig.3, although there is systematic discrepancy
betrween for Qefr =4.5 and for qeff =~6.5.

3. Nondimensional Scaling
We find that the effective averaged temperature T« coincides with the measured electron

temperature around the important region for L-mode confinement r = 2a/3. We then assume
that the thermal energy confinement time Tth = Wit/Paps is inversely proportional to X{(T«). The
poloidal Bohm diffusion coefficient Xpp = Tx/eBp is chosen for the base of the thermal energy
transport, where poloidal magnetic field Bp is considered to proportional to ljlp. We are
standing at a viewpoint that confinement improvement by larger 1i is due to larger Bp in the

confinement region.
The nondimensional product Tth Xpp is found a weak function of pps (== T*O'Sﬂﬂp )

or of qefffp.( =< qeffne]T*ﬂizlpz ). The dependence of Tth Xpp On Vx cannot be observed.

Dependences on geff and |j are also negligibly weak. Therefore, we describe followings
T Xgp Ppr I 0OP (qesiBp 102 = Cp, 0<hsl, (12)

Tt = C (1 Ip ) (ne1/ Paps )™ ( 1/ neiqess )™ (1b)

with 1 = 2(1+ap)/(4+(1p), o = (2+ap)/(4+0tp) and ¢z = hap/(4+ap) . Figure 4 shows the
ratio F = TSP / Tl as a function of pp for ap = 0 (black circle), 0.5 (open circle) and 1
(black square). One can clearly sec the pp dependence of F for otp = 0 and 1. The standard
deviation ¢ of F defined by 2=y (F—l)2 /N (N is the total number of data points; N=17) is
shown in Fig.5 as a function of cp. The value of © becomes minimum near o = 0.5, which is
extremely small, ¢ = 1.7%. From Figs.4 and 5, we can set &¢p equal to 0.5 for the best fitting
of experimental data, and estimate the allowable limit of 0.25 < oty < 0.65. A nondimensional
scaling for the thermal energy confinement in the present JT -60U L-mode plasmas is given by

Tt = C (1159 (net/ Paps 1>/ (1/neigee M7, 0<hst. @

This scaling reproduces experimental data very well as shown in Fig.6.
As was mentioned in section 2, there is another strong correlation of 1'15 oc Pabs'l. We

also take this correlation into consideration and express the nondimensional scaling as follows;
Tt = C (1 Tp)09 (net / Pavs Y/ ( 1/ neigest ¥ (1/1 Paps )Y , (3b)

where the relations between ( oy, 0, Cy ) and (x,y ) are 6o = 3-27x - (16 + 36x) g(y)
and ap/2 + g - 1/4=0y = g(y) =27y / (16 - 36y) . The limits of x and y are studied by
checking the variation of ¢ of F = T3P / Tnfit against values of x and y as shown in Figs.7
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(a) and (b). If we assume that the value of ¢ below 1.4 Gpip is allowed for the fitting, then we
estimate x = 0.07 £0.19 and y = -0.01 £ 0.08. We find from the limit of y, that the effect of
collisions on the heat diffusivity is not strong; -0.19 < a, < 0.14. We cannot conclude
whether the energy transport is Bohm-like {op = 0) or gyroBohm-like (ctp = 1), but we surmise
plausibly o, taking the value between 0 and 0.6.

4. Conclusion and Discussion
We analyze the data of By scan experiment in JT-60U L-mode plasmas. We obtain

nondimensional scaling, eq.(2), which reproduces experimental data very well (6=1.7%). The
heat diffusivity is supposed of the form XBp pp*(l'h)/ 2 ( GeftBp )h/ 4 The effect of Larmor
radius is rather weak compared with gyroBohm type, and collisional effect is very weak.

The result of the present analysis has to be compared with the transport analysis of the
profile data. There existed the correlations among plasma parameters, which cause the
uncertainty of the scaling. Analysis of other data set is the future work.
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1.15 Scaling of Thermal Energy in Tokamaks

T. Takizuka, T. Hirayama, M. Kikuchi

1. Introduction

Study of the confinement scaling for thermal energy is very important to clarify the heat
transport mechanism in tokamak plasmas as well as to predict the performance of the energy
confinement in future tokamak reactors. One of the authors (T. T.) proposed a scaling of

thermal energy Wi in JT-60 L-mode plasmas [1],
Wthﬁt = C(IpBtne )1/2 Pabslj?’ ’ (1)

where Ip is the plasma current, B the toroidal magnetic field, nej the line averaged electron
density and Paps is the absorption power. This scaling is also applicable to the ohmic confine-
ment. The By dependence was not accurately determined because of narrow range of By value
in the database [2]. If one assumes W o< Btl/ 2 as eq.(1) and the beat diffusivity X o< Bl/ 2
(p/a) (T/eB), one obtains the size scaling for eq.(1) and replaces the constant C by Cp L5/2,
where [ is the plasma beta, p the Larmor radius, T the plasma temperature and L is the length
representing the plasma size [1]. |

In the former chapter, Takizuka et al. have shown a new nondimensional scaling of
thermal energy based on the data of Bt scan experiment in JT-60U L-mode plasmas [3],

Wil = C (1 Tp)0/ ner™ Pas™® (17 ne1 qert M2, )

where 1; is the internal inductance, geff the effective safety factor at plasma surface and h takes
the value between 0 and 1. The heat diffusivity has been presumed as X o< Bh/ 4 (p/a)(l'h)/ 2
(T/eB). The size scaling for eq.(2) is given by replacing the constant C with Cg L(19-20)/9 1t
should be noted that the values of ]i in the database of JT-60 [2] were not accurately evaluated
and the 1 dependence of Wi, in JT-60 was not found.

The present paper aims to examine the above tesults by the use of data from JT-60 with
lower x-point configuration (we call this configuration JT-60/LX for simplicity) and JT -60U.
The data from ASDEX are also used in the present analysis, which were offered by F. Wagner
of Max-Planck Institute for Plasma Physics. In this paper, for the convenience, we call the
scaling based on eq.(1) as the "gyroBohm type" scaling, and the scaling based on eq.(2) as the
"weak-gyroBohm type" one. Hereafter the units of plasma parameters are Wy MJ, L m, Ip
MA, Bt T, ne 101%m3 and Paps MW.

2. GyroBohm Type Scaling

At first we compare the experimental data of JT -60 with the scaling of eqg.(1) as shown
in Fig.1. The value of constant Cis 0.09 and the standard deviation o of F = WenS*P/W mitis.
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11.5% [1]. Typical values of plasma parameters are listed in Table i, where R is the major
radius, a the minor radius, and x is the elongation. Next we compare the data of JIT-60/LX
with the same scaling as used for JT-60. The average of F is about 0.82 for both cases of Ip =
1MA (open circle) and 2MA (black circle) as shown in Fig.2. Above two experiments are of
pure hydrogen discharges. If we assume the square root dependence of Wi on ion mass
number M; and on ¥, we can separate R and a dependences from L2 dependence of Wip;

meB = 0.015 (M K)O.S r1.75 20.75 ( Tp Bt mel )1/2 Pabsl/3 ) 3)

Though we have showed a size scaling of Wmﬁt = 0.027 (R a.)]“25 in reference (4], we here
correct it as eq.(3). Figure 3 shows the comparison between W,OP and WP for the JT-60U
database (Mj = 2) used in ref.[4], and Fig.4 shows WCB vs Wip¢*P for the database of
ohmically heated plasma in ASDEX (Mj = 2). Both figures show the scaling of eq.(3) fitting
well the experimental data, though the parameter dependences of the scaling are not fully
suitable for the fitting of the data. The average <F>and © (%) for FGB = W™ P/W nOB are

summarized in Table IL

3. Weak-GyroBohm Type Scaling
In this section, we derive a weak-gyroBohm scaling based on eq.(2). Here the value of
h is chosen to be 0. The square root dependence of Win on Mj and x is also assumed. The

resultant scaling does not include the dependence on a;

Wy WGB = 0.0105 (M; )0+ R19/9 (g Ip y6/9 n815/9 Pabs4/9 ] (4)

Figure 5 shows Wi VOB vs Wip,€*P for JT-60, JT-60/LX, JT-60U and ASDEX. The scaling
fits well all experimental data. It is noted in this figure that the data of Qeff <3 Or Rej < 2
%1019m°3 in JT-60 are omitted, and that the data of Ip = L5MA (qeft = 3.5) in JT-60/LX are
omitted. The effect of sawtooth [5] is supposed to be one of the causes of systematic deviation
of these data from the above scaling, while the gyro-Bohm type scaling of eq.(1) derived from
JT-60 data may include not only the effects of i but also the MHD effects. We cannot conclude

at present which scaling is better to describe the transport process in tokamak plasmas.

4, Summary and Discussion

We have proposed two scalings of thermal energy in L-mode and ohmically heated
plasmas, "gyroBohm type” scaling and "weak-gyroBohm type"” scaling, which are based on the
da‘_tabase of JT-60, JT-60/LX and JT-60U. Both scalings fit well the experimental data of three
devices as well as those of ASDEX.

We apply these scalings for predicting the confinement performance of two reactors,
ITER, (Mi, %, R, &, Ip, li, Bt, net, Pabs) = (2.5, 2.2, 6m, 2.15m, 22MA, 0.8, 4.9T, 13
«1019m-3, 150MW) and SSTR(6], (2.5, 1.8, 7, 1.75, 12, 0.8, 9, 14, 600). GyroBohm type
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scaling and weak-gyroBohm type scaling give the sarme value of Ty = Wit / Paps = 1.9 s for
ITER, which is consistent with the global energy confinement time Tg = 2 s predicted by
ITERS9 law [7]. On the other hand, for SSTR, TiCB = 0.80 s and Ty P = 0.76 5 are a little

larger than TE VER8F = (.67 s and a little smaller than Tg

ITERSS-OL _ 0.97 s

The square root dependence of W, on Mj and x assumed here has to be checked

carefully. In order to unify a scaling, data analysis should be continued with the use of data

base of other tokamak devices.
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Table I  Typical values of plasma parameters

R a X Ip B
IT-60 3.0 0.88 1.0 1.0-3.0 40-4.5
IT-60/LX 2.9 0.62 1.35 1.0-15 4.2
JT-60U 32 0.85 1.65 1.0-25 25-42
ASDEX 1.6 0.40 1.0 0.15-04 19-25

Table II  Comparison with scalings

<F>GB OGB <F>wGB CWGB
JT-60 0.94 10.7 0.93 * 117 *
IT-60/LX 0.96 9.1 1.03 6.7 %
JT-60U 1.05 8.6 0.97 1.8
ASDEX 1.01 15.0 0.95 13.2

% Qegt> 3 and ner>x100%m3. 1ip=1MA.
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1.16 Test of the Theoretical L-mode Scaling with

Experimental Data

M. Yagi, and M.Azumi

1. Introduction

Recently, we have proposed a new instability (A mode) driven by stochastic diffusion
of the current and derived the thermal diffusivity due to this mode[l]. This formula is
relevant nature to explain for L-mode plasmas since this belongs to Ohkawa relatives/2]
and favarable I, dependence which has not been explained by the conventional drift wave
theory. In the present paper, we compare the thermal diffusivity due to the A mode with
emperically deduced one[3], and also discuss profile resilience predicted by the A mode
model and compare the experimental results.
2. Comparison with Theoretical Model and Experimental Data

Firstly, we compare the thermal diffusivity with empirically deduced one. The thermal
diffusivity due to the A mode is given by x = Cq?/s2(R/L,)**AV*T32 |(RB?)[1], where
C is the numerical constant, g the safty factor, s the shear parameter, R the major radius,
L, the characteristic scale length of the pressure gradient, A the mass number, 7' the
temperature, and B is the toroidal magnetic field. On the other hand Takizuka[3] has
presumed that the thermal energy confinement in tokamak L-mode plasma is described
by a collisionless or weakly collisiona} high-3 transport model[4] and derived the form
x x ¢®23Y%(p/a)(T/eB) where p is the Lamor radius and other notations are the same
as the above. To compare his formula with the present result, temperature dependence is
somewhat weaker than his result but it is compensated with local pressure gradient. In
our case BY/2 is replaced with 3%, ¢ dependence is somewhat stronger than his result but
favarable dependence. Both formulas are increasing function of r at peripheral region.

Secondary, we discuss the global scaling laws. Using a point-model argument, we
obtain 7g o a‘MRI'2IS‘SPt_G'GA_O'zso'SLg'GnD‘s, where I, is the total current, F; the to-
tal power, n the density. To compare our result with emperical scaling law{3] 75
('ﬁeIth)G'SPt_zm, we found that the density and power dependence is fairly good, on the

otherhand 7, dependence is somewhat stronger than emperical one. We also comment
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the internal inductance effect on the confiment time. In our model equation, internal
inductance is directly related with the local value of q and shear parameter. When the
current profile becomes peaking, and the internal inductance is increasing, the decrease
of the q value and the increase of the shear in the peripheral region lead to the increase
of the confiment time(rg o (s/¢)°%).
3. Temperature Profile

In this section, we discuss the profile resilience. If we assume a localized deposition
profile as P(r) ~ exp(—(r — Theat)?/A?) and a flat density profile, then we can write
dT [dr o« —{s*/(g?r) fJ P(z)zdz}*/® based on A mode model. Figure 1 shows T'(ry)/{T)
Versus rpe, where r; is the radius of ¢ = 1. We choose the parameters as ¢, = 3.0,
ry = 1/¢., and ¢(r) = go + (g. — go)r®. The peaking factor T(ry)/(T) depends weakly
on the location of heat-deposition maximum(req. ). We also check the half width of the
deposition profile{A = 0.2 —0.5). It seems that the half width of the deposition profile is
not so effective for the peaking factor for ry.q.; < 0.5. Figure 2 shows T'(ry)/(T) versus g,.
The parameters are A = 0.3, 7o = 0.0 and rpea; = 0.4, respectively. The experimental
data are also plotted where we use gogs for ¢,. There is a tendency that the temperature
profile becomes peaked with higher g, (T(r1)/{T}) o ¢ for These = 0.0 and o g3 for
Theat = 0.4). This tendency is also observed in experimental data although the absolute

value is lower than that in the model. Extension of this model to the two-fluids situation

1s future work.
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1.17 Sawtooth Characteristics and Electron Temperature
Profiles from Electron Cyclotron Emission Measurements

N.Isei, Y.Kamada, S.Ishida, M.Sato, M.Kikuchi, H.Kimura, T.Hirayama

1. Introduction
For steady state tokamaks such as SSTR[1] and SSAT[2], control of the temperature

profile becomes one of the most crucial issues for MHD stability since the current and pressure
profiles are strongly coupled through the bootstrap current formation. Thus, the importance of
study on the temperature profile and its controllability significantly increases for optimization of
such a reactor scenario. But according to the principle of profile consistency[3], electron
temperature profiles are very stiff and cannot be controlled. Therefore we investigated whether
Te profile is independent of heating profiles, and what dominates the temperature profile.
2. ECE Measurements

Sawtooth inversion radius is obtained from Grating polychromator diagnostic
system([4]. Te profile is obtained from Fourier transform spectrdmcter diagnostic system [5]. In
those measurements the original location of the ECE in the plasma is determined by the total
magnetic field strength including poloidal fields, toroidal diamagnetic fields and toroidal
paramagnetic fields since the electron cyclotron resonant frequency is dependent on it. The total
field is obtained from equilibrium analysis. In order to examine the accuracy of the determined
location, the magnetic axis from equilibrium analysis (Rax) is compared with the center of the
g=1 surface (R¢) which is the averaged value between inside and outside sawtooth inversion
positions from the ECE as seen in Fig. 1. The ECE location from vacuum fields and that from
total fields are expressed by different symbols in this figure. The difference between Re and
Rgax is large in the lower qeff region for the case of vacuum field. But the difference is very
much reduced by including the internal field effects. However small systematical error is seen
for the case of total field. The cause of this error must be made clear in future.

3. Sawtooth Inversion Radius
The relation between sawtooth inversion radius (rs/a) and safety factor (qeff) is shown

in Fig.2, where the ramp up phase, ramp down phase and flat top phase of the plasma current
are symbolized differently. In steady state, rs/a has the value of about 1.43/geff which
corresponds to the line in Fig.3. The ] dependence of the rg/a for a fixed qeff is shown in
Fig.3. At the flat top phase of Ip, inversion radius increases with Ij and the rate is almost
constant for a geff value. Therefore rg/a can be estimated from 1j and geff. But at ramp down

phase, rg/a can not be estimated from lj and qeff, because the increasing rate of rg/a with Jj is
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small in comparison with the case of flat top phase and the rate is thought to depend on the Ip

ramp down rate.
4, Electron Temperature Profiles

The qeff dependence of the peaking parameter of Te profile (Te(0)/<Te>) is shown in
Fig.4, where the top of error bar corresponds to the peaking parameter just before sawtooth
crash (Te(O)/<Te>TOP ), and the bottom to the peaking parameter just after sawtooth crash
(Te(0)/<Te>BOTTOM) The Te(0)/<Te> increases with geff roughly, although the scatter of
the data is large. The relation between Te(0)/<Te> and sawtooth inversion radius rs/a for the
case of neutral beam (NB) heating and ion ¢yclotron (IC) heating are shown in Fig.5 and Fig.6,
respectively, with the data which have almost the same qeff value of 5, and longer sawtooth
period than O.1sec. In the figures top and bottom of the peaking parameter are symbolized
differently. In both cases of NB and IC heating with long sawtooth period, Te(0)/<Te> at top is
nearly constant against rg/a, although Te(0)/<Te> at bottom decreases with rs/a. The
Te(0)/<Te> at top is clearly higher in IC heating than in NB heating from the figures. This is
because the difference of heating profiles, which is more peaked in center of the plasma in IC
heating than NB heating, affects the Te profiles. On the other hand Te(0)/<Te> at bottom is
affected by sawtooth much and the heating profile effect is not clearly seen. The 1j dependence
of Te(0)/<Te> at top in NB and IC heating are shown in Fig.7 with the same condition of data
as fig.5 and 6. For a fixed lj, Te(0)/<Te> at top is clearly higher in IC heating than NB heating.
This is because the difference of heating profiles affects the profiles. As observed in NB
heating, the 1; dependence of the Te(0)/<Te> is not clear. This is because the heating profiles in
NB heating are independent of 1. On the contrary in the case of ohmic heating, the different
relation between Te(0)/<Te> and lj from the case of NB heating can be seen. Figure 8 shows
the Te(0)/<Te> (averaged value at top and bottom) against 1j. In the figure closed symbols stand
for the sawtooth-free data and open symbols for the data with sawtooth, and the different
symbols are used for each region of the qeff values. The data with sawtooth-free or small
inversion radius are situated near the line in Fig.8 because of the relation between rg/a and ]; as .
seen in Fig.3. Therefore Te(0)/<Te> is found to depend on }j for the plasma affected by
sawtooth weakly in ohmic heating. Since the heating profile in ohmic discharges is directly
coupled with the current profile, this 1; dependence on Te(0)/<Te> may represent the heating
profile effect on Te(0)/<Te> in ohmic discharges.
5. Conclusion

Sawtooth activity strongly affects the formation on the Te profile with decreasing qeff,
so that the Te profile appears to be dependent on the geff. The heating profile effects might be
masked in the sawtooth activity. In case that such a profile flattening effect by sawteeth is
small, the Te profile can be changed by heating profiles as shown for NB and IC heating. In
ohmic heating, the 1; dependence of the Te profile for sawtooth-free or small inversion radius
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discharges is suggested to result from ohmic heating profiles. Carefully by eliminating the
sawtooth effects on the Te profile, the heating profile effects on the Te profile is emerged,

which would increase the possibility of temperature profile control for future tokamak reactors.
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1.18 Energy Confinement in Ohmically Heated Plasma
N.Isei, T.Takizuka, M.Kikuchi, H.Shirai

1. Introduction
Energy confinement in ohmically heated plasma is investigated using Te from ECE by

Fourier transform spectroscopy([l], Zeff from visible bremsstrahlung, two-channel FIR
interferometer, neutron emission rate, and magnetics. Toroidal field strength of the data is 4T

and the plasma current values are 1.2, 2.0, 2.5 and 3.0MA.

2. Electron Temperature and Jon Temperature
For the purpose of checking the accuracy of measured T, the resistive loop voltage is

calculated using neoclassical resistivity with Te and Zeff including bootstrap current correction.

The calculation is compared with the measurement as seen in Fig.1. The calculation agrees with
‘measurement within ~10% although it is somewhat less than measurement. In order to explain

this small discrepancy, we probably need Zeff up (~10%) or Te down (~5%).

Ton temperature is calculated from the neutron yield with uniform ion energy
confinement time (TE;)[2]. One of the calculated Tj is compared with the CXRS measurement
with short pulse diagnostics neutral beam injection[3]. The measured Tj profiles at t=7.04s are
shown in Fig.2 together with that calculated at t=8.5s where both ne and Tg are almost same.
The central ion temperature is agree with calculation. But the temperature seems to be somewhat
overestimated. But it is not clear whether this is true. So far, this difference will make up to

30% error on the TFj.

3. Comparison of The Stored Energy

Comparison of the kinetic total stored energy (Wkin) with the diamagnetically measured
energy content (Wdia) is shown in Fig.3. The agreement between the two evaluations of the
total energy contents is good, but Wdia is larger than WKin and the difference seems to increase

with current of the plasma.

4. Energy Confinement Time
Density dependence of the energy confinement time (tkin), which is obtained from the

kinetic stored energy and TEj, central ion temperature (Ti(), central electron temperature (Te(),
Zeff, electron total stored energy (We) and kinetic total stored energy (We+Wj) are shown in
Fig.4~7. The tEj values of about 200msec to 500msec are obtained, and TR decreases

with ne. This tendency is also observed in JT-60[4]. The maximum tkin value of about

850msec is obtained, although the saturation density of TKin is not clear.
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5. Scaling of The Confinement
The energy confinement time tKin is compared in Fig.8 with the predicted value tNA

from the neo-ALCATOR scaling defined by

NA =0.007 x K-S RZaqane , »
where K is the ellipticity, R is the major radius, a is the minor radius, da =5(I+K2)a2B;/2RIp
denotes the cjzlindriéal safety factor at the plasma surface. Fig.8 shows the systematical
difference between tNA and tKin and the large scatter. The main reason of the scatter is
thought to be the lack of the term indicating input power (Pgh) in eq.(1), because the Pph can
not be expressed simply by Ip and ne as seen in Fig.9.

By considering the term of Pgh as

18 = 0.34 x 1,06 x ne07/Poh | 2)
energy confinement time is reproduced very well. The comparison between kin and 1S defined
by €q.(2) is shown in Fig.10. The standard deviation of the scatter is 3.5%.

The thermal energy WGB which is obtained from GyroBohm type scaling[5] and
WWGB from Weak-gyroBohm type scaling[5] are compared with kinetic total stored energy
wkin in Fig.11 and 12, respectively. The agreement between wOGB and wWkin is good from
Fig.11. By considering the term of (Te/T7) and j as

wGB# = wGB x (To/T)0-6 x ;0-5 (3)
agreement is improved further as seen in Fig.13 and the standard deviation is reduced from
7.1% to 3.8%. The agreement between wWOGB 4nd Wkin is not so good from Fig.12, but the
scatter is very small and the standard deviation is 3.5%. By considering the term of (Te/TH) as
WWGB* - wWGB x (To/T1-2, (4) '

agreement is improved as seen in Fig.14, but the standard deviation increases to 7.2%.
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2 High Poloidal Beta Confinement

2.1 Fusion Performance of High Poloidal Beta Plasmas

S. Ishida, T. Nishitani, Y. Koide, M. Kikuchi, R. Yoshino and JT -60 Team

1. Introduction

A goal of high 3, study in JT-60U is to show the feasibility of high §, operation for a
steady state tokamak reactor such as SSTR [1] particularly under the reactor-relevant conditions.
The S, value is defined as B, =2,ua<p>/§p2, where <p> is the volume-averaged plasma pressure
and ETP is the averaged poloidal field at the plasma circumference calculated as B, p =yoipl(fd1).
The JT-60U tokamak can operate for a high field non-circular divertor configuration with a
high aspect ratio similar to the SSTR concept, which may be beneficial to such a reactor-oriented
study. Following the high S, experiments for hydrogen plasmas in JT -60 [2], high B, experiments
for deuterium plasmas were extensively performed in JT-60U [3], in which a highly enhanced
regime of plasma confinement was achieved in excess of the requirement of the reactor design.
For the high §, plasmas, the bootstrap current was a dominant fraction in the plasma current
under negligible beam driven currents. The present paper describes the fusion performance of
the discharges in the high §, enhanced confinement (HPEC) regime obtained in the April and
August run of JT-60U in 1992.

2. Operation

An extreme plasma configuration was chosen to be located inward in the vacuum vessel
in order to satisfy the central beam deposition according to the vertically inclined perpendicular
neutral beam lines. The resulting small bore plasma (~ 50 m’) with an aspect ratio of ~ 4.3 was
immune from fast ion losses due to the significant toroidal field ripple; the maximum ripple rate
was at most ~0.3 % at the plasma surface. This divertor configuration was almost fixed
throughout the experiments, with, typically, a major radius of R,~3.05 m, a minor radius of
a~0.71 m, an ellipticity of x~1.7 and a toroidal field of B,~4.4 T at the plasma center. The
plasma current, I, was varied in the range of 0.6- 1.9 MA (9,=5.5-17 or g*=4-11); .18
the effective MHD safety factor and g* is the cylindrical equivalent safety factor defined as
g*=nd B (1+1°)/(14,R ] ). The central heating and fueling into a low density target plasma was
by perpendicular neutral beam injection up to 22 MW with a beam energy of ~90 keV. The
off-axis tangential beam injection was additionally used for increasing the total injection power
up to 28 MW, _

The first wall of the JT-60U was almost fully covered with carbon/carbon composite
graphite tiles for divertor plates and isotropic graphite tiles for other wall surfaces, and the wall
temperature was kept at ~ 290 °C during the experiments. To obtain a low density degassing
discharge, helium glow discharge cleaning was carried out every night and helium Taylor
discharge cleaning was carried out between shots. In addition to the low recycling condition,
the suppression of resistive internal modes such as sawteeth and m=1 modes plays an essential
role in obtaining the large enhancement of confinement. So, the sawtooth free target plasma
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was produced by controlling the target internal inductance. No carbon bloom was observed
within the present power level.

3. High Performance Discharge

Figure 1 shows the waveforms for a typical high performance discharge at g,=63 or
g*=4.4 with IP=1.7 MA and B,=4.4 T in the HPEC regime. The W, reaches 5.7 MJ, at
which the line-averaged electron density 7, is ~3.4 x 10" m’?, the absorbed heating power is
P, =22.6 MW and the global energy confinement time 7 is 0.28 s. The deuterium-deuterium
(DD) fusion neutron rate, S ,, increases up to 2.8 X 106 n/s. The enhanced confinement phase
is sustained for ~0.8 s and terminated by the occurrence of a B, collapse at €8,=0.37.
Thereafter, a significant increase in D, emission (D,*") from the divertor plasma and radiation
fosses from the main and divertor plasmas (P_,”*" and P_ 2", respectively) occurs with enhanced
recycling. The radiation losses from the divertor plasma tend to be suppressed so that the
radiation losses from the main plasma can be dominant in the total radiation losses. For this
discharge, the total fast ion losses including the ripple trapped and the banana-drift diffusion
losses due to the toroidal field ripple were calculated to be ~2.5 % of the injection power,
which were remarkably smaller than those for other configurations in JT-60U. The enhancement
factor of the energy confinement time against the ITER89-P L-mode scaling defined as H=
TE/'rEL'”"’d' was 2.2 and the Troyon factor defined as g=ﬁ,[%]/(IP{MA]/a[m]B IT]) was g=1.8
just before the f§, collapse. In the above discharge, the central ion temperature 7(0) and
electron temperature T (0) reaches ~35 keV and ~ 12 keV, respectively. As shown here, high
temperature plasmas relevant to a future fusion reactor were routinely obtained in the HPEC
regime, where the the ion temperature 7T, reached ~ 38 keV, which is the record value of ion
temperature in all the tokamaks, and electron temperature T upto~12keV. The fluctuation of
the central ion temperature indicated in Fig.1 appears to be substantial as it has some correlations
with the other diagnostic data such as D,, soft X-ray and line density signals. However, it
should be noted that relative increase in the background light in the central region would result
in an enhanced error of the charge-exchange recombination $pectroscopic measurements.

4. Fusion Amplification Factor

In this regime, the neutron rate S, was si gnificantly increased approximately in proportion
to the square of the diamagnetic stored energy as shown in Fig.2, which is similar to the
feature of TFTR supershots [4]. The maximum fusion power reached 34 kW corresponding to
the maximum neutron rate of 2.8 x 10" n/s obtained for the above high performance discharge.

The S, and the DD fusion amplification factor Q,, are plotted for different current
regimes as a function of gf, in Fig.3, where the @, is simply defined as (fusion
power)/(absorption power). The achievable S, reached 2.8% 10" n/s with Qpp=1.5%10" at
q¢ﬁ£6.3 (g*=4.4) and £B,=0.37. This neutron rate was calculated to be composed of 53 %
thermal-thermal, 36 % beam-thermal and 11 % beam-beam contributions. The tendency of §,
increasing roughly in proportion to (e85, ¥ for a given plasma current is shown here. Since the
gf3, limit by the B, collapse tends to decrease with increasing the I, the S, appears to become
peak at lower £f, with increasing the [, As shown in the bottom figure, the Oy, appears to be
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well correlated with £5,. The maximum attainable O, of ~ 1 9% 107 was achieved for both low
and high current regimes with /,=1.2 MA (g,,=8.0 or g*=5.6) and I,.=1.9 MA (g,,=5.5 or
g*=4.0), respectively. Provided that deuterium beams were injected into a 50 % deuterium and
50 % tritium plasma current, the equivalent DT fusion amplification factor, Opr, calculated
would be ~0.29 without dW/dt correction for the maximum @, shot with §,=2.6X 10' n/s at
1,=1.9 MA, in which the contribution from the thermonuclear reaction is ~38 % of the total DT
neutron rate. If the dW/d: correction is included, the equivalent @, value would be ~0.31.

5. Fusion Triple Product

For the present plasma configuration, the n,(0} and Z,; values could not be directly
measured, while line-density measurements with two off-axis chords were available. Here,
these values are inferred from a kinetic analysis by scanning the n, profile with Z_, to be
consistent with the measured values such as line-density, neutron rate and stored energy. Some
of the inferred n, profiles are validated using the data from a COz2 laser interferometer with a
tangential chord through the axis. A diagram of the evaluated fusion triple product of n{0)}7,T{0)
as a function of T(0) is presented in Fig.4, in which the attainable n{0);T (0) value is shown
to reach ~4.4x10® m™ s- keV with Z, 3 for the above maximum S, shot with [,=1.7 MA.
The evaluated nn(0)7. T (0} values have a reasonable linear correlation with the O, values for
the high j3, discharges as shown in Fig.5.

6. Conclusion

A highly enhanced confinement regime with the A factor up to ~ 3 was achieved for the
high B, operation, for which operational methods such as the adjustment of plasma configuration
to the beam lines, wall conditioning and current profile control (or consequent MHD control}
were established. The operational plasma current was extended up to 1.9 MA with increasing
beam injection power up to 28 MW. The discharges represented: high confinement performance
characterized by T,~38 keV, T,~12 keV and H~3; high fusion performance by §,~2.8% 10
n/s, Opp~1.9% 107, equivalent Q,;~0.31 and n(0)7,T,(0)~4.4x 107 m™ s- keV. The T(0) of
38 keV was the highest value obtained in tokamak plasmas. The attainable n(0)7T( ) value
reached about a half of the highest value obtained in JET 5], exceeding the TFTR results [6].
These results are not only promising for future high 3, tokamak reactor, but also represent that
the JT-60U has the potential of leading the high j3, operation in existing tokamaks.
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2.2 Enhanced Confinement of High Poloidal Beta Plasmas
S. Ishida, Y. Koide, T. Fujita, N. Isei and M. Kikuchi.

1. Introduction

In the high S, operation of JT-60U, a highly enhanced regime of plasma confinement
was achieved with reactor-relevant high temperature up to ~38 keV and energy confinement
times up to a factor of ~3 above the ITER89-P L-mode scaling in excess of the requirement of
the reactor design for SSTR. To extrapolate the future reactor plasma in such a high B, regime,
confinement characteristics of the high B, enhanced confinement regime (HPEC) obtained in
JT-60U have been extensively investigated by scanning the plasma current, beam power and
current profile (or internal plasma inductance, ).

In the high 3, regime, a favorable relation for future prospects of high B, operation was
obtained between the L-mode enhancement factor and the £, value. Some mutual dependence
of scaling parameters such as plasma current and heating power for the enhanced confinement
are observed while not seen for the L-mode plasma. To see the relation between confinement
and current profile, the /, dependence of the confinement was investigated. All the results
discussed here suggest that the HPEC plasmas are underlined to be distinctive to the L-mode

plasma.

2. Confinement Evaluation Basis
The ﬁ value from magnetic measurements is defined as ,3 2,ua<p>/8p , where <p> is
the volume-averaged plasma pressure and B, p is the averaged poloidal field at the plasma
circumference calculated as B, =/, /(Jdl}. Here, the total B, value defined as §,=(8, “+2[,%)/3
is obtained from an approximate expression of [, = (2A-I+ B, %y/3 assuming the [ value is
constant during beam injection, where 3, and 3,7 are the diamagnetic and equilibrium poloidal
beta values, respectively, A=J,7+1/2 and [ is the value for the target Ohmic plasma just before
beam injection. The total §, values calculated from the above approximation are in good
agreement with equilibrium calculations based on full magnetic fitting [1]. This total magnetic
pressure is used for evaluation of global confinement properties throughout the present paper
unless otherwise noted. The total magnetic stored energy, W, is ~2-10 % smaller than the
diamagnetic stored energy, W ;,, due to pressure anisotropy.

2. High Temperature Plasmas

High temperature plasmas relevant to a future fusion reactor were routinely obtained in
the HPEC regime with ion temperature T; up to ~ 38 keV and electron temperature T,upto~12
keV. The T, was measured by charge exchange recombination spectrometers using a carbon VI
emission line (5292 A). The T, was obtained from electron cyclotron emission (ECE)
measurements for second harmonic extraordinary mode using a fast scanning Michelson
interferometer absolutely calibrated.

In Fig.1, typical ion and electron temperature profiles of a high B3, plasma with a=0.71,

—_ 76_
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R,=3.04 m, k=17, ;=17 MA, B=42 T, o~ 3.4x10" m?®, P,;=22.6 MW and £f8,=0.37
are compared w1th an L mode plasma with the similar parameters of [,=1.7 MA, B = =42 T,

fie~4x10" m™? and P,,;~24 MW but a larger configuration of a=0. 83 m, R, =3. 2 m and
x=1.6. As shown here, the high temperature plasmas were characterized by a highly peaked T,
profile and a broad T, profile in comparison with the L-mode plasma; the central values of T,
and T, are ~5 and ~2 times, respectively, higher than those of the L-mode plasma.

3. Poloidal Beta Dependence

A highly enhanced confinement regime with energy confinement times up to a factor of
~3 above the ITER89-P L-mode scaling was identified in the high 8, operation up 10 £f3,~0.5
in JT-60U. The H factor is shown in Fig.2 as a function of £f3, for different current regimes in
the range of I,=1.1-1.9 MA (g,,~5.5- 8.4 or g*~4.0-6.2) at B,~4.4 T, g, is the effective
MHD safety factor and g* is the cylindrical equivalent safety factor defined as g* =
rd B (1+K°)/(u R A,). As shown in this figure, the H factor linearly increases with gf,uptoa
factor of ~3 above the L-mode scaling; or up to a factor of ~ 1.7 above the JET/DIII-D H-mode
thermal confinement scaling [2]. It also seems to be mostly independent of 1. As indicated by
the closed symbols, the 3, collapses occurred for the high H factor dlscharges above H~2.0.
Such the strong dependence of the H factor on gf, would increase the prospects of the high f3,
tokamak reactor with a large bootstrap current fraction and a high enhancement factor.

4. Power and Current Dependence

Supershot studies in TFTR have shown the weak or rather negative dependence of
energy confinement times on plasma current and total heating power as T;=W /P, =P, ooer 0
[3], which seems to be favorable for the future reactor. In JT-60U, independent scans of the
scaling parameter have been widely performed to identify the underlying mutual dependence of
the scaling parameters in the confinement features.

The dependence of the enhanced confinement on net power and plasma current has been
investigated in the wide ranges of [,=1.1-1.9 MA and Py,=5- 28 MW at B,~4.4 T, in which
power scan experiments were carned out for 7,=1.1 MA and 1.2 MA within the range of
Pyyp=5-22 MW. The variation of the energy conﬁnement time 7, and the H factor as a function
of the net power P, is shown in Fig.3 for the same subset of discharges shown in Fig.2.
Here, the P, is dcﬁned as P_=(P, -dWidt)=(P,,-dW /dt) and the global energy confinement
time from magnetic measurements as T;=W/P,,. The attainable stored energy reached W=3.9
MJatP_=16.6 MW for [,=1.9 MA.

As typically shown forf,=1.1-1.2 MA (q,=8.1-8.4 or g*= 5.6-6.2), the attainable 7;
for a given current tends to increase with the P, and reach a maximum value, above it rapidly
decreases. As compared to the regime of 1.8-1.9 MA (g,,=5.6-5.8 or ¢*=4. 0-4.2), an
optimum power to maximize the 7; or H factor at a given current appears to increase with the
I. This power dependence closely coupled with the 7, is essentially different from that for
L mode or H-mode type discharges; which can be also obtamed even if the absorption power
was used instead of the net power, in contrast to the report of TFTR supershots {4]. Note that
the contribution of the dW/dr correction in the net power ((dW/dt)/P,,<0.3 for most cases)
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might be more significant in JT-60U than in TFTR. Thus, it can be concluded that an appropriate
choice of the operating current according to the power level would result in the apparent weak
dependence of the enhanced confinement on the power. It should be a future work to see
whether a slight decrease in the attainable 7; and H factor with increasing I, as shown in
Fig.3, represents the substantial safety factor dependence.

5. Current Profile Dependence

The current profile of the discharges may affect the enhanced confinement as well as
MHD stability as recently discussed for L-mode plasmas. The target internal inductance, [,
was controlled by changing the beam injection timing without current ramp to investigate
whether the confinement and stability in the HPEC regime can be affected by the current
profile. In Fig.4, the obtained €f, and H factor are plotted as a function of the [/*** just before
beam injection for a high g region (7.0<¢q,,<11 or 5.0<¢*<7.4) with [,= 0.9-1.4 MA at
B ~4.4 T where the coupling of g and /; would be weaker than in low g regime. As the target /;
is not so changed during the beam injection, the / during beam injection can approximate the
target /. Sawtooth and m=1 mode activities were observed in the range of the J; above ~1.2
resulting in signiﬁcant confinement degradation. In the lower /; region below ~ 1.2, the highly
enhanced confinement was obtained without these activities and other significant modes.

As seen in Fig.4, the attainable £f3, values are decreased with decreasing the /; below an
attainable limit line of eﬁp~0.4xli2, suggesting that the broadened current profile reduces the
stability limit. On the other hand, the attainable H factor on the /, appears to be almost constant
for the [<1.2, or insensitive to the /. This may imply that the current profile does not
significantly affect the formation of the enhanced confinement at a given safety factor region if
the plasma is MHD-stable. A high target /; discharge without sawteeth was required to increase
a stability margin rather than to improve the confinement by increasing the L.

6. Conclusions

A highly enhanced confinement regime with the H factor up to ~ 3 was achieved for the
high 3, operation in JT-60U. The power dependence of the enhanced confinement is closely
coupled with the plasma current, resulting in the apparent weak power dependence by changing
the current according to the power level. It suggests that an optimum combination of the power
and the current exists to maximize the confinement enhancement for a given toroidal field. The
confinement enhancement appears to be insensitive to the current profile, but the stability limit
is rapidly reduced by decreasing /.
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2.3 Fusion Reactivity

T. Nishitani, S. Ishida and Y. Kamada

1. Introduction
The high Bp plasma of JT-60U is characterized by the high ion temperature and the high

fusion reactivity. The highest ion temperature of 38 keV and the highest neutron emission rate of
2.8 x 1016 n/s were obtained in 1992. The fusion reactivity is a suitable parameter rather than the

stored energy to evaluate the plasma performance, because that represents the fusion power itself.
This paper describes the plasma parameter dependences of the fusion reactivity for the high Bp
plasmas. The fusion reactivity analysis and the Qpr evaluation of the typical high Bp plasmas were

analyzed using the 1.5 D tokamak code.

2. Plasma Parameter dependences of Fusion Reactivity.
Figure 1 shows the heating power dependence of the neutron source intensity in the high
Bp plasmas. The neutron source intensity increases with the heating power as Sy = 1 x 1015

Pabs(MW) 1/s, where Sy, is the neutron source intensity, and Paps is the absorbed heating power.

The dependence is weaker than that of the TFTR > 3 o to(<1.1IMA) ‘ ' " n

super shot, Sp ~ Paps!-8. As reported previously % b :ﬂg;}ﬂm ) ou :

[1], the neutron source intensity is proportional to E w2 b :EE:?:Z::Q; o og_o.E - 1

W2, where W is the stored energy. The £ ; % c;gup ]

dependences on the heating power and the stored @ = St o CSQ’; a o ;

energy require the power degradation of the E | oy 0580’9 c

energy confinement time as Tg = W/Pabs > Papg E Ay l 1

1/2_ The linear dependence on the heating power % 5 10 15 20 25
Pabs (MW}

indicates that the fusion gain Qpp is constant for
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Fig. 2 Density dependences of the neutron source intensity and the central ion temperature.
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Density dependences of the neutron source intensity and the central ion tcmperaturc' are
shown in Figs. 2(a) and 2(b), respectively, where the ion temperature was measured with the
CXRS. The maximum neutron yield was obtained in the electron density around 3.4 X 1019 m-3,
whereas, the maximum ion temperature was obtained around 2.0 x 1019 m-3, which indicates that
the optimum density for the neutron yield is higher than that for the ion temperature. The neutron
yield was limited by the Bp collapse for the n, lower than 3.4 X 1019 m-3, It decreased beyond the
density, which is provably due to the off-axis beam deposition in higher electron density, where
the the Bp collapse has no longer occurred.

The plasma current dependence of the Qpp is shown in Fig. 3. The upper envelope of the
Qpp increase with Ip in the range 0.7-1.2 MA, which confirms that the poloidal B limit increases
with the Ip. However, the Qpp is saturated to be 1.9 x 10-3 or little bit decreases with Ip larger
than 1.2 MA, which is provably due to the increase in the density with the Ip. Most of the highest
Qpp.was obtained around 1.2 MA. However, we have possibility to improve the Qpp in the high
density regime by increasing the beam energy, which provides the center deposition of the beam.

We investigated the effects of the current profile on the neutron yield by varying the
injection timing of the NB in the tokamak discharge. Figure 4 shows the /; dependence of the
neutron source intensity. In a given Ip, the upper envelope of the QpD increase with the /; until the
threshold for sawteeth due to the increase of the poloidal B limit. The neutron yield dcgradés
significantly in the sawtooth regime, which suggests that the beam fast ions are pushed out from
the core by sawteeth. The sawtooth threshold of the /i decreases with the Ip as reported by
Kamada[2]. Therefore we have to inject the NB in the early phase of the discharge for the high Ip.
If the sawtooth stabilization in the high Pp plasma using the ICRF or something like that, the

neutron yield would be improved in high ; regime.
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Fig. 3. Plasma current dependence of ODD Fig. 4 I; dependence of the neutron source intensity.

3. Fusion Reactivity Analysis
The fusion reactivity of the NB heated plasma has three contributions: the thermal-thermal,

beamn-thermal and beam-beam reactions. The profiles of those fusion reactivity components have
been analyzed for the typical high Bp plasmas using a steady-state 1.5 D tokamak code TOPICS.
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The D-T plasma performance have been projected from the obtained fusion reactivity in the D-D
plasma. The analyzed discharges are listed in Table 1. The highest neutron yield, Qpp. the ion
temperature and the stored energy were obtained in shots EQ16023, E016039, E016045, and
E016040, respectively. The shot E016160 of the hot ion H-mode was analyzed as a reference.

Table 1. Analyzed shot list.

Shot No. Ip (MA) Pabs (MW) Sn (1016s-1)  Wdia (M) Ti0 (keV) Mode
E016023 1.67 23 2.8 5.7 35 Bp
E016039 1.86 17 26 6.0 30 Bp
E016045 1.85 19 1.8 4.9 38 Bp
E016023 1.85 21 26 6.1 30 Bp
ED016168 5 24 1.9 7.7 20 H
. 8 T T T T T
Figures 5(a), 5(b),and 5(c) show the ) (2)

7 —e— E016023
profiles of the electron density, the ion | $OTE016045 |
temperature, and the electron temperature of those € 5 | —e-Eotcom |

=] - EQ163
discharges, respectively. A couple of sightlineof © 4 ) = =
the FIR interferometer have almost same tangent 5 3 ¢
j =
radii for the high Bp configuration so that the 2
electron density profile is assumed to be parabolic 1
as ne0 [1 - (r/a)2]m , and the power m is 0 ] — D —
determined to reproduce the stored energy and the q (b) e Eoreozs
~—5— E016045
neutron emission rate within their measurement 309 o corsaso| |
uncertainties. In EQ16024, the electron density % - E016158
. X320
profile was derived from the FIR interferometer ” *
-
and the CO, interferometer with tangential beam Lol
~ line. The peaked electron density profile was
performed in the high neutron yield discharges. 0 : -
The hot ion H mode and the highest ion ) (c) [Feoem
temperature shot have flat electron density 10 T E0u06s
. , —e— E016040
profiles. The ion temperature profile is peaked in 8 -o Eoisies| |
- -
the high Bp plasmas. The electron temperature L6 oo,
profile is also peaked in the high Bp plasmas more o4
than in the hot ion H mode plasma. o L
" The fusion reactivity profiles for E016023
and E016045 are shown in Figs 6(a) and (b), 0 0.2 0.4 0.6 0.8 1

r/a

respectively. The thermal-thermal reactions are )
Fig. 5 Profiles of the eleciron density, the ion

dominant in E016023. On the other hand’- the temperaiure, and lhe electron temperature of
analyzed shots.
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beam fusion reactions, which are beam-thermal and beam-beam reactions, are contributed more

than 90% of the total reactivity.
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Fig. 6 Fusion reactivity profiles for E016023 and E016045.

The performance of equivalent D-T discharge was simulated by assuming DO beam
injecting and 50/50 D/T target plasma.using same temperatures and electron density profile, Zeff,
beam power, and other parameters as a comparable D-D discharge. The analysis results are
summarized in Table 2. The ratio of Qp1/Qpp is 170-200 except E016045, which is consistent
with the result of TFTR supershots, 180 - 200. -

Tables 2 Extrapolation to the equivalent D-T plasma
Shot No. D-D plasma Extrapolated D-T plasma

T-T BT BB QoD RpT TT BT Qpr
E016023 3% 36%  11%  1.5% 1073 2.0 x 1018 55%  45%  0.25
E016039 36%  51% 13%  1.8x 103 1.8 x 1018 8%  62%  0.29
E016045 5%  37% 58%  1.1x107 6.7 x 1017 9%  91%  0.10
E016040 30% 50% 20%  15% 103 1.6 x 1018 3% 67%  0.21
E016168 38%  52%  10%  1.0x 1073 1.7 x 1018 8%  62% 020

T-T, B-T, and B-B represent thermal-thermal, beam-thermal and beam-beam reactions, respectively.

Conclusion
The neutron source intensity increases linearly with the heating power. The optimum

density for the neutron yield is higher than that for the ion temperature. In a given Ip, the Qpp
increase with the 1; until the threshold for sawteeth. The neutron yield degrades significantly in the
sawtooth regime. The peaked electron density profile was performed in the high neutron yield
discharges. The thermal-thermal reactions are dominant in the high neutron yield discharges. On

the other hand, the beam fusion reactions are dominant in the highest ion temperature discharge.

References
(1] ISHIDA, S., et al.,in Plasma Physics and Controlled Nuclear Fusion Research, IAEA-CN-

56/A-3-5, Wiirzburg, 1992.
(2] KAMADA, Y, etal, ibid.,JAEA-CN-36/A-7-13, Wiirzburg, 1992.
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2.4 Equilibrium Analysis and Pressure Anisotropy
of High Poloidal Beta Plasmas

T. Fujita, S. Tsuji and S. Ishida

1. Introduction
The equilibrium poloidal beta (3p% and the internal inductance lj are obtained by the

equilibrium analysis based on magnetic data outside the plasma when the plasma shape is an
elongated one [1]. When the plasmas pressure is not isotropic, we can define Bg and B;‘ as

g=2p0<p//>/ﬁ?and B§=2p0<pl>/§;2, respectively. Here p// (pt) is the plasma pressure
paraliel (perpendicular) to the magnetic field and By=polp/(fdD). Since B3=(By+Bp)2 [2]
while Bﬁiaz Bé,', the pressure anisotropy can be investigated by comparing B;q and ﬁfa, where
Bgia is the poloidal beta obtained by the diamagnetic measurement.

Usually, NB-heated plasmas in JT-60U have Jarger perpendicular pressure than the
parallel one since 10 units of NB are injected nearly perpendicularly while 4 units are injected
nearly tangentially. The equilibrium analysis was done and the pressure anisotropy was
studied for high poloidal beta (Bp) plasmas in J T-60U [3]. The high Pp plasmas are suitable
for the anisotropy study because its poloidal beta can be obtained with good accuracy due to
the large value of B,. The dependence of anisotropy on the plasma density and the tangential

beam power fraction was investigated.

2. Analysis Method
. We search an equilibrium which minimizes the deviation from the measured magnetic

data. The current density profile is assumed as j(w,R)=jo([3c0Rpr+(1—[3co)Rp/R)x
(1+aw+w2-(1+a+y)\p3), where Y is the normalized poloidal flux function (y=0 at the axis
and y=1 at the surface). The above function has four parameters; 3o, Bco, @ and v. We scan
Bco and o to change Pp and 1 while jo and v are determined so that Ip and g(0) become
specified values.

The currents of the poloidal field coils are fixed to the measured values except for the
passive horizontal field coils, and four types of imaginary poloidal fields (uniform vertical
field, uniform horizonta} field and two kinds of quadrupele fields with different phases) are
applied to keep the plasma position. The values of passive coil current and the imaginary
fields are determined so as to minimize the deviation of calculated poloidal flux at flux loops
from the measured one.

We scan Pcg and ¢ to search those which minimize

i ey ey oo
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=Zw (il yie*P) 2+ Zwpi(B picm'Bpich)Z‘*‘Wv(B veah2
where w;, wp; and wy are coefficients to adjust the weight for each signal and Byl is the
magnitude of the imaginary uniform vertical field. Ideally, we must get the same solution if
we use Y2 or b2 instead of x2+yp2+xv2. We found, however, that we get invalid solutions
which have a very large value of A=[°4+1;/2 when we use v2 while we get relatively good

solutions when we use Yp2 only. Therefore, in the analysis here, we omit xf2 and use

y2=yp2+yv2 as the function to be minimized.

The value of q(0) is unknown and we
must specify its value. For typical cases,
q(0) was scanned between 0.75 and 2.75,
but the values of x2, Bp and J; do not vary
much; the change of 2 is less than+9% of
its mean value and the changes of Pped
and 1j are less than 20.03 and z0.05,
respectively. In the analysis here (B=4.4T),
we use g(0)=1.75 for 0.9MA<]p <1.5MA
and q(0)=1.5 for 1.SMA<Ip<ZMA.

3. Results

First we analyze the OH phase of high
Bp experiments to check the accuracy of the
code. Since the pressure is considered to be
isotropic for OH plasmas except for
runaway discharges, we have fed=B,dia
and we can get |j as [j=];FBI=2(AFBL-pdia),
Here AFBI is the value of A obtained by
FBI (Fast Boundary Identification) code
which determines the plasma position, the
plasma shape, Ip and A by the filament
method [4]. In Fig.1, Bp®4, I; and A obtained
by the equilibrium analysis are compared
with Bpdia, ;FBI and AFBI, respectively.
Closed circles denote the data for OH
plasmas just before NB injection, while
squares about 1 second after the termination
of NB. For the case before NB injection,
Bped is lower than Bpdia by =0.04 and ] is

CH, High l}p Exp.
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higher than I;FBI by =0.08. For the case after the termination of NB, however, we find good

agreement for both Bp and 1;. Therefore we use the obtained value of Bpeq without correction,

though we might underestimate it, and regard it as having a statistical error of 0.04, which

corresponds to the error of Bped/Bpdia of 0.02 at Bpdia=2.

As for NB phase, the analysis has been
done for almost all shots of high Bp
experiments in 1992. The time was chosen
when Wdia reaches its maximum. Obtained
beta values are compared with Bpdid in
Fig.2. For high Bp experiments in April, we
find Bpea=0.85Bp9i3, which means that
Bpet=0.90Bdia or that wdia is about 10%
overestimation of the true total stored
energy. The pressure anisotropy is smaller
for high Pp experiments in Augusy
Bpta=0.93B,dia. This is because the
tangential NB was injected in August in
addition to the perpendicular NB while only
the perpendicular NB was used in April.
Dependence of Bed/Bpdia on the tangential
beam power fraction, Png(tang)/Png(total),
is plotted in Fig.3 for the data in August.
The value of B,°9/Bpd1a becomes larger with
the increase of Pnp(tang)/Pnp(total). We
get Ppta>Ppdia for the case that only the
tangential NB is injected, though such cases
are not included in the high Py experiments.

The total stored energy WOl is obtained
as Wtot=(Wdia,2Wea)/3, where W is the
stored energy by the equilibrium analysis.
In Fig.4, W't is compared with W2PP which
is the approximate total stored energy
obtained from AFBI assuming that }j does
not change during beam injection [5] for the
data in August. We find good agreement
between WOt and WaPP, which reflects the
fact that the change of ljis small during

High B Experiments in April
g “XP p

3 T ! T
(a) I
2.5 E'/BP'Q= U.BSﬁpdl.
2 e
g.15 j’
o W
1 A
0.5 ’/

0
g0 05 1 15 2 25 3 35 4

dia
ﬁp
High BP Experiments in August
3 T i
(b)
2.5 - d ]
] // B,'%=093 ;3;“'
2r d ]
o
® e 1.5
= ,
b i
17
»
0.5

0
o 05 1t 15 2 25 3 3.5 4

dia
l3F‘

Fig.2. B," as afunction of B, % for high B, experiments
(a) in April and (b) in August.
High 3, Experiments In August

1.1
1 -
v . }
-
%a . o‘ ...'o . .
S gl . .00 0,
5 9 a .
0.8
0.7
0 p.a5 0.t 0.15 0.2 025 0.3 0.35

Pnu(tang)lPNa(totaI)

Fig.3. Dependence of pressure anisoiropy on the
tangential beam power fraction for high B, experiments in
August.
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beam injection. Note that the time analyzed o )
High 5,, Experiments in August

in Fig.4 is almost less than 1 second after 7
the start of beam injection. When we treat B
the case of longer NB pulse operation, the 5 r/
change of 1; cannot be neglected and W3aPP g 4 /'.,-
will be inaccurate. §; 3
When only the perpendicular beam is 2
injected, the magnitude of the pressure 1

anisotropy reflects the beam component 9
0t z 3 4 5 6 7

fraction in the total stored energy. This W2PP [MJ]
fraction will be larger when the beam Fig4. Comparison of Wi*!with WP for high B,
experiments in August.

slowing-down time gets longer if the bulk
High Bp Experiments in April

energy confinement time is same. Figure 5 0.95
shows the dependence of the pressure J
anisotropy on the plasma density for the c.9 .
data in April. We find that the pressure “-;a e Al s ., ..
anisotropy decreases with the increase of 0.8 e, b S A A
density, which is considered to correspond = oe . ’:; e "%
to the decrease of the fraction of beam * e
stored energy due to shortening of the beam 0.75

. . 1 1.5 2 25 3 35 4
slowing-down time. 7, 110" m Y]

Fig5. Dependence of pressure anisotropy on the plasma
4. Summary density for high B, experiments in April.

The equilibrium analysis was done for
high Bp plasmas to obtain B3 and ;. By comparing Bp©d with Bpdia, the pressure anisotropy
was investigated. The error of Bp®d is estimated to be about 0.04 by the results of analysis of
OH plasmas. For high Bp plasmas in April, Bp®9/Bp®2 is about 0.85 and this ratio approaches
fo unity with the increase of the plasma density. For high Bp plasmas in August where the
tangential beam was injected, Bpeq/ﬁpdia increases with the tangential beam power fraction in

the total beam power.
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2.5 Beta Limits and 3, Collapses for High S, Plasmas

S. Ishida, Y. Neyatani, Y. Kamada and T. Ozeki

1. Introduction

The stability of the high pressure plasmas under a large bootstrap current fraction is
crucially important to determine whether the reactor scenario operating for high 8, regime is
workable. Although the empirical Troyon limit with a Troyon factor of 2.8-3.5 [1] is widely
adopted in conceptual designs of a tokamak reactor, its credibility is questionable for the high
f3, plasmas because of the view that the broadened or hollowed current profile due to a large
bootstrap current fraction leads to lower limits of the Troyon factor; noted that the Troyon
factor is defined as g =f[%]/(/,[MA}/a[m]B [T]).

In JT-60, high B, plasmas have revealed a fast B collapse dubbed as a §, collapse
leading to lower limits of the Troyon factor at §, ~3 with a large bootstrap current fraction up
to ~80 % of the plasma current, which can be explained by kink-ballooning limit {2]. In
JT-60U, the enhanced confinement phase of the high 8, discharges was in most cases terminated
by the B, collapses, while the high pressure plasmas stayed near the boundary of the first
regime of MHD stability. With increasing the plasma current, some of the B3, collapses were
found to be followed by major disruptions. In this paper, the operational beta regime and the
ballooning-like precursor oscillations before the j, collapses in JT-60U are described.

2. Operational Beta Regime

Operational region on the g versus £f, diagram for the HPEC regime in JT-60U is
shown in Fig.1 in comparison with the JT-60 high (3, regime, where the B, was in the ranges
of ~2.7-4.4 T for JT-60U and ~4.7 T for JT-60. High S, discharges in JT-60U and JT-60
have confirmed an operational 3 limit existing substantially below the Troyon limit, at which
the discharges encountered the 3, collapse. This f limit appears to depend on both the Troyon
factor and €3, , as the attainable Troyon factor decreases with €8, below an approximate limit
line of g- £8,~1.1. The attainable £f3, values were clearly decreased with the [, as discussed in
Ref. of [3]. This may provide a possible reason for scattering of the data including j3, collapses.
It can be said that the achievable plasma performance has been determined by the MHD stability
limit, not by transport or by plasma-wall interaction such as a carbon bloom.

A maximum Troyon factor reached g=2.3 for a lower B, discharge with /,=1.1 MA,
B,=32 T and q,,=6.3 (g*=4.3), in which a high enhancement factor of H=1/1,"""=2.5
was also obtained; g, is the effective MHD safety factor and g* is the cylindrical equivalent
safety factor defined as ¢* = n@B (1+K /(4R 1 ). Further reduction of the toroidal field to 1.5
T lead to significant increase in the Troyon factor reaching the Troyon limit region as shown in
Fig.1. Attainment of these discharges near the operational beta region of SSTR would increase
the prospects for the high g operation at high 3, Details of the high g regime are discussed in
Ref. of [4].
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3. Non Disruptive B, Collapse

The B, collapse characterized by a large amplitude partial or incomplete collapse with a
fast collapse time was first discovered in JT-60 (2], and turned out to occur in the similar beta
region in JT-60U. So far, the B, collapses were not followed by a major disruption (i.e. non
disruptive f3, collapse) for the high g operation with q.>6.1 (g*>4.5). Figure 2 shows time
evolution of the local T, fluctuation profile prior to a 3, collapse measured by the 20-channel
ECE grating polychromator with a digitizing time, Az, of 20 ps; the plasma parameters were
[,=12 MA, B=44 T, q,=81 (¢*=5.6), T{0)~24 keV, T (0)~6.5 keV, ne~3x10" m?,
£f,=0.48, g=1.8 and H=2.7. Here, the T, fluctuation level is defined as AT /T =(fluctuation
amplitude)/(signal average). The fluctuation profiles near the midplane in Fig.2 shows that; 1)
the precursor oscillations are localized near the inversion location at the 3, collapse, 2) significant
inside-outside asymmetry is observed, exhibiting a ballooning feature at the bad-curvature side.
The frequency of the fluctuations was ~7 kHz. Here, it should be noted that the fluctuations are
localized near a half of the minor radius in the low field side, but the peripheral region looks
stable in contrast to the following disruptive 8, collapse.

While the Mirmov coil data were not taken, the toroidal and poloidal mode numbers, n
and m, respectively, were inferred around the region with the peak fluctuation level from the
phase relation between the fluctuation signals of the vertical FIR interferometer with Ar=5 us
and the grating potychromator; the toroidal separation of the interferometer at R=3.551 m and
the grating polychromator (Ch.16) at R=3.548 m and the poloidal separation of the grating
polychromator and the midplane of the plasma are 37° and ~17°, respectively. The identified
mode number was (m,n)=(4,3). In the other discharge with [,=1.3 MA, the (3,2) mode was
identified with the similar inside-outside asymmetry. It is noted that strong ECE bursts due to
emission from nonthermal electrons normally occur during the f, collapse to conceal the
picture during the 3, collapse.

Stability analyses using the ERATO-J code for the above plasma just before the j,
collapse indicate that low-n ideal kink-ballooning modes can be unstable, assuming an flat ¢
profile with the ¢, above unity [5]. Using the BETA code, stability analyses for high-n
ballooning modes were also carried out. The experimental pressure gradient was found to be
marginal over a region of 72<0.4 against the boundary of high-n ballooning limits.

4. Disruptive , Collapse

With increasing the plasma current up to 1.9 MA, major disruptions have for the first
time occurred following some of the J, collapses in the August run of 1992. The major
disruptions were observed for discharges at g,,~6.1 (g*~4.5) of I = 1.6 MA with a fast T,
decay time of the order of 100 ys. So, it is emphasized that the 3, collapse can induce a major
disruption (i.e., disruptive f3, collapse) in the lower g operation.

Figure 3 shows typical waveforms and the T, fluctuation profiles for precursor oscillations
before the major disruption; the plasma parameters just before the disruption are /,=1.6 MA,
q.,=6.1 (g*=4.5), T(0)~32 keV, T(0)~11 keV, ne~2x10"” m”, gf8,=0.33, g=1.6 and
H=2.4. The ballooning-like internal mode is seen to be localized around r/a~0.6, similar to the
above non-disruptive f3, collapse. In addition, the peripheral mode is also seen to be largely
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excited, whose amplitude increases with the minor radius in the peripheral region of the
plasma. The disruptive 3, collapse is characterized by the simultaneous excitation of the peripheral
mode as well as the ballooning-like mode. This may suggest that the suppression of the
peripheral mode can be effective for avoidance of the disruptdon followed by the S, collapse.

The mode number is identified to be (m,n)=(4,2) from the interferometer and the
polychromator; the m is clearly even. However, the Mimov coil data with At=40 Us suggesta
different toroidal mode number of n=1 with the same frequency as the ECE data. As the
inconsistency between the ECE and Mirnov coil data is an open question at present, so further
analyses and detailed measurements is required for the mode identification.

5. Conclusion

The operational beta regime is bounded by the f, collapses, in which the achievable
limits depend on both g and B, (g sﬁpzl.l). Thus it leads to lower limits of the Troyon factor
for high B, operation. The termination of the enhanced confinement phase is elucidated to be
caused by B, collapses occurring at a stability limit for ideal low-n kink-ballooning modes. The
precursor oscillations show the ballooning-like inside-outside asymmetry, the growth rate of
which appears to be slow, or of a resistive time scale, rather than that of ideal MHD.

Disruptive §, collapses have been first observed at ¢,,=6.1 (g*~4.5) in JT -60U, for
which the T, decay time was as fast as the order of 100 ps. Profile measurements of the T,
fluctuations exhibited that the additional peripheral modes were significantly excited before the
disruptive f3, collapse, contrary to the case of non-disruptive f, collapse. In high jB, operation,
the suppression of the peripheral modes could be effective for avoidance of the major disruption
following the B, collapse in a lower q region.
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Fig.2 T, fluctuation profiles for
precursor oscillations of a non-
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indicate the fluctuation level of the
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2.6 High Normalized f Experiments
Y.Kamada, M.Kikuchi, Y.Neyatani, S Ishida and H.Ninomiya

1. Introduction

The purpose of this study is to contribute to the concept of steady state tokamak
reactors by expanding our operation region toward a high BN (=B1(%)/(Ip(MA)/a(m)B(T))
regime. This study is also a part of the systematic study of 'MHD and confinement' (Sec.1.9).
To establish the consistent scenario of the steady state reactor with a high fraction of bootstrap
current [1], it is necessary to prove experimentally that the favorable core plasma performance (
having high BN ~3.5, high Bp ~2-3 and high H-factor ~2 at the same time) can be sustained
steadily with a realistic divertor condition. In turn, from the MHD point of view, it is important
to study the B-limit for a relatively high aspect ratio of 4. In particular, the suppression of Pp-
collapses (Sec.2.3) and sustainment of the steady high-Pp plasma are the key issues. As the
first step, we report the results of high-Pn experiments. The condition of fn=3.5, Pp=3 and
H-factor=2 was obtained in a 0.6MA ELMy H-mode discharge. The ELM activity is important
to control impurity accumulation and particle and heat flux into the divertor region. The sudden
Pp-collapse was suppressed by relatively broad pressure prbfiles p(r) and peaked current
profiles j(r). However, the steady state has not been obtained because of appearance of
m/n=2/1 mode. Definitions of Bp, B, Bt and Wdia are the same as those used in Sec.2.2.

2.Discharge Conditions
To describe the strategy of the high-Bn experiment, we start from the review of the two

typical modes with good confinement in JT -60U, namely high-Bp mode and high-T; H-mode.
*high-Bp mode (see Secs.2.1-2.5):

The H-factor and Bp-value reached to ~3 and ~3, respectively. The key operational points are i)
small volume of Vp~50m3, ii) strong central heating with perpendicular NB and ii1) relatively
high-qeff with low-1; to avoid sawteeth. The key plasma properties are i) a highly peaked p(r) i1}
a broad j(r). iii) And, to avoid sawteeth, the maximum target-1; should be smaller than the I;-
threshold for the appearance of sawtooth (1;=1.1-1.2 for qefr=4-8; seeSec.8.5).

*high-Tj H-mode ( see Sec.1):

The H-factor is ~2 for ELM-free and ~1.6 for ELMy H-modes. The key operational points are
i) relatively large volume of Vp~7-0—80m3, ii) relatively high Ip (low-gerf) with high-l; to
increase H-factor. The key plasma properties are i) broad peaked p(r). ii) Even the plasma is
saWtoothing, good confinement can be achieved when the sawtooth period is long enough.

To increase the attainable values of By, theories and experimental results suggest that a
broad p(r) with a peaked j(r) is favorable {2]. In practice, for the 'high-Bp mode' in JT-60U
reported in Sec.2.2, the limit of Py was increased by increasing lj. Based on the above back
ground knowledge, we adopted the operation condition for the high-Pn discharges as follows:
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i) The basic philosophy is the combination of
high-Bp mode and H-mode to keep good

Table ] Comparison of Typical Paramelers for
high-Bp mode H-mode and high-fBn

confinement and high values of f.  high-Bp H-mode  highn
ii) To achieve a broad p(r), the heating profile ~ Bt (D) 4-4.4 1.7-4 1.5-1.6
was broadened, for which Vp =50-60 m3  Ip(MA) 1-2 1.5-4 0.6-0.9
(larger than Vpfor high-Bp mode) was  Qeff 4-12 2.5-6 4-8
selected to make the trajectory of ki 0.8-12 09-13  13-15
perpendicular NB off-axis and also P ~ peaked ~ broad ~ medium
tangential off-axix NB were injected (up to VP (m»  ~50 70-80 50-60
TMW). : NB perp. central perp.+para. perpipara.
iii) To achieve a peaked j(r), the target-l; was  H-factor <3 <22 <23
(ELMy)

(ELM-free)

increased up to 1.5. Since high lj-values

inevitably introduce sawteeth, good

. confinement cannot be expected in the high-
Bp mode.
On the other hand, in H-mode, good
confinement can be achieved when the
sawtooth period is long enough.
The plasma configuration is given in
Fig.1 and the comparison of the discharge

regions for high-Bp, H-mode and high-Py is

L N =

listed in Table L. %I ey N
Fig.l: Typical plasma configuration for the high-fy

experiments. Trajectories of NBI are shown by solid lines.

3. Characteristics of High-Bn discharges

Fig.2 shows two cases of high-By discharges with (2) medium deff and (b) high gefr. In
Fig.2(a) (Ip=0.9MA, Bt=1.6T, qefr=4.5, Bp=1.8 and Bn=2.5 at 8.25s), NB power was
increased gradually. H-transition is observed at t=6.15s and HLMy H-phase continues till the
end of the NB pulse. Figure 2(b) shows the discharge with the highest B of 3.5 with Bp=3
and H-factor=2.3 (1=5.5s) (I;=0.6MA, B=1.6T, qert=7.8). The ELMy H-phase starts from
t=5.08s and the highest stored energy Wdia is limited by an MHD activity at t=5.6s which
seems to have a mode number m/n=2/1 (see Sec.8.2). Before the MHD activity, widia seems to
be saturating which suggests a possibility to sustain the high-Bn with high-Pp steadily by the
control of NB power. The T; profile at t=5.5s is given in Fig.3 where highly peaked Tj(r) is
observed. Figure 4 shows the soft X ray emission profile SX(r) (line integrated) for the
discharge shown in Figs.2(b) and 3. For a reference, SX(r) for a high-B, discharge with the
same qgff is plotted, the reference profile corresponds to that just before the By-collapse at
Pp=2. This comparison suggests that p(r) for the high-Pn discharge is broader than that for the

high-Bp discharge as expected.
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3. Achieved PN, Bp and H-factor
Figure 5 shows the achieved P; fp and H-factor for H-mode, high-Bp mode and

high-Bn discharges. The closed circles correspond to the Bp-collapse in the high-Pp mode. By
the broadening of p(r) and peaking of j(r) (see Fig.6), attainable By and ePp were increased for
a given qeff compared to the high-Bp mode. The important results is that H-factor of ~2 is
obtained with the ELMy high-Bn H-mode which is favorable to the control of impurity and
divertor plasma conditions. To discuss the effects of j(r), Fig.6 plots the dependence on 1;.
Here the l;-values of the target OH plasma is used for high-Pp and high-fiiv discharges because
the precise evaluation of 1j at high-Bp has not peen completed. Because of high electron
temperature, the 1; value may be almost unchéngcd during the short time scale ( for high-PBn
(high-Bp) data were taken at less than 0.8s (1.2s) after the start of NB injection). In Fig.6(a),
higher values of By is achieved at higher I; which is much higher than the threshold I; value for
the appearance of sawteeth (Sec.8.5). The MHD modes responsible for limiting B is different
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in H-mode, high-B and high BN. In usual H-mode, ELMs limit the confinement. In high-Bp
mode, m/n=3/2 and 4/2 pressure driven modes (kink-balloon; see Secs.2.5,8.3,8.4) are
observed. In high-Pn discharges, m/n=2/1 is observed to be dominant (see Sec.8.2). Also the
mode structure is changing with increasing By (See Secs.2.5, 8.2,8.4). Therefore it cannot be
concluded simply that the higher I is better for increasing BN, because of the difference in
dominant MHD modes in different discharge modes. In Fig.6(b), the maximum Bn/li is around
2 which is lower than the limiting value of 4 in DIII-D [2]. The reason of the lower limit may be
that the present limit in JT-60U is that caused by internal medium m/n MHD modes and not
caused by high-m/n ballooning modes or surface modes. If these medium m/n modes can be
stabilized by control of j(r) and p(r), the maximum PN and fp may be increased. The further
experimental study on the 3-limit in JT-60U is required to clarify the effects of high aspect ratio,

low triangularity (~0.2) and a wide vacuum region between separatrix and the resistive shell.
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2.7 Estimation of the Bulk Ion-temperature from the Measured
Carbon-temperature Using a Simple Model for the 38 kev Plasma
Y. Koide, M. Azumi, A. Van Blokland, M. Kikuchi
A. Sakasai, N. Asakura

1. Introduction
A high central ion temperature of 38 keV was measured by CXRS (charge exchange

recombination spectroscopy) using carbon spectrum in high Bp experiments. Since the deuterium
temperature, not the carbon temperature, is essential for the fusion reaction, a simple estimation
of the bulk temperature was carried out especially for the shot with 38 keV.

2. Experimental Conditions

In this paper, JT-60U was operated in a divertor configuration, with a plasma current I, of
1.8 MA, a toroidal field B, of 4 T, a major radius R, and a minor radius a, of 3.1 mand 0.9 m,
respectively, and an ellipticity of 1.7, an effective safety factor g of 5.4, plasma volume of 53
m’. Figure 1 shows the evolution of the discharge, where the central lon temperature T.(0)
reached 38 keV (E16045). Deuterium neutral beams were injected for the intensive central
heating during t=4.5 to 6.5 s, the energy and the power of which were 90 keV and 23 MW,
respectively. T,(0) increased gradually and reached 40%5 keV at t=5.19 s, followed by an
abrupt decrease. The displayed T,(0) in this figure is the apparent carbon temperature, which is
not corrected for the energy dependence of the excitation cross-section <ov> induced by the
charge-exchange-recombination reaction. The corrected carbon temperature, where the <ov>
is given in ref.[1] was used for the calculations, was 38 keV. The stored energy, W,
measured with the diamagnetic loop and the neutron emission rate showed slight saturation
after the drop of T,(0) and took their maxima at t=5.4 s when T,(0) had already dropped to 23
keV. The line-average electron density, T, , measured along the chord of 0.6 a, was as low as
1.5x10!% m-3 when T,(0) took its maximum, where n (0) was estimated to be 3%x10'? m-3 by

the combination of the equilibrium code and the measured value of | n.dl. The fact that T,(0)

was at its maximum at the different time from those of the W, and the neutron emission rate
may indicate the very peaked T profile and a large contribution of beam component to the

neutron production (See ref.[2]).
3. Estimation of Bulk Ion Temperature

The transition of CVI (n=8-7) at 529 nm was used for the measurement of ion temperature.

The measured spectrum, in which the Doppler width corresponded to 40 keV, is shown in
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Fig.2. Although the measured wavelength region (the abscissa of Fig.2) covers the energy
range of +230 keV for carbon ions, it corresponds to +38 keV for deuterium ions taking into
account their mass ratio. Since the injected beam energy is 90 keV and n, is low, the carbon
velocity distribution.can be distorted via the interaction with the slowing-down ions.
Unfortunately, as seen from Fig.2, it is difficult to discuss such distortion due to the relatively
large scatter of the data, which mainly comes from the attenuation of neutral beams in the
central region and the small signal to noise ratio due to the broadening of the spectrum.
However, the velocity distribution calculated using non-linear Fokker-Planck code [3] shows
that there is no large deviation in carbon-ion velocity distribution from Maxwellian shape in the
measured energy range. The error bar for the estimated T, based on the 1-0 standard deviation
becomes as large as +5 keV because the deduced ion temperature is sensitive to the Doppler
width (T, is proportional to the square of the Doppler width).

Next we discuss the estimation of the bulk ion temperature from the measured carbon
temperature. Here we made the following assumptions for simplicity: velocity distributions of
deuterium ions, impurity ions and electrons are all isotropic Maxwellians and carbon is the only
impurity. We considered the energy balance for stationary conditions with negligible ohmic

input,

_ Td-T 3 Td-T Td
g4 Snp = 3ngd3z 4 370 e 4 3nmd L (1)
2 1:2%1 2 T% 2 ’C%

=35 ey %nz'f;ge + %n’f—}; . (12)
where d and z indicate deuterium ions and carbon ions, respectively. The factors gg and g,
indicate the distribution rate of beam energy to deuterium and impurity ions, and these are key
factors for the estimation of T,. It should be noted that the beam energy relaxes through the
classical slowing down process and then the beam component cannot be distinguished from the
bulk component below a certain energy. So all the beam energy after the slowing down phase
is given to bulk deuterium ions (Fig.3). We artificially introduced a energy o Ta/Ec (E. is the
critical energy), at which energy the beam component merges into the bulk component. The
relation of v,>>v,.*, v,,” is also assumed for the following formulations, where vy = 3x10° m/s
at 90 keV, v& = 1.4x10° m/s and v}, = 5.5x10% m/s at 38 keV experimentally.

The value g, during the slowing down, g4, is expressed as
g -1 <@> dt
%7K [ dt/q

b
= 2~Ild u du
Ne Z Xp2 3 1+ud
, where x,’=E_JE_and x *=a T¢/E. (E,: injection energy ) and Z = (ng +n, Z2 mg/m,)/ne. The

value g; (=g;) is expressed as

b

gz SNB

(2)
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& =g ptmiZt () -
The net fraction of the beam cnergy given to bulk deuterium ions is expressed from the

previous discussions as
| . ga=gd+0TyE. (4) .
By substituting eqs.(2,3,4) into eq.(1), T, can be determined.

The calculated results for the discharge mentioned in Sec.2 are shown in Fig4. T, and T,
are measured to be 38 keV and 10 keV, respectively. In order to estimate the deuterium
temperature T,, the additional informations of ’tdE, 1§, n(0) and Z are necessary. n, was
measured only along 0.6 a, and it also leads to the difficulty in estimating the confinement
characteristics in the central region. The measurement of Z 4 was not so certain due to the
deterioration of the transmission of the vacuum window. Se we carried out the sensitivity
check by scanning the not exactly known plasma parameters around the following acceptable
values of n.(0)=3x10' m-3, Z_=3, 1% =1% = 0.6 s and o0 = 1. Figure 4(a) shows the result of
n(0) scan: at ng(0)=3x10'? m3, T,(0) of 37.3 keV is expected (a solid line); the preferential
heating of impurity ions is remarkable in low density region because the energy exchange
between deuterium and carbon ions becomes small. Since the value a is critical for this
analysis, the results with =0, 1.1, 1.2 are shown for comparison with dotted lines. With
a=1.1, T,(0) is expected to be 38.5 keV at 1n.(0)=3%10!% m-3, which is higher than T (0); there
is no solution of eq.(1) for a=1.2 at the same n(0); the value of & =0, which is not adequate
because g, will be under-estimated for hot-ion discharges under our consideration, gives low
T,(0) of 32 keV. As shown in Fig.4(b), T, is not very sensitive to the variation of Z ;. Figure
4(c) shown the dependence on the assumed 1. The solid line shows the result when g = T8,
The parameter dependence on P = 1%/18 is also shown with dotted lines in the same figure,
which is also not very strong.

The above results indicated that the expected T, may not deviate significantly from the
measured T, (=38 keV) even in the conditions with high power beams into low density
plasmas. More detail analysis using a non-linear Fokker-Planck calculations including the
deformation and anisotropy of the distribution functions is described in ref.[3].
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FIG. 1. Evolution of the discharge where ion
temperature reached 38 keV.
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2.8 The Phenomena Associating the Crush of
Central Ion Temperature of 38 Kev
Y. Koide, Y. Neyatani, S. Ishida
A. Sakasai, N. Asakura

1. Introduction

As shown in Fig.1 in ref.[1], the duration of high ion temperature TL0) of 38 keV was
as short as ~30 ms, followed by an abrupt termination. From the viewpoint that only T,(0)
exhibited the significant deterioration, this type of collapse seems to be different from Pp-collapse,
which is considered to be the most severe problem to sustain the high performance of high Bp
regime [2]. Itis shown in this paper that the MHD oscillation grows prior to the crush of T,(0)
and that the affected region of T (r) seems to be inside the rational surface, the safety factor of
which is characterized by the mode number of the MHD oscilladon.

2. MHD Oscillations Prior to the Ti-crush

Detail discharge conditions of the shot we treat here is described in ref.[1], and is not
mentioned here. Figure 1 shows the evolution of this discharge (E16045) near the crush
timing of T,(0). T,(0) took its maximum at t=5.2 s, followed by an abrupt decrease (Fig.1(a)).
T,(0) showed only a slight saturation rather a crush and MHD oscillations appeared in T(0.32,)
as shown in Fig.1(b). ELM-like oscillations were observed in Dg emission in the divertor
region (F_ig.l(c)), however, its onset timing was after the T,(0)-crush. Oscillation which starts
growing just prior to the T,(0)-crush was clearly detected by the magnetic probes (Fig.1(d)).
The toroidal mode number 'n’ of this oscillation was even and the onset of its growth is about
70 ms before the T,(0)-crush. As shown in the next section, oscillations detected in T,(0.3a))
and the one in Bg seems to be the identical MHD oscillation.

3. Characteristic of the Mode Oscillation

The upper box of Fig.2 shows the time evolution of the oscillation-frequency detected by
the magnetic probe. The frequency was ~10 kHz at t=5.3 s and decreased to 7 kHz at t=6.4 s.
The lower two boxes  are the evolution of T (0.3a,) at t=5.3 and 6.4 s, showing the same
frequency as that of Bg. This may be understood that the both measurement of T, and Bg
detected the identical MHD oscillations.

The toroidal mode number of this oscillation was even as mentioned above. In order to
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know the poloidal mode number, we compared the evolution of T_ at t=30.3a_ in Fig.3. The
results are shown in the lower boxes of this figure. The observed in-phase evolution indicates
that the poloidal mode number is also even. '

Next we tried to find the g-value using the equilibrium code. In calculating the equilibrium,
we scanned the value of q(0) as an boundary condition in an acceptable range, i.e. 0.8<q(0)<2.0,
and checked whether the result was consistent or not with the even toroidal/poloidal mode
numbers and the radial locations of the observed oscillation. If we set q(0)=1.3, the location
of q=2 surface came to the radius which corresponded to the location of the T (+0.3a )-oscillations
(Fig.4). So we speculate that the observed MHD is the m/n=4/2 mode oscillation.

4. The Crush Region

Figure 5 shows the evolution of T,(r) around the crush timing. At t=5.19 s, T,(r) was
highly peaked and T.(0) reached 40+5 keV. In the crushing phase, only the innermost two data
points showed decreasing and no change was recognized in the outer region. As indicated in
this figure, the location of q=2 surface inferred from the previous discussions almost coincides

with this boundary region.
5. Frequency of MHD Oscillation and Rotation Velocity

If the MHD mode is fixed to the plasma flow, the frequency of the MHD oscillation would

be expressed as follows.

-l

In Fig.6, the measured V, at two spatial points near the location of g=2 surface r, are
plotted with lines. Closed circles shows the calculated result using the above equation (n=2)
with neglect of poloidal rotation V , resulting in the higher V, than the measured one. If we
assume V, of 2.5 km/s in ion-diamagnetic direction, which is comparable to the accuracy of the
measurement, calculated V, (m=4) agrees with the measurement (open circles).

References
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2.9 Nonlinear Fokker-Planck Aanalysis

of High Ion Temperature Plasma

M. Azumi and M. Yamagiwa

1. Introduction

In a tokamak plasma under the intensive NBT heating, the NBI power transferring to
gach ion component is proportional to the ratio of Zkznk/Ak, where nk, Zk and Ak are the
density, charge number and mass number of the k-species ion, respectively, when the beam
energy is much higher than the ion temperature. This means that the energy input to single
impurity ion is much larger than that to the hydrogen isotope ion ( or, bulk ion ) and that, if the
energy confinement times of ion species are similar to each other, the temperature of the
impurity is higher than that of the bulk ion and the energy to impurity ions is transferred back to
the bulk ion through the energy exchange. This is the situation usually observed in tokamak
discharges. In the hot ion mode discharges, however, the ion temperature can be increased to
be comparable to the beam energy, the energy transfer from fast ions to impurity ions reduces
and, moreover, it becomes difficult apparently to distinguish the bulk ion and the fast ion. In
JT-60U, especially, the ion temperature of about 38 keV with comparatively low electron
temperature around 10 keV was observed under the NBI heating with beam energy of 90 keV
in the high Bp deuterium dischargel). The temperature was measured by the CXRS of carbon
ions. In analyzing this discharge, we have to be careful for evaluating the bulk ion temperature,
including the definition of temperature itself. The deformation of the velocity distribution is also
to be checked. In this paper, we study the characteristics of the velocity distribution function
and the deuterium { effective ) temperature in this typical discharge by using the 2-D Fokker-
Planck equation. In the next section, the coupled equations of energy balance for deuterium and
impurity jons are studied for comparison with the Fokker-Planck solution, which is in detail
described in the section 3. The results are summarized and discussed in the section 4.
2. Energy Balance Equation

The coupled equations of energy balance between deuterium ion and impurity one for

the fixed electron temperature are

3nplz-To ;3 noTe-T0.3 np T0 4 Qe gp ( Eo/Ee, To/Ee)= 0,
2 T‘?’Z 2 ’C‘E’Me o TED (1)

inzTD_TZ +§-nzTe'TZ-§nzT—Z+SNB 7! Eo/Ee, 0Tp/Ee )= 0
g g e e

where gp z are fractions of beam power density transferred to deutertum and impurity ions,
respectively, and aTp is the lower limit of the available beam energy. Other notations are

conventional ones. These nonlinear equations are numerically solved for parameters at the
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plasma center and t=5.19 sec of hight Ti shot (#16045 ). The plasma parameter dependence of
solution has been studied in detail in the ref. 1 and, in this paper, we fix the plasma parameters
as follows: ne=3x101%9m-3, T;=10keV, Z¢r=3, Zimp=6 ( carbon ), Snp=0.58 MW/m3 and
Eg=90 keV. The measured Tc is 38 keV ( we use the suffix "C" instead of "Z" explicitly to
denote the carbon, hereafter ). Figure 1 shows the dependence of Tp and T¢ on 1D (=1C)
with o=1.2. We can see that Tp exceeds Tc in the range of Tc>38 keV, or, 1gP>0.5 sec, and
Tp=39 keV at Tc=38 keV. The value of Tp™ ( Tp at Tc=38 keV ) can be changed by the ratio
1eC/gD and the parameter .. When the ratio 1=C/7gD is increased, the value of 1D necessary
to attain Tc=38 keV increases and Tp™ shows the slight decrease ( Tp =34 keV even for
1gC=o0 ) because the conductive-convective energy ioss is not the main channel of impurity
energy loss. On the other hand, the parameter « strongly affects the attained Tp™. This is
because the available energy for the collisional energy transfer to ions and electrons from fast
ions is E*=Eqg-aTp in this model. The slight increase of o decreases the energy fraction to
impurity and increases 15D necessary to attain Tc=38 keV. The resultant value of Tp™ is much
higher due to the combined effects of the increased 1D and the increased direct energy input
aTp. We can not obtain the reasonable solution of Tp* for a>1.6 under the present set of
parameters in the energy balance equations, as seen in Fig.2. In this way, the bulk ion
temperature does strongly depend on  the artificial ( or, unphysical ) parameter ¢ for the high
ion temperature comparable to the beam energy.
3. Nonlinear Fokker-Planck Equation

The velocity distribution functions of charged particles under the binary collision
process are expressed by the following steady-state Fokker-Planck equation in the 2

dimensional velocity space ( v, 8=cos {vy/v) ) 2)

%ka=j§C(fJ,fk)+;7§_v[£fk}-Tf—k+sk=o @)
where Tgk and Tpk are the energy and particle confinement time, respectively, and Sk is the
particle source of the k-th particle from NBI. The energy dependence of tgk and 1pk are
assumed 1o take the form of T pk=Tg0 pok{1+( E/E~g pk }3/2 ], respectively, and Tpok is
adjusted such that the total number of particle is the prescribed value, while Tggk is adjusted
such that the impurity ion temperature is the measured value. The parameters, Exg pk, represent
the improved confinement of the high energy particle. In the following, Ep«k are fixed at 10
keV, for simplicity, and we abbreviate ExgD as E«. We solve the coupled equations for
deuterium and impurity ions with Maxwellian electron distribution by iterative procedure.
Plasma parameters are the same as those used in the previous section. Figure 3 is the example
of velocity distribution functions for Ex=ce ( with no improvement of fast ion confinement ).
The symbols ®, ® and o represent f(E,8=m/2), f(E,0=0) and the B-averaged f, respectively,
where the NB is injected perpendicularly, Sp=Spod(E-90keV)d(0-n/2). The impurity
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distribution function is almost Maxwellian in the range of E<400 keV due to the high self-
collision frequency and only fc(E,8=0) is plotted. The confinement time TgD necessary to
obtain Tc~38keV is 1gD=0.9 sec with TgC= 5.0 sec. From the resultant energy balances
between deuterium, carbon and electron, the eiectron global energy confinement time is
evaluated te~0.4 sec, which is about half of TeP. We note that, even with this good deuterium
energy confinement, the convection-conduction energy loss takes 70% of NBI input power
density. Although the deuterium distribution function is anisotropic especially near the injection
energy, the deviation from the Maxwellian one is not so large in the * thermal * energy range of
E<40 keV, and we define the " effective " temperature by the average slope in this energy
range. This definition gives Tpeff~45 keV, which is higher than the impurity temperature. This
feature is the same as the results obtained from energy balance equations. However, we stress
that Tpeff is not the temperature in the sense that the stored energy can not be evaluated by
(3/2)npTpett. In fact, The Fokker-Planck solution gives the average energy of 37keV, even
including the fast ion component, which is much lower than Tpeff, The fast ions have
experimentally shown to have the better confinement than thermal ions, partly due to the large
larmor radius, by which the fluctuations driving the anomalous loss are averaged out. The
result with Ex=40 keV is shown in Fig.4, and the effective temperature and the required TP
decreases to Tpeff~41 keV and 1goP~0.3 sec. This 1goD gives TEP(90keV)=1.3 sec, which is
much longer than the thermalization time 71P(90ke V)~0.2 sec, and the anomalous loss has hittle
effects on fast ions. In spite of the large decrease of tE0P, the total stored energy of deuterium
ions increases a little bit { ~5% ) due to the contribution from fast ions. Figure 5 summarizes the
dependence of Tpelf on T¢ for the different value of Es. Here we have set TgCr~eo; that is, the
energy flow from deuterium to impurity balances to that from impurity to electron. The value of
Tpeff is the sensitive function of T¢ and increases nonlinearly in the high T¢ region. The
decreasing Es reduces Tpeff but still Tpell is higher than Tc except in the case of E«=20keV, in
which the distribution function is deformed even in the "thermal” region. The nonlinearlity of
Tpeff on T also depends on the beam energy. In Fig. 6, the cases with beam energy of
90keV, 135keV and 180keV are plotted for Ex =40keV, for comparison. It is clearly shown
that the increase of the beam energy reduces Tpelf. and the critical impurity temperature for
Tpetf>Te moves to the higher temperature side.
4. Conclusion

The deuterium temperature in the hot ion discharge in JT-60U has been analysed by
using the energy balance equations and the Fokker- Planck equation. Increaseing the impurity
tempearture to the value comparable to the beamn energy, the " effective " deuterium temperature
can exceed the impurity temperature. This general tendency is obtained both from the energy
balance equations and from the Fokker-Planck equation, However, the temperature evaluated
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by the energy balance strongly depends on the artificial parameter, while, in the case of the

Fokker-Planck equation, it depends on the energy dependence of energy confinement time. The

analysis in this paper shows that the experimental mesurement of the deuterium temperature, or

the distributton function itself, will give the good information for understanding the transport

process in a tokamak.
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2.10 Summary of the Compression Experiments

A. Tanga, R.Yoshino, N.-Hosogane, Y.Kamada, K.Nagashima and Y.Koide.

1. Adiabatic and Non Adiabatic Compression.

The technique of plasma compression was devised for increasing the plasma performances: the
work done to compress the plasma is equivalent the effect of additional heating. In the case of
large tokamaks, such as TFTR or JT-60U the equivalent additional heating power can be as
much as tens of megawatts. Most of the theoretical and experimental work on plasma
compression so far has been devoted to adiabatic compression. In the adiabatic compression
the poloidal and toroidal fluxes are conserved and in principle the plasma is subjected to only
mechanical work [1,2]. The behavior of the plasma under adiabatic compression was
theoretically studied in the pioneering work by Furth and Yoshikawa in 1970 {3].

Whilst the adiabatic compression has the advantage of relatively simple physical processes,
avoiding the complications produced by the changes in the plasma current profile, caused by
the currents which can be induced if the fluxes are not conserved; there are the disadvantages
of the constraints on the poloidal circuit. In fact, in the case of a radial compression, by
moving the plasma in the direction of the larger toroidal field, normally the inductive coupling
between the equilibrium coil and the plasma causes an injection of flux in the plasma.
Therefore the flux injected by the equilibrium coil must be counterbalanced by a flux removal,
achieved, for example, by changing ( reducing) the current in the primary coil. While this
operation may be relatively easy in small size tokamak, the voltage requirement will increase
greatly in larger tokamaks and the resulting scenarios may become non-practical. However in
large machines such as for example JET or JT-60U it may be possible to have available
compressional speed to make a compression experiment, but not the flux compensation to
make the compression adiabatic. Some effects of non adiabatic compression were reported in
JET [4]. In the case of divertor configuration as in the case of JT-60U it is possible to achieve
a combination of radial compression and, at the same time a reduction of the plasma volume by
moving the position of the x-point further into the vacuum vessel, by increasing the current in
the divertor coil. Preliminary results of this combined toroidal and poloidal compression are

reported here.

2. Plasma Current and Shape Control.

The plasma position was changed in time of 100-150 ms. The flux plots of the initial and final
configurations are shown in fig 1. Before compression typically the plasma volume was
between 75-78 cubic meters, while after the compression the plasma volume was 35-40- cubic
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meters, also the major radius compression was performed by moving the position of the

magnetic axis from 3.4 to 3.0m.

The value of the plasma current was
maintained well constant by the feedback
system, in fact the increase was only 20-
40kA in a fast transient. Because of the
increase of plasma elongation and of the
toroidal field, caused by the plasma
radial movement, the value of the edge q
decreased only moderately, from
typically 6-7, to values of the order of 5.
The small compressed plasma was more
vertically unstable than the initial one,
due to the combined effects of reduced
vessel shell effect and increased
elongation, therefore the control of the
vertical position needed to be adjusted. A
vertical instability event occurred in one
of the plasma discharges of the
experiment.
The time evolution of the coil and control
currents is shown in fig 2. A ramp was
applied to the radial position and to the
x-point position, which is controlled by
the current of the divertor coil.

3. The Effects of Compression on
Plasma Parameters

The compression both radial and poloidal
had a strong effects on the plasma
parameters as shown in fig.3, for an
ohmic plasma discharge It is possible to
see that both the plasma energy and the
neutron production double during the
compression.

The time evolution of a pulse with NB
heating is shown in fig 4.

EQ16292

Fig. 1. Poloidal flux plot of the plasma before and after
compression., plasma current= 1.9MA
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Fig. 2. Time evolution of the control signals and coil
currents. a) Intensity of soft X-ray central channel, b)
Divertor coil current, c) vertical displacement, d) radial
isplacement,e) requested X-point position, f) X-point
position.
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It is possible to see that in the short
compression time the neutron rate
increases appreciably, whilst the plasma
stored energy increases by
approximately 1.0 MJ,

The increase in the ion tempcratufe is
shown in fig 5. Fig 5 shows three ion
temperature radial profiles taken with
short time interval, during the
compression.

The increase in ion temperature takes
place over the whole cross section as it
should be expected. The increase in
neutron production, achieved with
compression, plotted against NB power
is shown in fig 6. In this figure the
values of the neutron rate before and
after the compression are reported with a
time interval of 100-150ms. It is
possible to see that on average plasma
compression increased neutron
production by approximately a factor of
two. The post compression values
increase approximately with the square
of the injection power. Therefore it
should be expected an increase in the
neutron rate beyond the present limits

with higher NB power.

4. Experimental Limits and
Instabilities

As it has been said the compression
experiments here were not adiabatic, i.e.
the toroidal and poloidal fluxes were not
conserved. As a consequence the plasma
current profile underwent a rapid
change.The time evolution of the internal
inductance is obtained, for a series
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Fig. 3. Time evolution of plasma quanlities during
compression of a ohmic disharge: a) Plasma current, b)
and c) Vertical plasma position and position of the x-
point.d) Neatron rate, ¢ and f) Line density of the two

interferometer channels, g) Plasma stored energy.
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Fig. 4. Time evolution of plasma quantities during
compression of a discharge with additional heating: a)
Plasma current, b and c} Vertical plasma position and
position of the x-point, d) neutron rate, € and ) line
density of the two interferometer channels, g) plasma
stored energy, h) NB injected total power, i) Intensity

of Da light in the x-point region.
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of plasma discharges. Although there are probably large error bars in the determination of the
internal inductance in such conditions, however, there are indications of the rapid transient
which occurred. It should furthermore be mentioned that , in several cases a MHD lock-mode

appeared which further suggest the rapid changes of the plasma current profile.
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Fig. 5. Ion temperature radial profiles a) Before Fig. 6. Neutron rate before and after conpression

plotted versub NB power. The starting lower points
were taken just before compression, the second points
are 150-250ms later, the last point were taken at the
maximum value achieved in the same discharge. In four
cases the maximum neutron rate was achieved at the
compression,

compression, b) After compression.

5. Conclusions.
The compression results shown demonstrate that non adiabatic compression increases plasma

parameters. Therefore it could be a useful tool for producing and for studying thermonuclear
plasmas. If the compression is not adiabatic however the plasma current profile is strongly
changed during and after the compression. Furthermore the currents, induced in the plasma,
because the compression is not adiabatic, have a twofold consequence: a) the induced currents
may produce unstable profiles, as indeed it has happened in a few cases, and b) it could be a
useful technique to produce plasma current profiles which are new and have possibly different

confinement properties.
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3 Transport Studies
3.1 On and Off-axis NBI Heating Experiments

K. Nagashima, H. Shirai, M. Sato, Y. Koide

In many local transport analyses, an empirical transport formulal) has been used. In this
formula, particle flux consists of a diffusion and a flow (inward pinch) terms, and heat flux
consists of a conduction and a convection terms (a coefficient of convection heat flux term has
been a physically interesting problem, 3/2 or 5/2 7). Lately, from several experimental results, it
has been found that the empirical transport formula is not adequate to express tokamak
transport. Off-diagonal flux and/or heat pinch terms have been introduced to explain the
experimental results. Therefore, one of the most important issues on tokamak transport is to
clarify structures of various flux (particle, heat, toroidal momentum and etc.).

On DIII-D tokamak, experimental results showed an existence of non-diffusive inward
heat flux in both cases of ECH2) and NBI3) off-axis heating experiments. On the other hand,
this non-diffusive flux was not observed in ICRF heating experiment on JET%). In this section,
on and off-axis NBI heating experiments on JT-60U will be introduced.

Figure 1 shows the plasma configuration of this discharge (E016502), which has a lower
x-point divertor. In the figure, the two parabolic lines represent orbits of tangentially injected
neutral beams. These beams are injected from near torus equatorial plain. The upper one passes
through the plasma center and the lower one passes only in an area of r/a>0.5. Therefore, on
and off-axis heating can be performed using these two beam lines. The plasma parameters of
this discharge are plasma current of Ip=1.5 MA, toroidal field of Br=4.25 T, major radius of
R=3.2 m, minor radius of a=0.80 m, elongation factor of €=1.61, effective safety factor of
Qeff=6.5 and line averaged electron density of ne=1.2-1.4x101% m-3 using deuterium working
gas. The NBI heating power is 3.2 MW in the both cases of on and off-axis heating.

In this discharge, electron and ion temperatures were measured using ECE fourier
spectrometer and charge exchange recombination spectroscopy of carbon impurity. The
measured T and T; profiles are shown in Fig.2. T, profiles are almost same in both cases of on
and off-axis heating (a bit peaking in 1/a<0.5 can be seen in on-axis heating). Tj profiles has a
clear response to heat sources. The heat source profiles are shown in Fig.3, where total heating
profiles (thick lines) and NBI heating profiles (thin lines) on electron (solid line) and ion
(dashed lines) are shown. The total heating powers were calculated from neutral beam heating,

ohmic heating, energy equipartition on electron, and from neutral beam heating, energy
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equipartition on ion. It should be noted that in a case of off-axis heating, the heat source to ion
is almost zero in the central region but, exactly, the diagnostic beam reaches up to the center.
To analyze the transport feature, diffusion coefficients were calculated using the

following formula,
-Vg;+P;=0 (1

qj = -x;naT;/or (2)

where g, X; and Pj are heat flux, diffusion coefficient and total heat source, respectively. A
subscript j represent a particle species of electron or ion. The calculated ¥e and ¥ are shown in
Fig.4. On electron transport, e of off-axis heating is small in a region of r/a<0.5, which may
be a result from "profile invariance" of electron temperature. On ion transport, ¥ of off-axis
heating is meaningless in the region of r/a<0.5 because the ion heat flux is almost zero in this
region (a heating by the diagnostic beam was neglected). In the analysis, radiation energy loss
was neglected, which is important in an edge region of r/a> 0.8.

From the analysis, it seems that there is non-diffusive inward heat flux of ion. However,
if the transport of high energy ion is not negligible compared with the energy slowing down
process, the source profiles are altered and it may explain the central heating of ion. On electron
transport, an improvement of ¥ in the inner region of r/2<0.5 can be seen in the case of off-
axis heating. Two explanations can be considered. One is a decrease of micro-turbulence
dominating the transport. For example, there is a possibility that the turbulence level is
suppressed by a decrease of 1; parameter. The another explanation is an existence of non-
diffusive heat flux. For an further understanding, more detailed experiments are needed.

As a conclusion, ion temperature profile is sensitive to the heating profile, and it seems
that there is a non-diffusive heat flux, if there is no additional process to heat ion in the central
region. On the other hand, electron temperature profile is not sensitive to the heating profile.

But, no conclusive explanation can be obtained only from these experiments.
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3.2 Toroidal Momentum Transport Experiment

using Tangential NBI

K. Nagashima, Y. Koide

In several tokamaks, toroidal momentum transport has been examined using steady state
momentum balance. It has been found that measured toroidal momentum diffusivity is larger
than neo-classical value and the absolutc‘value is almost same to ion heat diffusivity measured
from power balance analysis!). Latest several experimental results on tokamak transport show
an existence of non-diffusive inward heat flux?. 3, as same as an inward pinch of particle flux.
Hence, an existence of analogical momentum pinch or not is a currently interesting issue. In
this section, experimental results of off-axis toroidal momentum input using tangential NBI will
be introduced.

In this experiment, the counter direction (opposite to plasma current) tangential NBI was
injected with a off-axis deposition profile. Almost all NBI power was deposited in an outside
region of 1/a>0.4. Magnetic configuration of this discharge is a highly elongated lower x-point
divertor, and main plasma parameters are plasma current of Ip=1.5 MA, toroidal field of
B1=4.27 T, major radius of R=3.15 m, minor radius of a=0.79 m, elongation factor of
£=1.63, effective safety factor of qefr=6.5 and line averaged electron density of ne=0.9x101% m-
3 using deuterium working gas. Tangential NBI input power is 1.5 MW in the counter direction
with an angle of 33 degree between beam and magnetic axis. The measured toroidal velocity
and input toroidal momentum profiles are shown in Fig.1. In the figure, the toroidal velocity
profile becomes nearly flat in a central region, where there is no momentum input. On the
plasma edge, very steep velocity gradient is seen, which may be produced by some ion loss
mechanism?). From this steady state profile, it seems that there is no inward momentum pinch.
Momentum diffusion coefficient is calculated from toroidal momentum balance using a

following simple diffusion equation,

d(mnU)
ot

=-VM + Spm (1

M = - mny,0U/or : )
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where m and n are mass and density of ion. U, M, Sp and X¢ represent toroidal velocity,
momentum flux, momentum source and momentum diffusivity, respectively. The calculated
momentum diffusivity in a steady state condition is shown in Fig.2 (solid line). In the inner
region of r/a=0.5, diffusion coefficient can not be determined because there is no momentum
source. From power balance analysis, ion heat diffusion coefficient was estimated and a ratio of
XiX¢ Was about 2 in the outer half region.

In this experiment, tangential NBI with a counter direction was injected to ohmic target
plasma at t=8.06 sec. As momentum input is limited in the outer half region, toroidal rotation
starts in this region and penetrates into the inner region. It is thought that this penetration is
dominated by toroidal momentum diffusion (perpendicular viscosity). Hence, the momentum
diffusivity can be estimated from time evolution of toroidal velocity. This behavior is shown in
Fig.3, where measured toroidal velocities at r/a=0.11, 0.23, 0.38, 0.62 and 0.88 are shown
using asterisk symbols. The solid lines in the figure show calculated rotation velocities using
Eq.(1). In this calculation, it was assumed that toroidal velocity is induced only by toroidal
momentum input from NBI and that the velocity is zero at the plasma edge. A profile of
momentum diffusivity was assumed as (X¢(0)-x¢(a))( 1-(r/a)2)ﬂ+x¢(a), where ¥¢(0) and x¢(a)
represent the central and edge values. From a comparison between the measured and calculated
values, most plausible profile of momentum diffusivity was determined and shown in Fig.2
using a dashed line. The difference of diffusivities between the momentum balance and
transient analysis is about 1.5-2.0 in a region of r/a=0.6 to 0.9.

About the difference, it should be noted that the momentum diffusivity of transient
analysis was obtained from an intermediate condition between ohmic and neutral beam heating
(L-mode confinement). Generally, it is thought that tokamak transport is deteriorated by
additional heating. Therefore, the difference of diffusivities may be due to the deterioration of
L-mode confinement.

As a conclusion, the behavior of measured toroidal velocity was explained by only
diffusive term, and non-diffusive momentum flux was not observed in the above experiments.
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3.3 Particle Transport Induced by 'Temperature Gradient
on ICRF Experiments

K. Nagashima, M.Sato, T. Fukuda, H. Kimura

Lately, density and temperature perturbations induced by sawtooth collapse were
measured simultaneously in JETD), and density flux induced by temperature gradient was
recognized experimentally. This coupling between particle and heat flux was also observed in
JT-602). In this section, ion cyclotron range of frequency (ICRF) central heating experiments
on JT-60U will be described. In these experiments, density profile peaking seems to be coupled
with temperature profile peaking. The two different phenomena, the density profile peaking in
steady states and the density perturbation induced by sawtooth collapse, are analyzed using
coupled transport equations including off-diagonal transport terms.

In these experiments, ion cyclotron second harmonic heating was used to heat hydrogen
minority species in helinm plasma. Resonance region of ICRF was located at plasma center.
High energy ions generated by ICRF mainly heated electron in the central region, and electron
temperature profile peaked in a region of 1/a<0.4. The main parameters of these discharges
were plasma current of Ip=2.0 MA, toroidal magnetic field of By=4.0 T, effective safety factor
of qeff=4.5, major and minor radii of R=3.50 m and a=0.97 m, plasma elongation factor of
€=1.4, line averaged electron density of ng=2x101%9 m-3, and ion cyclotron heating power up to
Pic=3.6 MW. Magnetic configuration was a lower x-point divertor. By the injection of ICRF,
total radiation loss power increased by a factor of 1.5 to 2, and effective charge number Zgf
increased from 2.0 in ohmic phase to 2.0-2.5 in ICRF heating phase. Two measurement chords
of FIR interferometer were located at tangential radii of r/a=0.08 (inner chord) and 0.84 (outer
chord). '

Typical time evolutions of ICRF heating power, central electron temperature and two
chord integrated electron densities are shown in Fig.1. The heating power increases gradually
up to 3.6 MW at 9.3 sec, and following it, the central electron temperature increases gradually,
Just after the turn-on of ICRF, the edge electron density (outer chord) increases slightly.
However, during the increasing phase of heating power, it keeps almost constant. On the other
hand, the central density (inner chord) increases similar to the temperature. The sawtooth
oscillation becomes giant from 9.4 sec, which is clearly seen in the central density. This effect
is not seen in the edge density because the sawtooth inversion radius is r¢/a=0.28 and it is far
away from the measurement chord (r/a=0.84). '

From the figure, it is found that in ICRF heating phase, the density profile becomes
peaking in an inner region in spite of no particle source. The relation between density and
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temperature profile peaking is clearly shown in Fig.2, where ratios of two chord integrated
densities (inner chord value over outer chord value) are plotted as a function of temperature
gradient at r/a~0.25. From the measurement of visible bremsstrahlung emission profile,

impurity accumulation in the central region was not observed. Therefore, this density peaking is
not considered to be due to an impurity effect. |

To analyze the particle balance in the steady state, we consider coupled transport
equations including off-diagonal terms!)

r an/or

noy_ . Da n
4 B x /|oTer

T T 1)

where n, T, I" and q represent plasma density, temperature, particle flux and heat flux,
respectively. D and x are partiéle and heat diffusivity, and « and P represent off-diagonal
transport coefficients. On the particle flux equation, external particle source is negligible in the
inside region (in these discharges, typical width of ionization is evaluated to be about 0.05-0.10
m). Hence, we can assume I'=0 and obtain

anfor ,aT
=T | T @

Considering the plasma elongation, the peaking width is Ar=0.4-0.5 m in the inner
interferometer chord. Using the measurement values of An-Ar=0.35-0.40x1019 m-2 and

(9T/or/T)=~2, density gradient is evaluated as (9n/or/n)>(An/Ar/n)=1, and -o/D>0.5 is obtained
from Eq.(2).

As can be seen in Fig.1, clear density perturbations were induced by giant sawtooth
oscillations in ICRF heating phase. Here, using particle and energy balance equations, we will
simulate time evolution of the density perturbation and compare it with the measured one. The

particle and energy balance equations are
on/ot=-VI'+ 8§ (3)
oW/dt=-Vq +P 4)

where W, S and P represent heat density of W=(3/2)nT, particle and heat sources, respectively.
All quantities are divided into the two parts, the equilibrium part and the perturbing part, like
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n(r,t)=np(r)+ni(r,t), and Eqgs.(3) and (4) are solved as an initial value problem. The detailed
method of this calculation can be found in the reference?. In the calculation, four transport
parameters, D, o, B and %, have to be given externally. From the results of gas puff
modulation experiments3. 4), D(r) and (r) are given as D(r)=0.6-0.5(1-(r/a)2) and ¥(r)/D(r)=5.
Here, the effect of off-diagonal transport terms is examined, using an assumption of Onsager
relation, a=P 5). |

Figure 3 shows measured and calculated evolution of the chord integerated density
perturbation (inner chord) after one sawtooth collapse. Three calculated cases are
o/ D=R/D=0.0, -0.5 and -1.0. It should be noted that the calculated values are dependent
strongly on the initial perturbed profile during a few ten milli-second after the coliapse, and that
if the off-diagonal terms are not included, the decay of perturbed density behaves exponentially.
The measured density perturbation behaves almost similar to one calculated using o/ D=B/D=-
1.0. The calculated perturbation is dependent on all four transport parameters. However, the
behavior is not so sensitive to the ratio of ¥/D, and a parameter [ is not important because of
x»B. Therefore, in this analysis, o is the most critical parameter and is estimated to be o/D=-1.

As a conclusion, in ICRF central heating experiment, density profile peaking was found
in spite of no external particle source. This density profile peaking is following to the electron
temperature profile peaking. On the other hand, density perturbation induced by sawtooth
collapse could be explained if the particle flux induced by temperature gradient is included.
From the above two analysis, ¢/D=-1 was obtained.
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3.4 Anti-parallel Toroidal Rotation to Plasma Current during

Near-perpendicular NBI

Y. Koide, T. Tuda, A. Sakasai, N. Asakura
S. Ishida, M, Kikuchi

1. Introduction ‘

Recent experimental results, especially H-mode studies, have revealed the important role
of radial electric fields on the improved transport [1]. It is essential to know not only the effect
of the electric field itself but also the formation mechanisms of the electric field, including
characteristic effects depending on the heating methods.

Qur experiments have shown that the direction of toroidal rotation velocity during
near-perpendicular NB tends to be ctr-directed and this suggest the formation of inward electric
field in plasmas. In this paper, plasma rotation in L-mode plasma is discussed in relation with

the ripple-loss.

2. Ctr-directed Toroidal Rotation during Near-perpendicular Neutral Beam
Injection

The neutral beam heating system in JT-60U consists of 10 near-perpendicular beam
injectors (6 co-injectors and 4 ctr-injectors) and 4 tangential beam injectors (2 injectors each for
co- and ctr- directions), the injection angles of which are 75° and 36 * tothe magnetic axis,
respectively. Deuterium beams accelerated to ~90 keV were injected, and the input power per
injection unit was ~2 MW.

Figure 1 shows the comparison of V,(r) observed with various combinations of beam
injectors. In this figure, the type of injected beam is denoted by the following symbols : T
(tangential beam), P (near-perpendicular beam) ; the number of used injectors is shown in
parenthesis. (The diagnostic beam is a co-directed perpendicular beam (P-co(1)), which is
injected in all data shown in this figure.) In the cases with tangential beams , V(1) showed
peaked profiles with the direction in accordance with the external momentum input (shown
with two sets of open circles. Plasma current 1.=1.5 MA, toroidal magnetic field B=2 T,
line-average density n_c=0.6x1019m-3.). In this paper, negative V, means ctr-directed rotation
and positive V, co-directed rotation . In contrast to results with tangential beams, perpendicular
beams produced a ctr-directed uniform rotation profile (closed circles, [=1.5 MA, B=2T,
‘ﬁ‘éz_2.5><1019m—3). Note that, in this case, the beams were co-directed, which was opposite to
the observed rotation. The direction of V, was reversed when plasma current was reversed,
i.c. the anti-parallel relation between V, and I remained. This fact shows the existence of an

inward electric field as a rotation-driving source in plasmas heated by perpendicular NB injection,
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which is stronger than the external momentum input.

In order to investigate the location of the above-mentioned driving source, beam perturbation
experiments were carried out. The method of beam modulation is shown in Fig.2. A diagnostic
beam was injected with constant power, and co-perpendicular beams were injected with a
square-wave modulation of frequency 1-4 Hz into a discharge with 1 =2 MA, B=4T,
ﬁg=1.4x1019m'3 as shown in an upper box of this figure. This modulation brought about a
disturbance in T less than =35 % (lower box of Fig.2(a)). The beam line of the modulated
beams is shown with an arrow in Fig.2(b). Since these beams injected off the magnetic axis
and the beam diameter was ~0.3 m at FWHM (full width at half maximum), the central region
inside t~0.2 m was free from direct external momentum input. Figure 2(c) shows the waveforms
of modulated toroidal rotation velocity at r/ap=0.15, 0.6 and 0.8 (solid lines), where a, is a
plasma minor radius. Each trace is fitted to a sinusoidal function at the modulation frequency
plus a linear function (dotted lines). Note that V, at r/a =0.1 was also modulated at the
frequency of the beam modulation. However, the position of r/ap=0.1 was outside the deposition
region, showing that the modulated part of V,, Vi, was propagating from further out. This
view is supported by the fact that the phase delay of Vt became larger and the modulated
amplitude became smaller in the inner region as shown in this figure. The phase of propagating
V, is almost in anti-phase to the co-beam modulation.

Next we discuss the spatial profile of above-mentioned phase delay, A¢ ,and the amplitude,
Iﬂ We fitted the wave form of the beam-power to a sinusoidal function, and the fitied phase
was used as the origin of phase the shift, i.e. A¢=0. As shown in Fig.2(d) (modulation
frequency was 2.5 Hz in this discharge), the phase decreased from -210° at the edge to -330-
° at the center, showing the inward propagation of V. Furthermore, the modulated amplitude
IW decreased as position decreased from 0.9 a, 10 the center, as shown in Fig.2(e). It follows
that the driving source of ctr-directed rotation exists in the edge region around 1=0.9 a,. A
contribution of -180° to the total phase-shift of .210° at the edge is attributable to the
anti-phase response of V, to the beam injection. The -30° remainder is indicative of a
response time, which corresponds to a delay of 33 ms at 2.5 Hz modulation.

In addition to the driving source in the edge region, there are two further features which
characterize the ctr-rotation. First, a . dependence of the magnitude of this ctr-rotation which
is shown in Fig.3(a): steady state V (r) during co-perpendicular NB injection in two discharges
with similar configurations and with different q, of 10 (closed circles) and 3.5 (open circles)
~ are compared in this figure. It was found that the magnitude of ctr-rotation was larger with
higher q. Another feature is the dependence on the toroidal field ripple. The modulated
amplitude lﬂ during co-perpendicular beam modulation in two discharges with similar g ; and
with different magnitude of toroidal field ripple are plotted vs. major radius in Fig.3(b). The
toroidal field ripple was changed by varying the position of the plasma column. Closed circles
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show W{] when the plasma was formed on the outer side (the shaded region schematically
shows the radial position), where the maximum toroidal field ripple reached 3 %. In this case,
the response of Vt to co-beam modulation is in the ctr-direction as mentioned above. However,
the magnitude of the ctr-rotation became small or was not observed when the plasma was
moved inwards while keeping the value of g ; constant. Open circles show Iﬂ in a smaller
plasma (hatched region) with a maximum toroidal field ripple of 0.4 %. IW monotonically
increased towards the center and was small in the edge region. Note that, in this case, the
response of V¢ to co-NB modulation is in co-direction in contrast to the former case. A result of
co-tangential beam modulation is shown with a dotted line for a comparison in this figure: even
in a large plasma, ctr-rotation was not observed.

These observations mentioned above, i.e. driving source in the edge region, enhanced
ctr-rotation with higher q_ and larger toroidal field ripple, all qualitatively agree with the
condition of the enhanced ripple loss mechanism [2]. We deduced that the ctr-rotation during
perpendicular NB injection is driven by ripple-loss induced inwardly directed radial electric
field.
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3.5 Co-parallel Toroidal Rotation

to Plasma Current During LHCD
Y. Koide, K. Ushigusa, S. Ide
A. Sakasai, N. Asakura

1. Introduction

In plasmas where the current is fully driven by lower hybrid waves (LHW), some
special features have been reported compared with inductively driven plasmas : particle
confinement was improved [1] : MHD instability was stabilized [2] : the threshold power
required for the H-mode transition was lower in LHW-driven plasmas than in NB heated
plasmas [3]. We found another characteristic feature of plasma rotation in discharges in which
the current was almost fully driven by LHW : V, tended to be in the direction co-parallel to
plasma current. Since an external momentum input from LHW was given to electrons and the
direction of the momentum input was anti-parallel relative to the plasma current, the observed

o-directed plasma rotation, which mainly represents the ion flow, suggests the formation of an

outward radial electric field in LHW-driven plasmas.
2. Toroidal Rotation Induced by LHCD

Figure 1 shows the characteristic direction of V, in response to LHW injection. Two
LHW pulses with a power of 1.4 MW and with peak parallel-refractive indices of N =1.44 (t =
6-7 s) and N ,=2.24 (t = 8-9.5 s) were injected. Power-limitaﬁons, due to the accessibility
condition of LHW, are negligible for these values of N,. The loop voltage, V,, during LHW
was reduced from 0.35 V to 0.1 V at t~6 s (the middle box of this figure), showing that 70 %
of I, was driven by LHW. The evolution of V, at the center and at the edge of plasma is shown
in the bottom box of this figure. V, measured at both spatial points was observed to be in the
ctr-direction when the diagnostic beam was injected at t=5.5 s. This ctr-rotation is the effect
discussed in ref.[4]. An additional co-directed contribution to V, is observed during LHW
injection (t=6-7 s). After the termination of LHW at t=7 s, V, increased in the ctr-direction.
When the second LHW pulse was injected during t=8-9.5 s, the magnitude of this ctr- rotation
was again reduced, and the plasma edge started to rotate in the co- -direction. The response time
of V, seems to be shorter than 100 ms, which was similar to the response time of the hard
X-ray emission.

A typical radial profile, V (1), during LHW, is compared with V (r) in the Ohmic phase in
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Fig.2(a). The diagnostic beam was injected 1 s after the start of LHW injection, when the
plasma had already reached a steady state, and the duration of the beam-pulse was decreased to
100 ms in order to reduce the effect of NB injection on the rotation. A uniform V (1) of ~ -0.1-
X 10° m/s was formed in the Ohmic phase (closed circles) as shown in this figure. In the LHW
phase with N, =1.76 (open circles), V (r) changed towards the co-direction over the whole
plasma region.

In Fig.2(b), V, is plotted vs. accessible LHW power P, ;. We use V, averaged over the
inner and outer half of the plasma, 1.e. V,(r<a /2) and V(r>a/2) , in this figure. The electron
density was fixed around at n_e=5><1013m-3. V(r<a /2) increased almost linearly with P, ; for
N,=1.28 (closed circles). As for the data with LHW of N;=1.92 (open circles), V (r<a /2)
also increased with P, and V (r>a /2) showed a similar tendency (crosses). These observations
provide evidence that the observed change in plasma rotation towards co-direction is driven by
L.HW injection.

When energetic electrons leave the plasma, positive charges are left behind and an
outward electric field is set up. As a result, V, would be driven in the E,XB 4 direction, i.e. the
co-direction, where E, and B 4 are vectors of radial electric field and poloidal magnetic field,
respectively. According to the soft X-ray measurements reported in ref.[5], for the range of n
and N, in these experiments, the power lost through energetic electrons to divertor plates is
expressed as Pposs = 0.36 Pry T5p%8. Then we may regard Ngg = PLoss/Ergs as the number
of lost energetic electrons per unit time, where Egg is the resonant parallel energy of the
energetic electrons, and T, is the slowing down time of energetic electrons; Eyps and Ty, are

defined by the following relativistic formulae,

Top = 47 g5% mg2 3 N}? 08
BelnA  (Zeg+ 1){1- N} +V1- N7
Ergs = mc? [—L—- 1) 2 ,
1-N;2

where m and ¢ are electron rest-mass and velocity of light respectively. In Figs.3(a)-(d), V, is
analyzed in terms of Ngg. Accessibility of LH power were took into account in this figure,
where more than 80 % of the injected LHW power was accessible even with N, as small as
1.28. Figure 3(c), for example, shows the data with a fixed N, of 1.92 (P;;=1.16-1.43 MW,
Me=4.2-5.7x10'm-3). When Ngg increased from 3 to 4.5x10'%/s, V,(r<a,/2) increased from
-0.13X10° m/s to 0.13X10° m/s (closed circles). V(>a /2) also increased towards the
co-direction (open circles) as Ngg increased. Figures 3(a), (b) and (d) show similar plots of
Vt(r<a.P/2) for different N ,: (a) N,=1.28, (b) N,=1.76 and (d) N ,=2.24 (The ranges of ;. and
P,,; are comparable for Figs.3(a)-(d)).
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One of the common features for these data is that V, increased With Ngg, showing that
the number of energetic electrons Jost from the confined region was related to the observed
rotation. The drive efficiency of V, per unit loss rate of energetic electrons is represented by the
slope of the plots in Figs.3(2) to (d), ie. dV /dNgg. For simplicity, we fitted the data to a
linear function and the result is shown with a dotted line. In fact, a non-linear fitting function
seems to be required to fit these data to incorporate the region of low NEgg taking into account
the ohmic region, which was therefore excluded. (A similar non-linearity is also evident in
Fig.2(b).)

It is found that larger N, is associated with larger dV/dNgg. This result is clearly shown
in Fig.4(a), where dV/dNgg is plotted vs. N). Roughly speaking, dV /dNgg increased with
N,. For example, dV,/dNgE at N,=2.24 is increased by 80 % compared with that for N,=1.28.
This result means that the change in V, due to the loss of energetic electrons depends on the N,
of the driving waves, with larger N, corresponding to larger changes in V,. The hard X-ray
emission profile has a similar dependence on N,, as shown in Fig.4(b), where the profile
peaking factor of HX is defined by the ratio of hard X-ray intensities with photon energy above
150 keV (I,) measured along two chords through r=0.33 a, and 0.74 a. In this figure, data in
discharges at the higher end of the Py, range for each N, are plotted. It is seen, from this
figure, that peaked profiles of HX are formed by LHW with lower N, and broad profiles with
high N, as has been reported in ref.[6]. The similarity of the N, dependence of dV /dNgg and
Im(0.74ap)/1m(0.33ap) shown in Figs.4(a) and (b) suggests a correlation between them.

The profile of energetic electrons is also jmportant from the viewpoint of current profile
modifications and their influences on MHD stability. So a proper experimental study for the
identification of loss mechanisms is needed to understand the N, dependence of the plasma

rotation.
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3.6 Transport Analysis of Ohmically Heated Plasmas
by CXRS Measurement |

Hiroshi Shirai Yoshihiko Koide, Masayasu Sato, Nobuaki Isei,
Mitsuru Kikuchi, Tomonori Takizuka, Masafumi Azumi

As a first step of transport analysis of ohmically heated plasmas in JT-60U, the
dependence of the neutron emission rate and the stored energy on the density profile
shape, the effective charge number, Z.g, and the ion thermal diffusivity, Xi was studied
[1]. Because the neutron emission rate, in particular, depends on these parameters, the
experimental data must be carefully evaluated and treated in the transport analysis of
ohmically heated plasmas. In this calculation, we assume the electron density profile as
some power of parabolic shape; ng(r) = n{0) ( 1-12 )m, and using two channels of
interferometer data, the line averaged electron density, 1., is inferred taking into account
of Shafranov shift of magnetic axis. We use Electron Cyclotron Emission (ECE) data for
the electron temperature. Zeg, is calculated by visible Bremsstrahlung data.

As for the ion temperature, there used to be one channel of active beam probe which
measured T; value in the plasma center several years ago. However, there is no
diagnostic system which can directly measure T; profile in the present JT-60U device.
Therefore T; profile shapes were calculated by assuming ;i = f x?‘c, where xliqc is the
neoclassical diffusivity proposed by Chang & Hinton [2]. The coefficient f is determined
by comparing the measured neutron emission rate and the stored energy with the
calculated values. However, it is doubtful whether the assumed Xi reproduces the actual
T; profile, because the )dqc profile is almost spatially constant while the experimentally
evaluated ¥; increases from the plasma center toward the edge [3]. Therefore the direct
measurement of T; is necessary for the minute transport study of ohmically heated
plasmas.

In this section, the T; profiles measured by Charge Exchange Recombination
Spectroscopy (CXRS) are adopted to evaluate Xe and Xi. We adopted two ways o utilize
T; profile data by CXRS; (1) Short pulse (< 100 msec) beams are injected repeatedly
every 0.5 ~ 1 sec and the T; profile data are gathered at the end of each beam pulse and
treated statistically (See Fig.1; shot E15367) or (2) one unit of neutral beam is injected
and the T; profile data are gathered 100 msec after the beginning of injection (See Fig.2;
shot E15721). In the former way, each beam pulse must be separated in order to get rid
of the influence of slowing down fast ion due to the beam pulse just before. Still more
we cannot get this type of shot too much. Therefore we utilized the latter way.

The plasma parameters other than T; such as n. and T are measured just before the
beginning of neutral beam injection. The measured T; by CXRS is expected to be
somewhat higher than that of ohmically heated level. We will evaluate the increment of T;
during the 100 msec NBI heating. The increment of T, the particle averaged electron
temperature, {Te) , and the stored energy including beam component, W, of 100 msec
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after the NBI in 2 MA plasma are 0.8 %, 2 % and 6.5 %, respectively. At the beginning
of beam injection, heating power mainly deposits to electrons because Teis low. It can be
assumed that the increment of T; is less than that of T.. The increment of W is attributed
to the beam stored energy because the slowing down time of fast ion is larger than 100
msec. If the one unit of NB is injected continuously, these increments are 6 %, 21 % and
33 %, respectively. Thus we assume that the increment of T; at 100 msec after the
injection is small. We will check this by using 1.5 dimensional transport code TOPICS.

Both ¥ and ;i are calculated by the electron and ion energy balance equation (we
set Pipr = Pigr = 0in egs. (1) and (2) of Sec. 3.7). The radiation loss, Py, is neglected
in the calculation. We calculate the plasma current assuming neoclassical plasma
resistivity. Figure 3 is the density and the temperature profiles of typical 2 MA ohmically
heated plasma; shot 15721, t=4.5 sec, B; =4 T, n, = 1.44 x 101% m-3. In the region of
r > 2a/3 where the convection loss and/or the radiation loss becomes comparable to the
conduction loss, Xe and i include a large error. Therefore whether Xe decreases toward
the plasma edge region is indistinct.

Figure 4 shows the 1, dependence of Xe and Xi at r = /2 in 2 MA ohmically heated
plasmas. The internal inductance J; is almost the same (~ 1) except for the shot of ne =
1.1 x 1019 m-3 (I, ~ 1.2). In the low density region (fi, < 1 x 10!° m'3), X, becomes
larger than ;i and the electron heat transport governs the energy confinement. In this
density region, energy confinement time, g, follows Neo Alcator scaling [4]. In the high
density region (n, > 1.5 x 101% m-3), i becomes larger than Xe and the ion heat transport
governs the energy confinement. In this region, Tg saturates around 700 msec. A
transport theory predicted that the dissipative trapped electron mode dominates in the low
11, region and the ion temperature gradient mode (1; mode) dominates in the high n,
region in the ohmically heated plasmas {5]. The results shown here supports this
prediction.

Figure 5 is the density and the temperature profiles of typical 3 MA ohmically
heated plasma; shot 16129, t=4.5sec, By=4 T, n, = 1.2 X 10'% m-3. Figure 6 shows
the 71, dependence of Xe and X at r = &/2 in 3 MA ohmically heated plasmas. };is 1.15 ~
1.2 for these shots. In the high density region of ng > 1.2 X 101? m-3, %i becomes larger
than Y. like 2 MA cases. Since there is no 3 MA data with low B, it is unknown whether
the electron heat transport governs the energy confinementin n, < 1 X 1019 m-3,

In order to make clear the 1, dependence of X and Xi shown above, the error
evaluation of calculated Xe and Xi is required. This is an important future subject.
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3.7 Transport Analysis of Low Power NBI Heated Plasmas

Hiroshi Shirai Yoshihiko Koide, Masayasu Sato, Nobuaki Isei,
Mitsuru Kikuchi, Tomonori Takizuka, Masafumi Azumi

In the previous work [1], the plasma current dependence, the absorption power
dependence and the toroidal field dependence of electron and ion thermal diffusivities, Xe
and i, were analyzed in the neutral beam heated L-mode plasmas of JT -60U in the high
elongated configuration. For example, the absorption power dependence of X and Xi atr
=a/2in I = 3 MA plasmas in high elongated configuration are shown in Fig.1. It was
found that ¥; is larger than Xe in this Py, range and that X; increases with Pps while Xe is
nearly unchanged. Most of the plasmas available for the local transport analysis have
high Py, (> 15 MW) and the L-mode shots with small P,y is very few; for example there
were only two shots 7.7 and 12.9 MW for I, = 3 MA plasma. Therefore it was hard to
survey the overall P, dependence of heat transport from ohmically heated plasmas to
high power heated plasmas. We are planning to apply theoretical (n; mode, drift wave
etc.) or semiempirical (Rebut-Lallia-Watkins [2] etc.) heat transport models to study the
heat transport mechanism in the next step of study. Before that we must investigate the
characteristics of Xe and %; in a wide range of plasma parameters of I, Paps, Te, By and
etc.

In this section, we pay attention to the P,y dependence of X and X;i. In order to
compensate for the lacked low Py, data, we deal with plasmas with P,ps < 10 MW.
Thermal diffusivities, Y and ¥, are calculated by the electron and ion energy balance
equations. They are shown as follows;

T
_iTJ‘e+ 1 j (-Prad+Pq+PoH+P§}31)rdr

2 r{Iv4? Jo
Xe(r) = (1)
T
or
3 1 T i
-2 TIN -Pcx - P Pi dr
5 +r(|Vl‘|2)L)( cX - Peq + PNBI) T
@) = - @)

-1

where T, Prag, Peq, Pex, Pon represent the ion particle flux, the radiation loss, the equi-
partition energy exchange between electrons and ions, the charge exchange loss, Ohmic
heating power, respectively. n, is calculated from two channels of interferometer data.
T, is measured by ECE. T;is measured by CXRS. Since we Prag disregarded in this
calculation, the Xe and Xi value in the peripheral region is not correct. Bracket is the

average over a magnetic surface. T’ is defined as follows.
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T
Ti@=T.0)= “;—“ L S(r) T dr 3)
where S is a local particle source due to the recycling at the wall.

First, we deal with the I, = 3 MA plasmas with B, = 4T in high elongated
configuration. The magnetic axes of these shots are slightly shifted inward in the major
radius direction. Plasma volume is about 69 m3, which is 10 % smaller than the previous
work. Figure 2 shows the P,y dependence of stored energy components (W,, W; and
Wy,) and thermal diffusivity, respectively. The line average electron density is 2.08 ~
7 34 % 1019 m-3. The ohmic data (0. = 1.85 x 10!? m-3) is also shown for reference.
Internal inductance, 1;, is 1.21 except for the shot of Paps = 6.7 MW (1; = 1.15). Itseems
that this low 1; shot has smaller stored energy and larger Xe. If we disregard this shot, Xi
increases with P, from ohmically heated level to the middle P,ps range, while Xe does
not have clear P,ps dependence or slightly increases with Paps. We can see Xe ~
1 m2sect and Xi ~ 2 m2sect at P, = 10 MW, which connects to the high Paps region
(see Fig.1). After all, Xe is almost insensitive to the absorption power, while Xi value
increases drastically with P,y from ohmically heated plasmas to the high P,ys neutral
beam heated plasmas. Thus we can treat heat transport without considering ohmically
heated phase or neutral beam heated phase. This trend was also observed in JT-60
plasmas (hydrogen plasmas) [2]. We can assert that the energy transport in the L-mode
plasma is dominated by ions.

Next, we deal with the I, = 2 MA plasmas with B; = 4T in standard configuration.
Plasma volume is 85 ~ 90 m3. Figure 3 shows the P,y dependence of stored energy
components and thermal diffusivity, respectively. The line average electron density is
1.54 ~ 1.95 x 1019 m-3. The ohmic data (e = 1.66 x 10*® m-3) is also shown for
reference. Internal inductance is 1.1 ~ 1.2. Each stored energy components increases
with P,ps. We can see that Xi is larger than Xe in this P,y range. Different from the I, =
3 MA cases, we cannot see the clear Pays dependence of Xi. Still more, if we compare
Fig.2 and Fig.3 we find that Xe of I}, = 2 MA case is smaller than that of I, =3 MA case,
which contradicts to the better confinement of higher I,. Itis possible that Xe is
underestimated while Xi is overestimated in I, =2 MA shots; effective thermal diffusivity,
Yeff [1], is similar between I, = 2 MA shots and Tp = 3 MA shots in this Paps range. In
order to make clear this point, we must carry out error evaluation of Xe and Xi
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3.8 High Energy Electron Transport Induced by Pellet Injection in
Lower Hybrid Current Drive Discharge

K. Nagashima, T. Kondo, T. Fukuda

On high energy electron transport in tokamak, measured amplitude of radial transport is
significantly higher than neo-classical value, and it is considered that this anomalous transport
is determined by some micro-instabilities. Turbulence levels of electrostatic and magnetic
fluctuations are crucial issues for an understanding of transport physics. Hence, high energy
electron transport is a very important subject because it is thought that the transport is mainly
dominated by radial component of magnetic fluctuation. In several tokamak machines, diffusion
coefficient of high energy electron has been estimated. The measured values are scattering in a
large range of 0.5 to 10 m2/secl: 2). In this section, experimental result obtained from a
perturbative transport of high energy electron induced by pellet injection in lower hybrid current
drive discharge.

An aim of this experiment was to determine diffusion coefficient of high energy electron
generated by lower hybrid radio-frequency wave (LHRF), and a steady state discharge with a
long pulse LHRF were used. In this discharge, about 40 percent of toroidal current was
maintained by high energy electrons induced by LHREF. In this steady state condition, a small
pellet of deuterium (a cylindrical form with a diameter of 3 mm and a length of 3 mm) was
injected in order to make a perturbation of high energy electron profile. The pellet penetration
depth was estimated by a response of soft x-ray emission profile and was determined to be
about r/a=0.55. It is estimated that about 70 percent of the pellet was ablated by high energy
electron. The plasma parameters of this discharge (E016414) were plasma current of Ip=1.0
MA, toroidal field of Br=4.0 T, major radius of R=3.6 m, minor radius of a=0.88 m,
elongation factor of £=1.5, effective safety factor of qefr=8.1 and line averaged electron density
of ne=0.9x101% m-3 (before pellet injection) using deuterium working gas. The magnetic
configuration was a lower x-point divertor.

A dynamics of high energy electron is dominated by three processes. The first is a
generation by LHRF and the other two are a collisional slowing down and a radial transport.
Therefore, the following simple equation can be used to analyze a behavior of high energy

electron,
aﬂ=sh_ﬂ+%imh§§£ (1)
ot TsD or or
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where np, Dy, S and Tsp represent density, diffusion coefficient, source and slowing down
time of high energy electron, respectively. 1sp is determined by bulk plasma density. Hence, a
dynamics of bulk plasma density should be considered. Here, particle conservation equation

and a simple formula of particle flux are used as following,
onfot=-VI + 8§ ' (2)

"= -Dan/or- Vn | 3)

where n, I and S represent density, flux and source of thermal particle. D and V are diffusion
coefficient and inward flow velocity. Just after the pellet injection, density gradient becomes
significantly large in the pellet penetration region, and the diffusion term in Eq.(3} becomes
dominant. Hence, the flow velocity term is negligible during a short period after the injection.
The source profile of high energy electron Sp should be determined from absorption profile of
LHREF, but it is not easy to estimate real absorption profile. In this analysis, the source profile
was determined from a steady state balance of Eq.(1) using the measured profile of high energy
electron. (The profile of high energy electron was estimated from hard x-ray emission profile
Thx(r), using an assumption of Iy (r)e<np(xXZ;2n;(r) where Z; and n; are charge number and
density of ion.}

The measured and calculated time evolution of line integrated electron density at r/a=0.05
before and after pellet injection are shown in Fig.1. In the calculation, pellet ablation was

determined using a theoretical formula of

dDp, _ nlPTIB [ mELY @

Di*Vy DV,

where the two terms of right hand side represent the ablations by thermal and high energy

electrons. Dp, Vp and Ep are pellet diameter, injection speed and energy of high energy
electron. A coefficient of o is 1.78x10-13 and an another coefficient of B was determined to

adjust the experimental pellet penetration depth. The source profile S was given from this
ablation profile, and the diffusion coefficient D was determined to fit the measured value of the
first 20 msec after the pellet injection (a clear density decay can be seen in this period when the
diffusion process is dominant).

To clarify an image of high energy electron behavior, a calculated time evolution of high
energy electron profile is shown in Fig.2 (which is a calculated case using a spatially constant
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coefficient of Dp=1.0 m2/sec). Just at a time of pellet injection, high energy electron decreases
abruptly in the outer half region (ablation region), and decreases gradually in the central region.
It is considered that the decrease in the central region is dominated by the competing two
processes, the diffusion of high energy electron and the increase of slowing down time which
is due to the thermal particle diffusion. Hence, the diffusion coefficient Dy can be determined
from the decrease of high energy electron density in the central region, if the diffusion of high
energy electron is dominant, Dp»D. (In this analysis, D was estimated to be about 1.0-1.5
m?2/sec at the edge.)

Figure 3 shows a time evolution of hard x-ray intensity before and after the pellet
injcction' (at 6.010 sec). After the injection, hard x-ray intensity decreases about 30 percent. The
hard x-ray is generated by bremsstrahlung emission of high energy electron and the
measurement is a chord integrated value at r/a=0.4. To compare the measured hard x-ray
intensity with the calculated one, the chord integrated values were calculated using the
assumption of Igx(r)e< np(NxY.Zi2n;(r). These values are shown in Fig.4, using the diffusion
coefficients of Dp=10, 1, 0.1 m2/sec. From the comparison between Fig.3 and 4, it can be
concluded that the diffusion coefficient of high energy electron is Dp«10.
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4. Impurity and Divertor
4.1 Decaborane-based Boronization System

and Its Operation Experience

M. Saidoh, H. Hiratsuka, T. Arai, M. Shimada, N. Ogiwara, Y. Neyatani, T. Koike,

H. Ninomiya, M. Yamage™', H. Sugai” and G. L. Jackson™

1. Introduction

A new type of boronization system using decaborane B,;H,, as a substance for boronization
has been installed in the JT-60U tokamak in order to reduce the influx of impurities during
plasma discharges[1]. Two sessions of boronization have been carried out on July 30 and
September 1, 1992. Initial results indicate that the boron film produced from decaborane shows
a good performance similar to that of layers produced in the conventional way. Present paper
describes the JT-60U boronization system, the boronization process and the properties of the
deposited boron film. The effects of boronization on the plasma performance will be described
in the following chapters.
2. The JT-60U Boronization System

Figure 1 is a schematic layout of the decaborane-based boronization system for JT-60U.
This system including decaborane container can be located in the torus hall because of its safer
features that decaborane is not explosive and less toxic than diborane and that the pressure of
decaborane is always subatmospheric throughout the system. This enables installation of a
decaborane container near the JT-60U vacuum vessel resulting in the short delivery lines from
the container to the injection port of the vacuum vessel which are less than 20 m, in comparison
with the conventional boronization system([2].

In order to obtain a steady decaborane gas flow, the gas feeding system including the

decaborane container and the delivery lines is heated up to and kept at 100 ~ 110°C during
boronization session. Flow rates of decaborane and helium are controlled by mass controllers
independently and a post-mixed gas of decaborane and helium is fed continuously into the
JT-60U vessel.

The residual gas analyzer (RGA) has been used to evaluate the vacuum quality during
boronization. In the RGA system, a 1 mm orifice has been added to restrict inlet flow and
increases differential pumping. This limits the total pressure in the RGA to less than 1 x 107
Pa, which allows its periodic use during boronization. A 150 1/s turbomolecular pump backed
by a rotary pump provides the differential pumping. The exhaust line from the pump is

connected to the exhaust line of the tokamak vacuum system used during the boronization

session.
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During boronization the JT-60U vacuum vessel is evacuated by a 3000 I/s turbomolecular
pump backed by a 1340 I/min rotary pump whose oil is continuously filtrated with an oil
filtration system used in semiconductor industries. A decaborane filter is connected to the
rotary pump. A dedicated exhaust line conducts all vacuumn pump exhaust out of the building
with help from a fan located at the end of the exhaust line on the roof. A nitrogen purge is
connected to the inlet of the rotary pump to dilute the boronization byproducts below the
explosion Hmit for hydrogen.

For safety a stationary air monitoring system and an exhaust line monitoring system sample
two points in the torus hall and two points in the two vacuum pump exhaust lines, respectively.
These are sensitive to decaborane concentrations of as low as 10 ppb. In addition, portable
detectors sensitive to a range of toxic gases including decaborane are carried during hazardous
operations.

3. The Boronization Process

Prior to boronization a helium glow discharge was carried out in order to clean up the
plasma facing surfaces. The glow discharge was maintained in JT-60U using two graphite
anodes spaced 140 degree toroidally, while the tokamak wall was the cathode (Fig. 1). After
the glow discharge cleaning, decaborane gas was injected into the JT-60U tokamak under
helium glow discharge in order to carry out the boronization. The injected gas molecules are
decomposed into boron and hydrogen and ionized borons are accelerated towards the first wall
to coat it with boron. Byproducts, mainly hydrogen and helium are pumped away by the
special decaborane pumping system. Increment of RGA signal of H, due to the decomposition
of decaborane under glow discharge is clearly seen in Fig. 2. When we take into account of the
amount of helium and decaborane gases fed into the vessel mentioned below, the increment of
RGA signal of H, indicates the almost complete decomposition of decaborane into boron and
hydrogen. To improve the deposition of boron film with high quality the vessel walls were

heated to 300 "C. A typical session consisted of 10 hours of glow discharge, consuming 15
grams of decaborane. Typical glow discharge parameters were 270 to 310 volts, with 3 amps
of current drawn by each electrode, maintaining a total pressure of 2 x 10" Pa with helium (380
SCCM (standard cm?®/min)) and decaborane (5.5 SCCM) flow.
4. The Properties of The Deposited Boron Film

Probe samples were inserted in two positions (P-4 section and P-13 section) of the plane of
the outer wall during second boronization session in order to examine the deposited boron
films. Polished molybdenum, and polished and as-received graphite were used as the probe
samples. Atomic composition depth profiles of deposited films on molybdenum and graphite
have been measured by means of Auger electron spectroscopy (AES) and simultaneous Ar’*-ion
sputtering. The results obtained for molybdenum and graphite substrates of P-4 probe samples
are shown in Figs. 3 and 4, respectively. The followings are clearly found. For molybdenum
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the interface between boron deposit and molybdenum substrate is very sharp, while for graphite
it becomes broad even when the graphite surface is smooth. The deposited films are over 90%
boron as seen from Fig. 3 and Fig. 4(a). More than [5% carbon exists in the film on the
as-received graphite as shown in Fig. 4(b), which clearly indicates that the deposited boron
film in the present boronization can not cover all of the graphite surfaces, because of their
surface roughhess.

The film thicknesses shown in the figures are obtained from scanning electron microscopy
(SEM) observation of the cross-section of the films deposited on the P-4 probe sample supposing
that the film width, at which the AES intensity of boron becomes 50%, is a film thickness of
deposited boron film. For P-13 section the thickness of deposited boron film is obtained to be
2 nm. The area of the plasma facing surfaces in JT-60U is approximately 200 m’. 15 gram of
decaborane therefore, gives a boron deposit with an average thickness of 46 nm. The present
expcrifnental results clearly show that the depositedboron films are toroidally nonuniform.

Depth profiles of hydrogen concentration in the boron films were also measured by means

of nuclear reaction analysis using °N as follows[3].

BN + H = "2C + “He + y-ray (4.43 MeV).

Results are shown in Fig. 5. Hydrogen concentrations in the films on both substrates are
obtained to be 10%, which is low compared with that produced in the conventional boronizationf4].
The depth at which hydrogen concentration is half of the 10% concentration are also obtained
to be 100 nm and 140 nm for molybdenum and graphite substrates, respectively, which agree
with the thicknesses of the boron films on molybdenum and graphite measured by AES and
simultaneous Ar*-ion sputtering, respectively.

Plasma performance has been improved after boronization compared with the previous one,
details of which will be discussed in the following chapters, although the present two boronizations
did not produce enough thickness of deposited boron layer to cover all of the carbon tiles.
Therefore more powerful and uniform boron coating is required and some improvements of the

boronization system for this purpose are in preparation.

*1 Nagoya University
*2 General Atomics
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4.2 Effects of Boronization and Wall Conditioning on H-mode

M.Shimada, H.Ninomiya, R.Yoshino, Y. Kamada, M.Saidoh, H.Nakamura and S.Tsuji

1. Introduction

This chapter describes the effects of boronization and wall conditioning on H-mode. The
purpose of boronization and wall conditioning is reduction of impurity and particle recycling,
Excessive amount of impurities and particle recycling is detrimental to confinement and stability.
Accessibility to H-mode is also affected by impurities and particle recycling. Two sessions of
boronization have been carried out in 1992. The first session took place on July 31 and the second
session on Sept. 1. Approximately 10g and 15g of decaborane was processed in these sessions.
Details of the hardware and procedures are described in section 4.1. Effects on impurity levels
were discussed in section 4.3. This section discusses changes in particle recycling and
confinement. Critical issues are also discussed and schemes for solution are presented.

2. Results

Shown in Fig. 1 are two discharges: one before the first boronization and the other after the
second boronization. Toroidal field and plasma current were similar: both 4T and 2.5 MA. The
neutral beam power was roughly the same. In both cases, a clear LH transition was not observed,
but HL transition was very clear. The D¢ traces show that after the boronization, the particle
recycling flux was reduced by an order of magnitude. The rate of electron density increase was
also lower after the boronization; dn/dt during the ELM-free phase was 2.8 x 1019 m-3s-1 before the
boronization, and was 1.4 x 1019 m-3s-1 after the boronization. The electron density at the ELM
onset was similar for both cases. The lower target density and the lower rate of density rise after
the boronization extended the period of the ELM-free phase by a factor of 2.5.

Changes of discharge characteristics by boronization are discussed in Fig. 2. Discharge
parameters are: Bi=4T, Ip=2.5MA are Pip=15-20 MW. Fig. 2(a) shows that Dy emissivity is
systematically reduced by an order of magnitude by boronization. An explanation of particle
recycling reduction is change of density range, which can be discussed by Fig. 2(b). The density
range of pre-boronized discharges is higher than those after boronization. However, there is
systematic reduction seen between data after the first boronization and data after the second
boronization. As a result of the particle recycling reduction, confinement time increased
significantly, which is shown in Fig. 2(c). H factor is defined as Te/tg(ITER-89P). In Fig. 2(d),
H factor is plotted against the particle recycling at the divertor, which suggests that particle
recycling has some threshold value under which confinement is improved with reduced recycling.

Fig. 3 shows a plot similar to Fig. 2(d), with plasma parameters more extended in By, Ip and Pin,
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showing an H factor of 2.2 after the second boronization. Fig. 3 also shows that for each
boronization stage, the range of Da and H factor is very wide, but a trend of higher H-factor with
lower particle recycling is obvious, suggesting that wall conditioning at each stage of boronization
is very important in reducing particle recycling and in improving confinement. Fig. 4 presents H
factors against Ip for constant Bt=4T, and Pin = 15-20MW. This figure indicates a steady
improvement after each boronization session and also expansion of operation space with improved
confinement.

3. Discussion of Experimental Results and Critical Issues

After boronization, oxygen levels in joule heating phase were reduced, but the oxygen levels
in NB-heating phase were not. Carbon levels were not reduced either in joule heating or in NB-
heating phases. Boronization and subsequent wall conditioning reduced particle recycling, which
resulted in improvement of confinement. This result indicates that reduction of particle recycling
alone can improve confinement. However, reduction of particle recycling is not advantageous from
the viewpoint of making a dense and cold divertor, because the temperature at the divertor can be
roughly given as the ratio of the divertor heat load to the particle flux. The divertor density can be
given as the ratio of the particle flux to the square root of the divertor temperature. Therefore, for a
given divertor heat load, reduction of divertor particle flux contradicts with formation of a dense
and cold divertor. This poses the most serious problem in the tokamak confinement study.
Furthermore, in low-recycling discharges, remote radiative cooling is small compared with main
plasma radiation power. Demonstration of enhanced confinement compatible with a high recycling
divertor and remote radiative cooling is a crucial issue.

In the boronization sessions carried out so far, the boron coating was thin(maximum:80 nm),
and was highly localized(decay length was 1-2 m), which is the most plausible explanation for little
reduction in impurity levels. During the vent in Nov.-Dec. 1992, a new boronization system with
12 injection inlets was installed in the machine. These inlets were designed to supply decaborane
vapor almost uniformly around the torus. With this system, we aim to coat the first wall with more
uniform, and thicker boron film. Reduced impurity levels with this new boronization system may
alleviate the requirement on the particle recycling.

In recent tokamak experiments, most divertors have been designed with an open geometry to
maximize flexibility in shaping. In this configuration, enhancement in particle recycling in the
divertor inevitably deteriorates energy confinement, since neutral particles freely flow back to the
main plasma through the aperture between the scrape-off layer and the wall. In a closed divertor

configuration, the neutral particles are impeded from returning to the main plasma, which results in
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maintaining good confinement and in enhancing divertor particle recycling and remote radiative
cooling. '
Requirements for the design of a closed divertor include:

(1) The minimum particle recycling flux for reducing divertor temperatures below 20 eV, and for
reducing the divertor heat load below 10MW/m? by remote radiative cooling.

(2) The maximum ionization source inside the separatrix for maintaining good confinement and
good current drive efficiency. The maximum ionization source required to prevent MARFE and
detaching should also be investigated, but this value is expected to be well below the limit
imposed by confinement and current drive.

(3) The minimum impurity levels in the divertor for remote radiative cooling.

(4) The maximum impurity neutral particle flux allowed to the main plasma scrape-off layer for
maintaining impurity contamination in the main plasma below 0.2 % for light impurities.

(5) The heat flux distribution and particle flux distribution in the scrape-off layer.

The maximum neutral particle conductance can be derived for simultaneous demonstration of

(1) and (2). A similar consideration is required for simultaneous satisfaction of (3) and (4). Both

consideration should include the effects of ionization by plasma. Further consideration must

include the backflow of impurity ion, and the wall source of impurities. Experimental evaluation of

(5) enables estimation of the minimum aperture for reducing the throat heat load below an

engineering limit and for reducing the particle recycling on the throat. The minimum divertor length

can be derived from the requirement on the divertor conductance and the minimum divertor
aperture. The neutral particle pressure derived from (1) and the particle input(by beams and gas-
puffing) should provide the requirement for pumping. Experimental documentation of (1)-(5) is
very important in establishing a firm basis for optimizing the performance of JT-60U and future
machines such as ITER. Consideration of ELMs, requiring dynamic treatments of (1)-(5), should
also be important. The long range experimental program of JT-60U and the divertor design of

JT-60SU should reflect such a consideration.

4. Conclusion

Conclusions on boronization and wall conditioning studies are summarized as follows.

(1) Two sessions of boronization have reduced particle recycling, which improved confinement.

(2) Impurities were not reduced by boronization, probably due to localized and thin boron layer.

(3) Confinement improvement by reduction of particle recycling is contradictory to high recycling
divertor scheme in an open divertor geometry; more uniform, thicker boron layer might reduce
the requirement on particle recycling. Long-term solutions including a closed divertor should be

investigated.
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4.3 Impurity Concentration and Radiation Loss in the Main Plasma

T. Sugie, H. Kubo, M. Shimada, H. Nakamura, A. Sakasai, K. Hill, K. Itami, N. Asakura,
Y. Kawano, S. Numazawa, T. Hirayama, N. Hosogane, S. Tsuji and JT-60 Team

Wall conditioning has been carried out with deuterium TDC, helium TDC, disruptive
cleaning and helium GDC. With these conditioning methods, we obtained Zesr of 1.6 and the
oxygen / carbon concentrations of 0.5% / 1.2% in OH discharges. In addition, we installed a
boronization system for more powerful wall conditioning[1]. But it is difficult to reduce the
carbon impurity, originated from the first wall materials, only with these wall conditioning
methods in the high power NB heated discharges. We confirmed that the high density
operation is useful to reduce carbon concentration, and the divertor shielding efficiency of

impurity ions increases with the electron density[2].

1. Impurity Reduction by Wall Conditioning

Concentrations of oxygen, carbon and boron have been derived from the Zeft and the
intensity ratio of OVIII (1s-2p; 19 A) , CVI (1s-2p; 33.7 A) and BV (1s-2p; 48.6A) measured
with a grazing incidence spectrometer. Radiation losse$ were also measured with a 32ch
bolometer array.

Figure 1 (a) and (b) show the long term histories of Zeff and impurity concentrations in
OH discharges at the line averaged electron density of 2 x1019 m-3. After the 1st vent of a
vacuum vessel, the Zefr gradually decreased from 3.4 to 2 by ~200 tokamak discharges with
D / He TDC, disruption cleaning and He glow discharge, and the oxygen concentration also
decreased 3.6 % to 0.8 %. On the other hand, boronization reduced Zefr and oxygen
concentration in a short time. After the 1st boronization of just after the 2nd vent, the Zeff
decreased from 3.5 to 2. And after the 2nd boronization, the Zeff and oxygen concentration
decreased more. Figure 2 (a) and (b) show the impurity concentrations and radiation loss
power as a function of line averaged electron density before and after 1st boronization. In this
figure, the oxygen concentration decreased from 3.5 % t0 0.4 % atne = 3 x1019 m-3, but the
carbon concentration did not decrease with boronizations. Boron concentration was around
0.4%. The radiation loss power of main plasma also decreased from 0.65 MW to 0.15 MW in
accordance with the decrease of oxygen.

" In NB heated discharges (PNp=17-23.5 MW, B=3-4 T, Ip=1.8-2.4 MA), the effect of
boronization was not so clear as shown in Fig.3 (a) and (b). The oxygen concentration
slightly decreased after the 2nd boronization, but the effect of boronization was not so clear

in comparison with the concentration before the boronization. Oxygen still survive 0.8% of
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the electron density. The carbon concentration did not change before and after the
boronizations. Zegr also did not change after the boronizations. Radiation losses of main and
divertor plasmas also had no change after the boronizations as shown in Fig. 4(a) and (b).
These results suggest that the boronizations were insufficient and/or the boron film was
week under the high power NB heating. According to the thickness measurement of boron
film, the thickness was toroidally non uniform such as 75 nm near the injection port of
decaborane vapor and only 2 nm at the opposite side [1]. From these results, more powerful

and uniform boronization is required.

2. Impurity Behavior in High Density NB Heated Plasmas

Zoff and impurity concentrations increased with the NB injection power (PNB) as shown in
Fig. 5(a) and (b). Especially, the carbon concentration increased steeply with the injection
power and reached to ~ 3.5 % of the electron density at 24 MW. That is, it is difficult to
reduce the carbon impurity originated from the first wall materials in high power NB heated
plasmas.

Figure 6 (a) and (b) show Zeff and impurity concentrations as a function of line averaged
electron density. Those values were clearly decreased with the electron density. Especially,
the carbon concentration decreased remarkably and held around 1.5% of electron density
during high power NB heating ( 23 MW, 2.5 sec) at = 5x1019 m-3. And also, we
confirmed that impurity shielding efficiency increases with electron density since the ratio of
carbon concentration to carbon influx decreased with electron density [2]. From these results,
high density operation is promising to reduce impurity concentrations of main plasma even in

a high power NB heating.

References
[1] SAIDOH, M., et al., Section 4.1, in this review.
[2] SAKASAL A., et al,, Proc. 14th Int. Conf. on Plasma Physics and Controlled Nuclear

Fusion Research, Wiirzburg (1992).
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4.4 Distributions of Divertor Radiation Loss
in Ohmic Discharges

N.Hosogane, N.Asakura, H.Kubo, K.Itami, K.Shimizu,
© S.Tsuji, T.Sugie, A.Sakasai and M.Shimada

1. Introduction

The understanding of the characteristics of divertor radiation loss is very important to
establish 2 remote radiative cooling method for suppressing heat load to the divertor tiles in
fusion reactors. The divertor radiation loss varies with the main or divertor electron density,
heating power, impurity species and equilibrium configuration parameters such as safety factor
and height of X-point. These characteristics may depend on the type of divertor, that is, open or
closed divertor. In case of open divertor like JT-60U, besides the separatrix strike zones,
neutral particles and impurities are distributed around the X-point or the lower half of the main
plasma, which may result in the distribution of divertor radiation loss different from that in the
closed divertor. Therefore, with an 32-channel bolometer array, the distribution of the radiation
loss in the divertor region was investigated for ohmic discharges.

2. Distribution of Divertor Radiation Loss

Figure 1 show the viewing lines of a 32-channel bolometer array in the divertor region.
Divertor configurations with heights of X—point are 8 cm (solid line) and 12 cm (dotted line),
which are discussed in this paper, are described to show the geometrical relationship berween
the divertor region and these viewing chords. To obtained the radiation loss only from the
divertor region, it is necessary to subtract the contribution of the main radiation. To do this, the
up-down symmetry of the main radiation loss profile is assumed, and the divertor radiation loss
is defined as a sum of the residuals obtained by excluding the contribution of the main plasma
along the viewing chord.

Figure 2 shows the distributions of divertor radiation loss for two series of ohmic
discharges with different heights of X-point, 4-8 cm and 11-14 cm and the ohmic power as a
function of main electron density. The plasma current is 1.2-3 MA and the toroidal magnetic
field is 2.5-4 T for the former series and 4 T for the latter series. 'The chmic power changes
step by step with the change in plasma current, and is almost linearly proportion to the plasma
current. The main electron density was scanned by the gas puff, but the range scanned for each
plasma current was limited by the locked mode at the low density side and the occurrence of the
MAREE at the high density side. It is interesting to note that the divertor radiation Pragdi¥
measured in the stable phase of discharges appears to continuously increase with the main
electron density, although the density scan was carried out for different plasma currents. Itis
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found in this figure that the radiation loss is mainly distributed to the three regions measured by
ch.28, ch.29 and ch.30, which respectively correspond to 1) the SOL and main plasma surface
in the inboard side above the X-point, 2) the inboard separatrix strike zone and the proximity of
the X-point, and 3) the outboard separatrix strike zone and the SOL and main plasma surface in
the outboard side above the X-point. The distributions are not almost changed for
configurations with different height of X-point investigated here.

In order to see the variation of the distribution of the divertor radiation loss against the
main electron density scan in detail, the fraction of these radiation loss normalized by the total
divertor radiation loss was plotted as a function of the main electron density in Fig.3. The
equilibrium configurations are limited to those with Xp=11.5-12.5 cm to exclude ambiguities
of the measurement due to the movement of the separatrix lines. It is seen in this figure that the
radiation loss at ch.30, which corresponds to the outboard separatrix strike zone, is only 20-30
%, and is comparable with that at ch.28. This means that the divertor radiation loss defined as
the above contains a significant contribution, order of 50%, from the SOL and/or the plasma
surface near the X-point. This is because the radiating region is expected to spread from the X-
point region. Therefore, to discuss the characteristic of divertor radiation loss on the basis of
the divertor parameters such as electron density and temperature in front of divertor tiles, it is
necessary to separate the radiation loss at the divertor tiles from the total divertor radiation loss.
Besides, as shown by the behavior that ch.29 increases with the increase in electron density,
and ch.28 decreases, this plot suggests that the radiative region gathers around the X-point
with the increase in electron density. Because it is considered that the fraction of the radiation
loss at the inboard separatrix strike zone is unchanged like that at the outboard one, and the
increase in ch.29 is cause by the radiation loss around the X-point. (If it is not, it is suggested
that there is a strong in-out asymmetry in the divertor radiation loss.) The opposite behavior of
ch's 28 and 29 may be explained as a result of impurity shielding by the divertor plasma. In
case of low electron density, impurity gases or ions generated at the divertor tiles can spread
over the above of the X-point, but in case of high electron density, they are ionized near the
divertor tiles. This behavior possibly changes the distribution of the divertor radiation loss.

3. Fraction of the Divertor Radiation Loss Against the Ohmic Power

Figure 4 shows the electron density dependence of the fraction of total divertor radiation
loss against the ohmic power for the discharges discussed above. It is seen in this figure that at
the same electron density, the fraction of divertor radiation losses for lower q discharges, that
is, discharges with larger plasma current or lower toroidal magnetic field, tend to be smaller
than those for higher q discharges. This dependence of the total divertor radiation loss is well
summarized as a function of a parameter of n Maing.¢ as shown in Fig.5. Also, the radiation
loss at the outboard separatrix strike zone obtained by ch.30 is found to obey the same
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parameter dependence. In the qualitative sense, this dependence probably comes from that the
divertor plasma is cooled by increasing the electron density or the connection length of the
scrape-off layer between the main plasma and the divertor tiles. It is interesting to note that the
radiation loss at the separatrix strike zone and around the X-point have the same parameter
dependence, although the electron temperatures and densities are expected to be different. To
understand it quantitatively, it is necessary to investigate it with simulation codes which treat
impurity transport and generation. Because, as the radiation loss is expressed as
Tn,n.3vL(T.4iV) ( n, : impurity density, nediv: divertor electron density, T4V : divertor electron
temperature and L : cooling parameter), the radiation loss depends on various things such as
impurity levels, divertor plasma parameters, particle confinement time, spatial distribution of

these parameters etc.

Summary

The distribution of the divertor radiation loss was investigated for ohmic discharges
with a 32-channel bolometer array. The fraction of the radiation loss at the outer separatrix
strike zone is 20-30 % against the radiation loss measured in the divertor region. Almost the
half of the radiation in the divertor region is considered to be radiated from the SOL. and/or the
main plasma surface around the X-point, the distribution of which tends to gather around the
X-point as the electron density increases. The fraction of the total divertor radiation loss and
the radiation at the outboard separatrix strike zone against the ohmic power are found to vary as

a function of a parameter ngM2iNgegs.
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4.5 Heat Flux in Divertor Plasmas

K. Itami, M. Shimada, N. Asakura, K. Shimizu, S. Tsuji,
N. Hosogane, H. Kubo

1. Introduction

In order to estimate impurity generation and material performance of the first wall in fusion
reactors, it is necessary to predict the temperature of the divertor and the heat flux to the
divertor. The divertor system for ITER represents one of the most difficult design tasks for
ITER. The peak power loads on the divertor plates of < 15 MW/m? are acceptable for steady
state operation. Hence maximum value of heat flux density at the divertor is an important
parameter and an experimental scaling is required to predict the first wall behaviour in high
density and high power beam heated discharges. It is expected that divertor conditions close to
the conditions of fusion reactors will be realized under the full performance of JT-60U. The
study of the heat and particle transport in JT-60U will provide a basis for the prediction in

these devices.

2. Characteristics of Steady State Heat Flux in H-mode and L-mode

In H-mode, the steady state heat flux ( steady state for ~ TE) is obtained during the high Ti
operation. A typical heat flux profiles in high Ti H-mode and L-mode are shown in Fig. 1(a).
In H-mode phase, heat flux profile is symmetric or the maximum heat flux at the inner divertor
is larger than that of the outer divertor. In L-mode, heat flux profile exhibits asymmetry. The
maximum heat flux density at the outer divertor is two to three times larger than that in the inner
divertor. When the effective safety factor increases, the peak heat flux density decreases. In
Fig. 1(b), the heat flux profile at the timing of L-mode and the heat flux profile in another L-
mode discharge with gz = 6.5 are compared. The main plasma density and total heat load to
the divertor and the configuration is almost same in these cases. The broadening of heat flux 1s
due to the longer connection length in the discharges with gefr = 6.5.

3. Scaling of Heat Flux in NB heated Plasmas

To investigate the transport in the scrape-off layer, the power scaling of the decay length
in the scrape-off layer and the decay length at the divertor have been studied[1,2]. To predict
the boundary plasma parameters in the fusion device, we pay attenton to the peakedness of heat
flux at the divertor and investigate the transport of heat flux as a function of the global
parameters in JT-60U.

The peakedness of heat flux ( in other words the inverse width of the heat channel ) is
determined by the competing processes of transport along the magnetic field and the
perpendicular diffusion of particles and heat. The heat flux and particle flux to the divertor and
thé connection length dominate the scaling by determining electron temperature and density in
the scrape-off layer and the divertor plasma. Then the peaking factor of heat flux at the outer
strike point of separatrix ( the outer divertor) ¥ is described by the total heat flux to the outer
divertor Pygar , the line averaged density », and the effective safety factor g.¢ . The peaking
factor Y , defined by Y = 27R fqmax / PHEAT  is effectively the inverse of the width of scrape-
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off layer. Here 27R is the toroidal circumference, fgmaxis the product of the expansion of
magnetic flux tube and the maximum heat flux density at the divertor. From a statistical analysis

of database, we obtained the scaling of the peaking fact scaled as [3]
Y = 6.09Pypar kW10 7 x1019m3T0% g 067
A database of steady state heat flux was assembled from discharges with 1.2 MA €/p <3 MA

(plasma current), 1x10%m3 <7, < 7x10”m3 (averaged density of the main plasma),

4 MW < Pyp < 16 MW (NBI heating power), 2.5 < g 5 < 13 (effective safety factor).

In addition to the original database, discharges with high power beam heating data is
plotted , as shown in Fig. 2 Neutral beam power is extended up to Pyp =25MW and
.= 8 x10'”m-3. The new data points are indicated by the larger symbols in the figure. As
shown in the figure, the scaling is still valid. The reduction of peaking factor of heat flux due to
continuous ELMs is up to ~40%.

4. Effect of Radiation Loss to Peak Heat Flux Density

The most important purpose for establishing scaling about heat flux is to predict the
peak heat flux in fusion devices from the global plasma parameters. Total heat flux to the
scrape-off layer is estimated from the energy balance in the main plasma. To predict peak heat
flux density around each hitting points of separatrix at the divertor, which is refereed as target,
it is necessary to take into account of the asymmetry of heat flux between the inner target plates
and the outer target plates and the radiation loss near the divertor. When the ion grad-B
direction is toward the divertor plates, it has been observed that heat flux is larger at the outer
target than the inner target. In JT-60U experiment, about 70% of total heat flux is deposited at
the outer target. When the ion grad-B drift direction is away from the divertor plates, the
asymmetry of heat flux becomes small.

The effect of radiation loss on the peak heat flux density is included by describing the
scaling as a function of the scrape off layer heat flux, rather than total heat flux to the divertor,

We assume the heat flux to the scrape-off layer Psc is given by

Prap.
Psc = PrEar + -—RA’; DIV, .

Here Prap.prv is the radiation power from the divertor. The same data set with the scaling of ¥
is used to obtain the scaling of the peak heat flux density. Since toroidal field, plasma current,
beam power of the new data points are limited in the narrow range, we roughly estimated the
scaling of the peak heat flux as the function of Pge, 7, and g, rather than statistically
analyzed. As shown in Fig. 3, the peak heat flux density gme. scales with the product
Psc! 77l gogel /f . This scaling has a larger dependence on the inverse of 72, and g,y than the
scaling of Y . The larger dependence on the inverse of 7, and g.g is attributed to the tendency
that a fraction of Prap.prv scales with 7.q.g.

5. Discussions
Here we apply the scaling of the peaking factor of heat flux to the plasmas with the
different major radius R and minor radius o. From the heat conduction along the magnetic
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field,
P =2N [q,, ZnRA ]

is obtained. P is the total power to the scrape-off layer. 4/ is heat flux along the magnetic field
. W
and given by q = [—fi [T/2- T4,7/% ). Ly is the connection length to the divertor and is given
{1l

by Ly = nRq.r/ N. N is number of null points; i.e. N =1 is single null and N =2 is double
null. The subscripts s and div denotes the scrape-off layer and divertor, respectively. The
power flow from the main plasma is given by

P=y1 ”STS S/

Here y, is thermal chffuswity coefficient and S is the surface area. From these two equations,

A7 e g TP 1SPnT9qur R INYH
is obtained. Assuming n,e< 7, for simplicity, the right hand side can be replaced with
(NP /SP-497,;045 (g6 R /Ny0-67. Then the generalized form of the scaling will be

Y = 28PyparlkW)O SR x109m3] " g, -0.6R [m] 1OSZAN TN 138,

where A and x are aspect ratio and ellipsity of the plasma cross section.

The major interest to this scaling is the application to the design of fusion reactors. The plasma
parameters in the ITER ignition phase ( P = 40MW, .= 1.4x 100%m-3, R =6m, gesr= 3 )
gives the width of heat channel A =8 mm, if P = Pygsr is assumed. The A=5mm
estimation in ref. [4] seems to be pessimistic, since a larger value than A =8 mm is expected
due 1o the reduction of £ = £HEAT by the radiation loss at the divertor.

6. Conclusions

Characteristics of heat flux to the divertor is investigated in the H-mode and L-mode
discharges. A database analysis has shown the scaling of the peaking factor of heat flux on
Prear®® 77045 g0-67 for NB heated discharges in JT-60U is extended to the discharges

with up to PNB =25MW and M= 8 x 10%m3.
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Fig. 1(a)
Hear flux profiles in L-mode and H-mode.

Fig. I{b)
Heat flux profiles in the beam heated and discharges
With ger = 3.8 with qor= 6.5.

Fig. 2
Scaling law of the peaking factor of heat flux for NB
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Fig.3
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4.6 Heat Flux in ELMy Discharges and High Beta Poloidal Discharges
K. Itami, N. Hosogane, M. Shimada

1. Introduction
ELMy H-mode is the most promising confinement since the good confinement in the

core plama and the moderate divertor consitions can be achieved at the same time. In JT-60U,
it is estimated from the monitor video signal that a major part of the energy is released in few
scans of IRTV camera ( less than a millisecond ) at each ELM. This study investigates
behaviors of time averaged heat flux during ELMy phase rather than transient heat flux at

each ELM activity.

1. Heat Flux Measurement during ELM Activity

Surface temperature of divertor tile increases rapidly at each ELM ( ~several
hundreds of micro seconds ) and reduces gradually due to heat conduction until the next
ELM. This sequence is repeated during ELMy H-mode. When ELM frequency is high or
ELM activity is regular, average heat flux during ELM can be estimated. When ELM
frequency is higher than several kHz, pulsed heat flux at each ELM may be treated as semi-
continuous heat flux. In the case of ELMy discharge with low frequency ( >40Hz ) of
ELMs, we can estimate heat flux, only if sample timings synchronize with perturbations of
temperature. In the discharge #16157, for example, ELM activity is regular with the
frequency of about 80Hz. ELM activity and the sampled temperature is almost synchronized.

In order to estimate errors in calculating time averaged heat flux during ELMy phase,
we carried out simulations of IRTV measuremert. Heat flux during ELMy phase is modeled
by Pygar = Ps+ Pgra » as shown 1n Fig. 1. Here Pg and Pgry are steady state heat flux
during ELMy phase and pulsed heat flux due to ELM, respectively. A pulse width of heat
flux due to ELM is assumed to be & = Imsec. Temperature sampled by IRTV camera
system is simulated by calculating surface temperature of a tile and then acquiring the values
every 25 msec. Figure 2a shows simulated time traces of temperature sampled at the timing of
T1, T2, T3 and T4. The time averaged heat fiux density Pygar = SMW/m? and the ELM
power ratio Prra/ Pupar =05 are assumed. Figure 7b shows time traces of Py which is
heat flux density calculated from the data shown in Fig. 2a. Since the sampling frequency
and ELM frequency is exactly same, the peak temperature just after each ELM is always
taken if the sampling timing happens to be T4. In this case Pey is far from Pugar. If the
data is taken more than Smsec later than T4, the error of calculated heat flux is small.

If the ELM frequency is n times higher than the sampling frequency, the peak
temperature just after ELM is sampled every n ELMs at the timing of T4, the timing of just
after an ELM. Fig 3 shows P/ Pyear as a function of the ELM power ratio. As shown in
this figure, the error of calculation become smaller as the ELM frequency is high and ELM
power ratio is small. In reality, ELMs are not so accurate as sampling clocks and sudden
jumps of temperature are sampled at several sampling time. It is still possible to obtain
Pypsr with good accuracy by excluding few data of sudden jump in temperature from the
calculation, if ELM frequency is approximately n times ELM frequency and heat flux at
each ELM is approximately equal.
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3. Broadening of Heat Flux Profile due to Continuous ELM Activity

When the particle recycling level is relatively large, the pulsed heat flux at each ELM is
mainly deposited to the inner divertor. As the particle recycling is reduced by wall
conditioning, the fraction of the pulsed heat flux deposited to the outer divertor increases
along with the improvement in the H-mode confinement [1].

A significant broadening of heat flux due to continuous ELM activity is observed in
ELMy H-mode discharges with Ip =3MA, Bt =4T and Pyg 220MW, when the level of the
particle recycling is low. Fig. 4 shows the time evolution of a typical H-mode discharge with
continuous ELM activity. With the onset of the continuous ELM activity with frequency of ~
80Hz, the peak heat flux is reduced about 30% than before the onset of ELM activity. The
profiles of heat flux and particle flux before ELLM and during continuous ELLMs are shown in
the Fig. 5. The heat flux profile broadens and the peak heat flux density is significantly
reduced at both the inner divertor and the outer divertor. The particle flux doubles over the
divertor. The H-factor estimated at t=7.2sec is 1.4, The broad heat flux profile is maintained
until the end of the neutral beam injection, while no serious degradation of H-mode
confinement is observed.

Low particle recycling and regular ELMs are prerequisite to achieve the broadening of
heat flux. The low level of recycling is required to get H-mode plasma with good confinement
and in-out symmetry of pulsed heat flux. Although higher frequency of ELM is good to
smooth the pulsed heat flux during ELMy phase, it degrades the H-mode confinement {2].
The observed ELM frequency of ~80Hz seems to be compatible with improved H-mode
confinement. The broadening of the heat flux due to the continzous ELM points out the
importance of ELMs control and demonstrates the advantage of ELMy H-mode over L-mode
from the point of heat flux control.
heat flux during high beta-p disruption

4. Heat Fiux during High Beta Poloidal Mode

It has been observed that the peak heat flux density at the inner target is larger than the
peak heat flux at the outer target during high beta poloidal mode. While the magnetic flux
expansion factor at the inner target is approximately twice as large as that at the outer target,
the peak heat flux density at the inner divertor is larger than the peak heat flux density. This
indicates the heat flux density along the magnetic at the outer target is at least Y2 times larger
than that at the outer target, even if the difference of magnetic field geometry around the
divertor is taken into account. This in-out asymmetry of heat flux in high beta poloidal mode
is opposite to the asymmetry in L-mode discharges. Figure 6. shows a typical discharge of
which high beta-p mode is terminated by a beta collapse. The beta collapse occurred at
t=5.95sec and a half of the stored energy is released within 100 milliseconds. In the IRTV
measurement the heat flux suddenly disappear at the beta collapse for the period of about 100
milliseconds. Although heat flux begun to recover after t=6.0 sec, the magnetic stored
energy had been released. H alpha signal viewing the divertor region showed a large spikes
of signal at the beta collapse and then decreases to zero level, indicating little particle
recycling at the divertor, until t=6.0sec. Increase in the radiation loss power after the beta
collapse is mainly from the main plasma and a major part of the energy is released by
radiation loss from the main plasma during the beta-p collapse.
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Figure 7 shows profiles of heat flux for the period of t=5.9sec to t=6.2sec. At t=6.0sec
peaks of heat flux disappeared in both the inner and the outer target. Figure 8(a) shows time
traces of the peak heat flux in the inner target and the outer target. Figure 8(b) shows time
traces of the total heat flux around the inner target and the outer target. The inner peak heat
flux density gifky is twice as large as the outer peak heat flux densitygg4y before the beta
collapse. Since the inner hit point of separatrix at the target is on the boundary of the IRTV
sight before the beta collapse, more than half of the heat flux to the inner targets is not

included and Pjjr is estmated to be twice as large as P . After the beta collapse, the
peak value of heat flux at the outer target surpass the peak heat flux at the inner targe.

5.Discussions

Although the opposite asymmetry of heat flux to that in L-mode discharges is only
observed in high beta poloidal discharges, the difference may be partly explained form the
understanding of heat flux behaviors in H-mode and L-mode discharges. The high beta
poloidal discharges are operated under the low recycling wall conditions. The lower recycling
at the divertor reduce the electron density gradient along the scrape-off layer, resulting in the
reduction of asymmetry in particle flux, heat flux and radiation loss which are observed in L-
mode discharges. Even in similar recycling conditions, the more symmetric heat flux profile
is observed in H-mode discharges than L-mode discharges| this review ]. The peak heat flux
at the inner target is as lasrge as the peak heat flux at the outer target. Reduction of heat flux
at the outer target is possibly correlated to the good core donfinment.

6. Conclusions

A significant broadening of time averaged heat flux profile is observed during
continuous ELM activity in H-mode discharges with Ip = 3MA, Bt =4T and Ppp 2 20MW.
From the simulation study, it is confirmed that the averaged heat flux can be estimated within
a good accuracy, since the frequency of ELM activity approximately synchronizes with the
sampling frequency of IRTV system. In high beta poloidal mode, the heat flux to the inner
target is twice as large as the heat flux to the outer target. This asymmetric behavior relaxes to
that of L-mode after beta collapses.
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4.7 Carbon Generation Mechanism

A. Sakasai, H. Kubo, M. Shimada, K. Itami, T. Sugie,
N. Asakura, S. Numazawa, S. Tuji, N. Hosogane

1. Introduction

Carbon impurities are inevitably generated at graphite divertor plates in high power heated
diverted tokamaks. The influx of deuterium, carbon and oxygen into the divertor region was
measured by spectroscopic diagnostics in JT-60U. The generation mechanism of the carbon
jmpurities was investigated [1] with high power NB heated and high density diverted
discharges. In JT-60U, divertor plates made of carbon-fiber composites (C/C) were installed
with an accuracy of 0.5 mm, and their edges were bevelled in order to prevent localized heat
flux onto the plates . No carbon bloom was observed at a neutral beam power level of 20-25

MW for 2 s.

2. Carbon Impurity Generation Mechanism

In JT-60U, spectrometers, a Langmuir probe afray and an infrared television (IRTV)
camera were installed for divertor diagnostics to study the divertor characteristics. The influxes
of deuterium, carbon and oxygen ions were derived, respectively, from the measured line
intensities of Dg, C II 657.8 nm and O I 441.5, 441.7 nm. In order to calculate the carbon
influx by sputtering at divertor plates, electron temperature and density profiles on the divertor
plates and the surface temperature of the divertor plates were measured independently [2].

Considering a steady state, we can assume that the outflux is equal to the spectrometrically
measured influx. Then the carbon influx I'c can be expressed as

Tc_ Yo , Yo ,lo
I, 1-Yc I-Ye 1 )

where I'p, I'g and T'c are the fluxes of deuterium, oxygen and carbon ions onto the divertor
plates, respectively. Yp, Yo and Y¢ are the sputtering yields of carbon by deuterium, oxygen
and carbon ions, respectively [3]. Physical and chemical processes are considered for the
deuterium and oxygen sputtering. The carbon sputtering (self-sputtering) is a physical
process. The physical sputtering yield depends on the incident energy of the ions. The
incident energy was assumed as given in ref. [4]. The ion temperature was assumed to be equal
to the electron temperature. In experiments with ion beams, the chemical deuterium sputtering

yield is much larger than the physical deuterium sputtering yield.
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The impurity generation mechanism has been studied by considering the spatial
distributions of the deuterium, carbon and oxygen influxes{5] because only total influxes were
discussed in a former study [1]. Figure 1(a) shows the spatial distributions of the measured
carbon influx and the calculated carbon influxes by self-sputtering, physical and chemical
oxygen ion sputtering and physical deuterium ion sputtering at the outer strike point of the
separatrix in NB heated discharges with Ip=2.5 MA, Br=40T and Pnp= 23 MW. The
deuterium and carbon flux at the inner strike point on the divertor plates is larger than that at the
outer strike point. On the other hand, electron temperature, pressure and heat load at the outer
strike point are higher than at the inner strike point [2]. The calculated carbon influx isina
good agreement with the measured carbon influx. The ratio of the measured to the calculated
influx which was averaged spatially is 1.2 near the outer strike point. The contributions of
carbon, oxygen and deuterium sputtering are about 38%, 1% and 61% of total carbon influx
near the outer strike point. The carbon and deuterium sputtering is dominant, and oxygen
sputtering is very small, because of I'o/ I'p = 10-4 in this discharge. The ratio of the
measured to the calculated influx is from 1.0 to 2.0 near the outer strike point in high density
(fie = 4 - 6 x 1019 m~3) and neutral beam heated discharges (PNB = 8 - 25 MW) considering
the spatial distribution as shown in Fig. 1(b). The calculated and the measured carbon influxes
normalized to the deuterium influx are nearly constant and 0.015 to 0.035 up to ne = 6.2 X
1019 m-3 as shown in Fig. 1(c).

The spatial distribution measurement of the influxes and electron temperature in the
divertor improves the agreement as compared with the result considered only total influxes. .
However, the ratio in the case of high electron temperature (Te = 100 ¢V compared with Te <
50 eV), low density (ne <3 X 1019 m-3) and high power NB heated discharges (Pnp = 20
MW) has a tendency to be less than 1.0. The difference in the case of high electron temperature
in the divertor probably suggests that the incident ion energy in the divertor region is different
from the assumption made in ref. [4]. '

This result indicates that carbon impurities generated by the chemical deuterium ion
sputtering does not any problem. No carbon bloom was observed in high power NB heated
discharges. The surface temperature of the divertor plates measured by IRTV did not exceed
800°C, and the concentration of heat deposition at the edges of the carbon tiles would be
reduced by high thermal conductivity of the tiles (C/C), good alignment of the surface and edge
bevelling of the tiles. Therefore, radiation enhanced sublimation might not play an important
role in JT-60U, so far.

The empirical law of relation between concentration of carbon ions in the divertor plasma
and in the main plasma is very important to study impurity shielding and transport. The
carbon concentration in the main plasma can be estimated using calculated value of carbon
influx in the divertor plasma to find the empirical law. The concentration of carbon ions
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(carbon influx / deuterium influx) in the divertor plasma is compared with that (carbon density /
deuterium density) in the main plasma as shown in Fig. 2. The ratio of carbon concentration in
the divertor plasma to that in the main plasma depends on the electron density in the main
plasma. The ratio is about 40% at ne = 1.5 X 1019 m-3 in OH plasmas and from 15 - 45% at ne
=5 x 1019 m-3 in NB heated plasmas. This result suggests that shielding becomes more
effective as electron density increases. This knowledge is important from a viewpoint of

impurity control.

3. Conclusions

The impurity generation mechanism, the remote radiative cooling and the spectroscopic
aspects of divertor radiation were studied in JT-60U.

The dependence of the carbon influx on the electron density can be explained by
deuterium (physical sputtering), oxygen and carbon sputtering. The contribution of the
chemical deuterium sputtering is small. The importance of the oxygen sputtering is clear in the
low density discharges. The decrease in relative carbon flux in the high density region is
explained by the reduction in the relative oxygen concentration and the decrease in the electron
temperature in the divertor region. The carbon and deuterium sputtering is dominant in the high
density (ng =4 -6 x 1019m-3) NB heated discharge. The relation between concentration of
carbon ions in the divertor plasma and in the main plasma was obtained to study impurity

shielding and transport.
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Fig. 1{b) The values of the caleulated carbon influx
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3} and neutral beam heated discharges (PNB = 8 - 25
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Fig. Ifcj The calculated and the measured carbon
influxes normalized to the deuterium influx as a function
of the line averaged electron density in the main plasma
in the same discharges as Fig. 1{b).

Fig. 2 The concentration of carbon ions (carbon influx |
deuterium influx} in the divertor plasma is compared
with that (carbon density ! deuterium density) in the
main plasma as a function of line averaged electron
densiry in the main plasma.
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4.8 Ion Temperature Characteristics and

Impurity Behavior in Divertor Region
A. Sakasai, T. Sugie, H. Kubo, K. Itami, N. Asakura, N. Hosogane

1. Introduction

Ton temperature in the divertor is a very important plasma parameter with electron
temperature and density there to study the divertor of large tokamak. So ion temperature in the
divertor region of JT-60U has been spectroscopically measured. It is difficult to measure
directly ion temperature in the divertor region of large tokamak. Some spectral lines from
divertor plasma are measured using spectroscopic measurement of vacuum ultra violet (VUV)

wavelength range in JT-60U.

2. Spectroscopic Measurement

A normal incidence VUV spectrometer with the Roland circle diameter 1.2 m is installed to
view divertor plasma bending VUV light by tungsten mirror as shown in Fig. 1. The
information from the spectroscopic measurement occupies spectral intensity and ion
temperature of inner divertor at this viewing arrangement. The VUV spectrometer has a high

wavelength resolution of 0.5 nm/mm to measure the Doppler broadening of VUV spectral
lines. Figure 2 shows VUV spectra of NB heated hydrogen plasma. CIV 154.822 nm x 4th

order, C IV 155.077 nm x 4th, DLy o 121.534 nm x 6th and HLy « 121.567 nm x 6th are
measured in Fig. 2. H/D ratio is measured from intensities of D Ly o and HLy a. Ion
temperature of C3+ in the divertor region is obtained from the Doppler broadening of C IV
155.077 nm as shown in Fig. 3.

3. Ion Temperature Characteristics in Divertor Region

Ton temperature in the divertor region is depend on electron density of main plasma, height
of X-point and NB heated power. Figure 4 shows the dependence of ion temperature in the
divertor region on electron density of main plasma. As electron density of main plasma
increases fig = 1 X 1019 m-3 1o 3 % 1019 m-3, the divertor cools down and the ion temperature
decreases from TjdiV= 35 eV to 20 eV in an OH discharge. The ion temperature has a strong
dependence on electron density of main plasma in NB heated discharges (PNg=7 - 10 MW) as
shown in Fig.5. T;div decreases about 5 ¢V as electron density of main plasma increases
from ne = 2.0 X 1019 m-3 t0 2.4 x 1019 m-3.  The ion temperature decreases in OH
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discharges as X-point becomes higher. Then the ion temperature decreases in OH discharges
as qeff becomes smaller. '

Figure 6 shows the dependence of ion temperature in the divertor region on NB heated
power. The ion temperature increases in NB heated discharges (Png= 0 - 15 MW) as NB
heated power increases. The scatter of the ion temperature in the same NB power is caused by
including the dependence on electron density. The dependence on qeff is also indicated
because the ion temperature in the discharge of Ip = 2.0 MA, BT = 4.0 T is higher than Tdiv
inthatof Ip= 1.3 MA,BT=20T.

Figure 7 shows comparison between ion temperature in the divertor region and electron
temperature on the divertor plate from Langmuir probe measurement. The ion temperature is a
little lower than the electron temperature in high density (e =4 - 6 X 1019 m-3 ) and high NB
power (PN= 11 - 23 MW) heated discharges. This is caused by the difference of measuring
positions and the line integral effect along to the line of sight.

4. Ion Temperature and Impurity Behavior in Divertor Region on H-mode

Ion temperature in the peripheral region of main plasma on high Tj H-mode increases and
makes a pedestal, and global confinement is improved. Also ion temperature in the divertor
region on ELM free H-mode is higher than that on ELMy H-mode as shown in Fig. 8. The
ion temperature decreases from T;div= 33 - 37 ¢V on ELM free H-mode to 26 eV on ELMy H-
mode.

It is also observed that C VI intensity increases rapidly and carbon impurity is generated at
a burst in ELMy H-mode phase. This is a very interesting phenomena concerning to carbon

impurity generation mechanism on H-mode.

5. Conclusions
Ion temperature in the divertor region has been measured using the Doppler broadening of

VUY spectral lines. The ion temperature is depend on electron density of main plasma, height
of X-point, qeff and NB heated power.

Ion temperature in the divertor region on ELM free H-mode is higher 10 €V than that on
ELMy H-mode. It is also observed that carbon impurity is generated at a burst in ELMy H-
mode phase. It is required to study carbon impurity generation mechanism on H-mode
understanding this phenomena.

The ion temperature in the divertor region obtained from the spectroscopic measurement
has a line integral effect along to the line of sight across the divertor. Therefore it is necessary
to evaluate the line integral effect using 1.5 dimensional Monte Carlo code to identify the ion

temperature on the magnetic surface.
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4. 9 Study of Impurity and Radiative Loss in Divertor Plasmas
with Absolutely Calibrated VUV Spectrometers

H. Kubo, T. Sugie, M. Shimada, N. Hosogane,
A. Sakasai, S. Tsuji, K. Itami, and S. Numazawa

1. Introduction

For study of impurity behavior, it is important to measure the charge state
distributions of impurities in divertor plasmas. However, such measurements have not
been performed up to now. Remote radiative cooling is the most straightforward way to
reduce the heat load onto the divertor tiles. The nature of the radiative losses has not been
entirely clear, because spectroscopic observation in the VUV region has been poor. This
work presents spectroscopic study of impurities and deuterium in divertor plasmas. Line
intensities of D I, C II - TV, and O III - VI were simultaneously measured with absolutely
calibrated VUV spectrometers. The charge distributions for carbon and oxygen and
radiative losses were estimated from the measured line intensities.

2. Experimental Procedures

Figure 1 shows a schematic diagram of a cross-section of the JT-60U tokamak
and the viewing chords of the important diagnostics in this work. VUV spectrometers (a
grazing incidence spectrometer [1] and a normal incidence spectrometer [2]) observed the
divertor plasma through the main plasma. In Fig. 1 (b), the relative solid angles of the
spectrometers are shown as functions of the major radius. Because the viewing areas of
the spectrometers were small, we discuss divertor discharges with the null point near the
surface of the divertor tiles as shown in the figure. The radiative Josses were measured
with bolometers, and the electron temperatures were measured with Langmuir probes.

The grazing incidence spectrometer and the normal incidence spectrometer covered
the wavelength regions of 300 - 1300 A and 970 - 1560 A, respectively. As an example,
spectra observed in an ohmically heated discharge are shown in Fig. 2. The spectral lines
of D I Lyman-o and 2s - 2p of C I - IV and O III - VI, which were the most important
lines with a view to studying the radiative power losses, were observed simultaneously.
The sensitivities of the spectrometers were calibrated using the branching ratio method
and an calibrated Ar mini-arc [3].

When the plasma configuration was switched from limiter to divertor, the line
intensities of DI, CII - IV, and O III - V increased rapidly. Therefore, it was concluded
that these spectral lines came from the divertor plasma although the viewing chords of the
spectrometers passed through the main plasma. On the other hand, the time evolution of
the line intensity of O VI differed from that for these lines. It was expected that the line of

O VI was a mixture of the emissions from the divertor plasma and the main plasma.
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3. Results and Discussion _
From intensities of C11904 A, CTII977 A, CIV 1548 A, O T 704 A, O IV 555
A, O V630 A, and O VI 1032 A, charge state distributions for carbon and oxygen in

divertor plasmas were derived by assuming the corona population equilibrium. Figure 3
shows the charge state distributions (np +z ne dl) for an ohmically heated discharge.

Here, np+z and ne is the density of the ion A*Z and the electron density in the divertor

plasma, respectively. dl is the length of the divertor plasma along the viewing chords of
the spectrometers. The Li-like ion was dominant for carbon and the B- and Be-like ions

were dominant for oxygen.
Radiative power loss in units of W/m2 is given by

Prad = ZRp+znp+z ne dl,

where R 5 +z is the rate coefficient for radiative power loss . The radiative power losses

calculated from the spectroscopic measurements are shown in Fig. 4. The loss of neutral
deuterium atoms was calculated by assuming Tj = Te and npy+ = ne. The rato of the
power loss due to each ion to the total power loss can be found on the right vertical axis.
Here, the total radiative power losstefers to the sum of the power losses shown in the
figure. The missing power loss due to unobserved ions was expected to be less than 5%
of the total power loss. The radiative power losses were consistent with those measured
with the bolometers, typically by a factor of 2. Fig. 4 (a) shows the radiative power
losses for the ohmically heated discharge discussed previously (Fig. 3). The contributions
of deuterium, carbon, and oxygen in the total power loss were 34%, 28%. and 39%,
respectively. The radiative power losses for an neutral beam heated discharge with the
neutral beam power of 12 MW is shown in Fig. 4 (b). The contributions of deuterium,
carbon, and oxygen were 58%, 39%, 3.4%, respectively. The loss of neutral deuterium
atoms was dominant. And the line radiations from C IV and D I were also important
processes.

References

[1] KUBO, H,, et al., Rev. Sci. Instrum. 59 (1988) 1515.

[2] KUBO, H., et al., Jpn. J. A. Phys. 28 (1989) 2610.

[3] SUGIE, T., et al., Calibration of VUV Spectrometers, in this report.
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4.10 Recycling Stusy in High Density Discharges
N. Asakura, N. Hosogane, S. Tsuji, M. Shimada

1. Introduction

Ore of the key issues for designing the large-scale and long-pulse tokamak such as ITER
is the control of the heat flux to the divertor target plates. A possible solution is the high
recycling divertor ( gas target divertor ) formed by the strong gas puff or gas pumping,
where the heat flux can be reduced on the target plates though the radiative loss in the
divertor region. Performance of the high recycling divertor has been studied in JT-60U in
order to produce the cold and dense divertor plasma. In this paper, the particle recycling
in the high density discharges provided by the strong gas puff are reported.

2. Recycling Measurements

The H,/ D, poloidal scopes are installed on the same up-oblique port and they view the
plasma cross-section perpendicularly. The chords of the sight-line are shown in Fig. 1.
The 15 absolutely-calibrated channels are used for the poloidal cross-section measurement.
The best spatial resolution over the divertor plates is designed to be about 4 cm. The
signals of line-integrated H,/D, emission are guided through 200 m optical fibers to the
PMT array and an interference filter is placed in front of each PMT. The data are sampled
with the sampling period of 1 ms, which is restricted by the response of the pre-amplifier.

The ionized deuterium neutral influx -®p,, where deuterium is used for beam and
plasma species in' the series of the experiments, is calculated by integrating the signals
along the poloidal circumference as following,

_ 17
®Da = ij'sj-QWRj-AIj (n-s'l), (l)
=1

where I; (photons s='' m~?), ¢, (ionizedneutrals/photon), Al; (m) are the H,/D,
photon signal, the “lonization events per photon” and the representative path over j-th
section. The plasma poloidal boundary is divided into 17 sections as 1s schematically
shown in Fig. 1 and the line-integrated emission signals of S; to 515 are distributed to I;
in each section. Following three assumptions are made for this calculation; First, ¢; of
15, according to the empirical function of e(n.,T.) [1] for the plasma edge condition of
ne ~ 0.5x10'° m~2 and T, > 15 eV, is used. Second, toroidal symmetry of the emission
profile is assumed. Third, the outboard emission I17, which can not be measured by the
scope, is replaced by the inboard emission corresponded to the vertical location 1.

3. Recycling and Divertor Plasma

All NBI injected high density experiment were performed in the high elongation plasma
configuration with the ion grad B drift pointing toward the target. The wall conditioning
such as He TDC/GDC was not carried out between the discharges, the first wall runs
in a saturated mode. The time evolution of the plasma parameters in the representative
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discharge at I,/B; = 1.2 MA/4 T and X, height of 10 cm is shown in Fig. 2. The pre-
programmed gas puff was applied though the ohmic phase to maintain the steady-state
ohmically heated discharge, and it was stepped up with increasing the NBI power. The
radiation from the divertor region and the X, vicinity was increased rapidly with the
strong gas puff, leading to the radiative divertor. The particle recycling in the divertor
region was enhanced simultaneously, and the distribution is shown in Fig. 3. The inboard
recycling is seen significantly up to far inboard of the strike point. The high recycling
zone near the strike points spreads both inboard and outboard from the divertor region
with the increase in the density and injection power. The excessive gas puil triggered the
MARFE at the outer strike zone, starting at 9.6 s, and it was expanding into the inboard
divertor region. The asymmetry of the recycling distribution is reduced to be even. The .
fluctuations was observed in ®p_"*°* when the discharge entered from L-mode to ELMy
H-mode during the high power injection.

Total recycling @, with varying of I, = 1.2/1.7 MA and B; = 2.7/4.0 T are plotted in
Fig. 4(a) as a function of #,. ®p, rises with increase in 7. along the different trajectory
depending on the g.ss value. Here, during the ELMy H-mode, ®p, is reduced off the
trajectories. This database can be scaled on the curve of ®p_ o (B, X g.5s)*%, and it is
shown in Fig. 4(b).

Local n.#" and T.%" profiles on the target plates were measured by the 15 channel
Langmuir probe array, and the location are shown in Fig. 2(a). Figure 5 plots the peak
values of n,%" on the outboard target plates, and T, % corresponding to the locations of
the n,%¥ measurement as a function of f, X ¢.s5s. Here, the peak value of ne"" on the
inboard target plates could not be measured due to the damages of the probes. Tt is found
that n.*" for the different g,s; rose along the same trajectory with increase in 7, X gusy,
and that local T, is slightly reduced with fi, X g.;s at the same injection power. Cool {
T, ~ 20-40 eV ) and dense ( n,** < 6 x 10 m~? ) divertor plasma is observed in
higher 7. X gefy- : ' ,

During ohmic high density discharges { 7. < 3.5 x 10" m=2 ), ®p_ is much ( 10 -
100 times ) smaller than that during the high recycling L-mode discharges. In contract
‘to the L-mode discharges, ®p_ increases with fi. independent of g.yy.

4. Asymmetry of Recycling

Asymmetries in the heat flux and recycling profiles have been seen during the high density
discharges. Inboard recycling was seen significantly not only by using inboard gas inlets
but also by outboard ones. Figure 6 shows the ratio of inboard recycling to the total
recycling as a function of fi, X gess. Asymmetry of the recycling distribution near the
target plates is also increased with 7, X g.ss following the same trajectory. While, the
outboard heat flux is dominant for all cases.

The preliminary calculation result by using 2-D SOL/divertor simulation code, UEDA-
code, shows that D, emission distribution extends, in particular, to the inboard surface of
the first wall rather than outboard one with increase in the particle outflux to the divertor
plate. The D, emission distribution corresponds to the expanse of the neutral particle
distribution. It is determined that narrower geometrical space in inboard divertor may
produce the asymmetries of the neutral particle and D), emission distribution. However,
g.r; dependence can not be seen strongly in the simulation results.
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3. Summary

The high recycling divertor experiment provided by the strong gas puff has been performed
with the ion grad B drift pointing toward the target. Results of the particle recycling are
summarized.

1. fi, X ge5r dependence of ®p, and n,%" is determined, in particular, during NBI
discharges.

2. T.** is slightly reduced with @, x g.s; at the same NBI power. Cool ( T.%v
20-40 eV ) and dense ( n, ¥ < 6x 10" m™ ) divertor plasma is observed in higher

fio X Geff-

3. Asymmetry of the recycling distribution near the target plates is also increased
with fi, X gess. Inboard recycling is seen significantly in high 7, X gy discharge.
Simulation result shows that narrower geometrical space in inboard divertor may
produce the asymmetries of the neutral particle and D, emission distribution.

The distance to the X-point X, was scanned vertically from 1 cm to 20 cm at the high
recycling discharges. ®p, does not change with X, height at the same fi, X g.;s. The
asymmetry of ®p_ was slightly reduced at high X, ( ~20 cm). While, the heat flux to
the outboard target plates was always dominant.

The heat flux to the outboard target plates can not be reduced in the high recycling
divertor experiment because of inboard-dominant asymmetry of the particle recycling
distribution. Reversed field experiment is scheduled in 1993 in order to reduce the particle
and heat flux asymmetries.

References:
[1] JONSON .L.C., HINOV. E,, J. Quant. Spectrosc. Radiat. Transfer, 13 (1973) 333.
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4.11 Recycling in H-mode and High 3, Discharges
N. Asakura, S. Tsuji, S. Ishida, N. Hosogane, M. Shimada
1. Introduction

The high performance discharges such as H-mode and high 8, plasma have been operated
in relatively low electron density regime ( 2. < 3.5 x 10 m~? ), and high NBI power (
Pygr > 10 MW ) in JT-60U. One of the key issues to produce the high performance dis-
charges reproducibly and to extend the operation regime is the reduction of the recycling
neutrals from the target plates and the first wall. In this paper, the particle recycling in
the high performance discharges is reported.

The particle recycling is measured by the 15 channel H,/D, scopes, which are installed
on the same up-oblique port and viewing the plasma poloidal cross-section perpendicu-
larly. The diagnostic and the calculation of the ionized neutral influx &, were mentioned
in the previous paper.

2. Wall Conditioning and H-mode Discharge

H-mode discharges have been operated in the relatively low density regime because of the
low threshold density of ELM starting (2% = 2 - 3.5 x 10® m™2 ). Figure 1 shows
time evolution of plasma parameters for the H-mode discharge with I, = 1.5 MA and B,
= 2.5 T. The first H-mode with the duration of 150 ms and the second one with 70 ms
started at 8.73 s and 8.93 s, respectively. Coherent fluctuations were seen in the poloidal
D, distribution for 400 ms prior to the first H-mode transition. During the H-mode, 7,
started to increase rapidly, while the radiation from the divertor zone P,.s was saturated
due to the reduction of the particle recycling. The second H-mode was terminated at
f, = 1.7 x 10 m~2 and ELM started associated with the saturation of Wg,.

Particle recycling is determined by several factors; 1) wall condition ( wall temperature,
TDC/GDC or disruptive cleaning and boronization); 2) fueling ( gas puff and pellet ); 3)
plasma position in vacuum vessel ( X, height and plasma shape ); 4) plasma parameters
( 7, gess and Pygr ). The first wall is covered by the graphite and CFC tiles except
the diagnostic and auxiliary heating equipment ports. In particular, effective and durable
wall conditioning method is essential to maintain the low recycling wall condition and to
achieve the better qualities such as confinement and stability for a series of discharges.

Wall conditioning methods were combined in order to reduce the recycling neutrals
into the plasma, and the additional gas fueling was cut after the initial pre-puffing for the
hreak-down. It was found that the lower wall temperature T, was favorable to reduce
the recycling, and that ®p, was decreased at Ty = 70 - 100°C to be about the half of
that at T.; = 200 - 300°C during the NBI injection. He GDC cleaning was temporal
and it was routinely done during lunch time( 12 - 1pm ), during dinner time( 6 - 7Tpm )
and overnight{ 10pm - 9am ). In addition, the inter-shot He TDC of 10 minutes has been
done to repeat the reproducible low recycling discharges.

Boronization has been applied twice in 1992 by using the He GDC after evaporating
10g and 15g Decaborane( ByoHy4 ) for the first and second time, respectively. The ®p,
reduction is plotted in Fig. 2. The database includes @, both during H-mode and L-mode
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before the L-H transition. T,y ranges in 70 - 120°C for the database and the ELM free
H-mode discharge with higher B, and I, could not be seen before the first boronization
due to the large recycling and density build-up during L-mode. More reproducible and
lower recycling H-mode discharges with the larger confinement time have been derived in
the higher density regime with increasing Decaborane[l].

Hot ion H-mode discharge with the high field of B, = 4 T, high power of Pyp; =
20 MW and T;(0) < 32 keV has been derived after the boronization due to the reduction
of the recycling and oxygen influx. Time evolution of the parameters for the high I, and
high field H-mode discharge is shown in Fig. 3. The increase in recycling $p, and Pruq
were suppressed during the high power beam injection and 7, started to increase up to
aZLM  The H-mode started at the unclear transition of 8.5 s, and the fluctuations of ®p,
were seen continuously during the H-mode. The H-mode discharge “without clear L-H
transition” in D, signal was often seen for the case of the high B, H-mode discharge.

Figure 4 shows the D, emission distributions during OH, L-mode and H-mode of the
high B; H-mode discharge. The profiles are symmetry in the strike zone. The recycling is
reduced in all poloidal portion at the L-H transition. Even in the low recycling H-mode
discharges ®p_ is dominated 3 - 6 times than the first particles supplied by NBI ®xp;
and density rise dN,/dt.

I, dependence of ®p, is plotted in Fig. 5(a). Here, database for I, = 2 MA is taken
about 100 shots after the others, and boronization was not effective any longer. ¢p_, in
particular, for the higher 7, regime can be reduced with increase in I, up to 3 MA. The
density of the starting ELM activity afZ™ is extended to be higher. Fig. 5(b) shows the
particle confinement time including divertor and SOL effects such as the flux amplification

given by
wall __ Nc

~ @p, +Pnpr—dN./dt
where N, is defined by ».V, and the plasma volume V} is about 70 m®. 7, is higher
than that for OH phase of 150 ms and it is increased and saturated with 7., in contrast
to the L-mode discharge, where 7,%" is decreasing with 7.. The large 7,“*" of ~800 ms
are measured during 20 ms.

)

Tp

3. High 3, Discharge

The high 3, discharge experiments were performed with B; = 4 T, Pygr = 20 - 28 MW
and I, = 1.2 - 1.8 MA after the first boronization. The high-elongated shape plasma was
positioned inboard compared to the H-mode discharge in order to heat the plasma center
effectively. The plasma volume of 30 m? is smaller. He TDC was not always carried out
between the discharges. He GDC cleaning was routinely done and T,,;; ranges from 260
- 300°C. Figure 6 shows time evolution of plasma parameters for the high 8, discharge
with I, = 1.8 MA and Pypy = 25 MW. The central plasma density 7.U1 started to
increase during NBI leading to the peaked density profile. T; profile also peaked and 7;(0)
raised up to 38 keV. &p_ and P,,; were increased with 7. The recycling, in particular,
in the divertor zone seems to be larger compared to that for the series of the H-mode
discharges. 1t is difficult to identify whether it is caused by the smaller I, or by the worse
wall condition such as the lack of inter-shot TDC, higher T,.; and losing boron-coated
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layers on the graphite tiles. The short H-mode with the duration of 20 ms started at
5.35 s, following the fluctuations of $p_ from 5.2 s to 5.3 s. Wy, was saturated at 5.43 s
during ELM activity. The D, emission distributions are shown in Fig. 7. Asymmetry
of the recycling profiles were seen in divertor zone during NBI and the recycling at the
inboard strike point is about 2-3 times larger than outboard.

I, dependence of ®p, is plotted in Fig. 8(a). Here, all database is taken after the first
boronization. @p, is reduced with increase in I,. Noted that low ®p, shots at [, = 1.5-
1.7 MA have been derived after He GDC or He TDC cleaning, and the H-mode phase of
20 - 30 ms appeared in the discharges. The density of the starting ELM activity aZZ¥ is
extended higher. #ZXM at I, = 1.7-1.8 MA is comparable to that at I, = 2 MA for the
high B; H-mode discharge. Fig. 8(b) shows 7,%*" and it is lower than that for the ohmic
phase of 80-100 ms. However, it is constant in i, = 0.8 - 2.4 x10'® m~ instead of that in
the L-mode discharge. The highest 7,“*" of ~120 ms was measured in the short H-mode
phase.

4. Summary

Particle recycling of the hot ion H-mode and high 3, discharges, which are operated in the
relatively low density regime and high NBI power, were reported. Particle recycling can
be reduced with increase in I, at the same i, for both discharges, and the density of the
starting ELM activity aZZM is extended with I,. The energy confinement in the H- mode
plasma is improved in the plasma peripheral region, where both the temperature and
density are increased and the steep pressure gradient is created. The particle confinement
is determined by the edge plasma condition, and large 1';,”“” in the H-mode is associated
with better 75. While, the good energy confinement in the high 3, plasma is characterized
by the peaked T; and n, profiles in the core plasma. The smaller T;,‘“““ is determined by
the edge plasma. However, the reason could not be identified whether the smaller I, or
the worse wall condition.

References:
[1] SHIMADA M., et al., in Plasma Physics and Controlled Nuclear Fusion Research
(Proc. 14th Int. Conf Wurzburg, 1992) JAEA-CN-56/A-1-3.

4 SHOT: 15928 = = - -
(8= 25T 20 O 7ol Bororizaton: | -2 4MA: BaAT: Py 18- 220 i

g Py ———— g 15 + 2nd Boronizaten: 1-2_4MA B-A‘I’F‘ w19-25MW
2 -A_/‘J._,o el Y < & Before oronization: | =1.5-1.8MA: Bo-AT: Fi=6- e ]
- [ 1 & =1 20-75C; AT Shots o TDCAGDC
e s N
o = —_— .
= i 8 ot a ®
= 3 o a
= 2 5 s "0
s - a%n% a <o
~ 2 a4 _a o
E a Aﬁég s Od?iacﬁ Q@ 8.
3 e s R NEOSRRE §
a o o poly C;'
i o # ’ * '
E ™=
E i
o L ]
3 %5 : * 2 3
[+ Ll (10‘5 d)

Fig.1 The time evolution of the plasma pa- Fig.2 Reduction of %Y by boronizations are

rameters in H-mode discharge at jp/Bt =  shouwn, and all data are used during H-mode,
1.5MA/2.5T.

- 184 —



SHOT: 14768

o (10 Prish P (M) T (1077 m0) T (MA}

tima fsfn

JAERI—M 93057

e

Pra: {MW)

Wae (MJ)

Fig.3 The time evolution of the plasma pa-
rameters in high B, and high I, H-mode dis-

charge at I,/B; = 3.5MA/4T.
{a) Particie Recycling for High B H-mode
O o a®
. ;'SOHA a a®
- a8
Ic3 2l x PLASA L %,
[ sa x
o (33 as & o L]
=4 s . o°a -
- Py -
a4 N ol *w
9 -
8- 4T oog.c.’l .,
2ip _u1825MW .
T, .- 120C
o ARt 2nd Bororjeation )
[ 3

{b) Particle Confinement for High B H-mode

Tooa

1 2
7, (10" m%

|- 2.0hA

a
HEREEE T .
80 H w | m2.0MA o
@ u 1= 35MA
E wolgra
H P = |8-25MW 0:. -
o T, " 120G e ]
400+ \er and Boronization, A Y &'
? o o W 9
oq.q&b.a,
200 o PA S
s
8 gl gl € e
]

(]

1 2 3
ERY 0" m?)

Do (10 Zrs) Prs (MW) Te (10 7m0) I {MA}

Fig.5 &p, at I, = 2.0-3.5 MA and By = 4T
as a function of fi, for (a) and particle confine-
ment time T2 for (b).

g

A Ot -daneTm
Rt s TRRERTLAY

o Usa W =2 2010"m"

g

3

Shot 18040
High-f), diachage

Da Emlssion (10" photonsis m* 5r)

142 80 180 =0

Pololdal Angle [dag)

4

e
E
Noasp
0
E e o
R
23 X
+o003 _ A fm
Shot: 16788
High-e Corfiguration

Do Emlssion {10' photeasts m' Sr )

_ Poioidal Angle (deg}
Fig.4(a); Enlarged sight-lines of the Hy/Dq
scopes in the vicinity of the target plates and
the poloidal fluz surface for the high By H-mode
discharge. (b); D, distributions during OH and
NBI are shoun:

SHOT: 16040 a0
| Btw 4T {._.___‘_N_L\E-\‘ 7 g
-—% J ~ =
] =
z
E &
1 L 1 10
2
4
=

&

: Rnrite | soiniiPa
4 5
e time (s}
Fig.6 The time evolution of the plasma pa-
rameters in high @, discharge at I,/By =
1.8MA/4T.
{a) Particle Racucling for ngh-ﬂ' Discharge
ao LA T »
o |:.|_ujl-urq peT L]
—m - I_-L?»‘.M:q_-e.l ") oo
2 P = 20-25MW aa g °
g [ -
= o - N Do "3-
bt Lo g o
o A% B o
19 ) .
' o
Q‘;ﬁ’co o
no 1 3

Fig.7 (a); Enlarged sight-lines of the H./D,

scopes in the vicinify of the target plates and the
poloidal fluz surface for the high 38, discharge.
(b); Dy distributions during OH and NBI are

shown:

- 185 —

150

2
n 19 D
n {197 m™)

{b} Parllcle Coflnement for HIgh-B’ Discharga

P g+ 20-2500W

Afar 191 Benpaization
T, 2703000 a

PG EZR Ty ]
O |,=151.8MAcq  -8.08
® ) T-LAMA G e85

- 19 ¥
n_(m m™)

Fig.8 ®p, at [, = 1.2-1.8 MA and B; = 4T
as a function of 7. for (a) and particle confine-
ment time ! for (b).



JAERI—M 93—057

4.12 Modelling of Impurity Transport

K. Shimizu, T. Takizuka, M. Azumi, M. Shimada

1. Introduction

An excessive amount of impurities in the main plasma degrades energy confinement,
triggers disruption and dilutes the fuel. On the other hand, impurity radiation in the divertor
region is useful for reducing the heat load of divertor plates. Impurity control, therefore, is one
of the crucial issues for fusion research. Understanding of the mechanism of impurity generation
and impurity transport is indispensable to impurity control.

A two dimensional impurity code based on the Monte Carlo technique has been developed in
order to study the impurity behavior in the divertor plasma. This code requires plasma parameters
in the scrape-off layer as input data. They are obtained from an interpretative divertor code
where the fluid equations along the magnetic field are solved numerically by using the Langmuir
probe data and IRTV data as the boundary conditions at the divertor plates. The relation
between the divertor code, the impurity code and the measurements is illustrated in Fig. 1.

2. Interpretative Divertor Code

The divertor code {1] has been improved in the following aspects,
* The momentum conservation is solved without the assumption of v, << C; .
* The convection term is added to the energy conservation equation.
Viran =V (ST%miV/%) nVy - % V,T) | =Se
* The code is extended to treat the inside and outside divertor plasmas simultaneously.

This code enables us to evaluate the particle confinement time in the main plasma, Tp, and
the heat diffusivity in the scrape off layer, 1. These transport parameters arc evaluated in
JT-60U ohmic divertor plasmas (I =2 MA, Bt = 35T, Ne=~08-3x 1019 m3). Figure 2
shows that the calculated neutral density profile is consistent with the measured Hy distribution.
The particle confinement time evaluated from the total ionization source inside the separatrix
surface is about 90 ~ 100 msec, while 1y including the divertor region is about 45 ~ 55 msec.
Neglecting the energy source term such as the ionization loss and the impurity radiation loss in
SOL, we evaluate | from the calculated radial profiles of T(x) and q,(x) at the upstream. It is
found that % | increases from 2 m2/s to 5 m2/s radially , as shown in Fig. 3 [2].

3. Impurity Transport Modelling

Impurity transport in the divertor region should be treated in two dimensions. The motion
of neutral impurities is intrinsically two dimensional at least, and the motion of impurity ions
has also a two dimensional structure because of cross-field diffusion. The 2-D fluid equations
for the conservation of particle and momentum contain various characteristic time, i.e. diffusion
time, parallel transit time along the magnetic field line and ionization time. Such equations are
called stiff system and are very difficult to solve. It requires considerable efforts not only to
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develop a fluid model but also to modify the code to add new effects. Furthermore, the fluid
description is valid for the plasma where the transit time of the parallel motion is much longer
than the collision time between the impurity ions and the background plasma ions. The
application of the fluid model is questionable for low recycling divertor plasma, where the
parallel motion has a strong interaction with the velocity change due to Coulomb collision
because of low collision frequency for low charge state impurities. ( Typical plasma parameters
are ngg = 1 x101” m-3, T,g=30¢eV.) The Monte Carlo approach is beneficial for incorporating
the parallel motion and various collisional effects, and for modelling impurity generation and
the interactions between impurities and walls.

We solve the kinetic equations with the Coulomb collision operator for the distribution
functions f] (T, v, t ) using the orbit following Monte Carlo technique. The model includes the
following processes. '

1. An impurity neutral is sputtered from a divertor plate. The particles moves with a
constant velocity until it is ionized. The ionization point can be determined from the
relation of j(l) ds/A = -Inf where A(s) is local ionization mean free path, s is the distance
from the divertor plate along the straight line, and £ is an uniform random number.

An Impurity ion is followed with the specified time interval At, typically 1076 sec.

2. The parallel motion along the field line is determined by the electric force, the friction
force and the thermal force with the plasma,

- aT, oT;
§ S

where vy is the velocity of the impurity ion with the charge state Z and Vy is the flow
velocity of the background plasma ions. The impurity-ion collision time 7z and the
coefficients, otz and B,, are described in ref. [3]. The toroidal effect is neglected at
present.

3. The deflection and energy transfer due to Coulomb scattering are simulated by the
Monte-Carlo technique, which is similar to that in ref. [4]. The background plasma
flows along the field line with the velocity of V. The scattering is computed in the
moving coordinate system with V; along the field line; as a result, the velocity change

due to the friction force is incorporated in this step.
4.  The diffusion across the flux surface is simulated by adding the random displacement,

(AX, Ay }=v2DAt-( Rx, Ry )

where ( X, y ) is the Cartesian coordinate, ( Ry, Ry ) is normal random numbers, and
D, is the cross field diffusion coefficient. The pinch effect across the flux surface is
also applied by Ar = - Vp-At

5. The charge state of impurity ion changes through atomic processes. We take only the
direct ionization. For the ionization rate coefficients, a code developed by Kato [5] is
used. A simple hit-or-miss Monte-Carlo method is employed for the ionization process,
that is, the impurity ion is ionized further when & < At/11, wherg £ is an uniform random
number and 1= 1/ne (ov) .

6. When the impurity ion hits the divertor plate or walls, it is assumed to be absorbed.
A new test particle is launched from the divertor plate.
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Many test particles ( for example, 5000 ) are launched from the divertor plates at first in the
simulation and are followed until the spatial distribution of impurity ions becomes almost
stationary. Typically, the calculation has been executed for 0.1~ 0.2 sec. We obtain the steady
state density for each charge state of impurity, and calculate the radiation profile and the line
intensity of the visible spectroscopic lines. Comparing such quantities with the measurements,
we can evaluate the absolute density of impurity and investigate impurity generation mechanism
from the divertor plate or walls and the impurity shielding and transport.

4, Calculation results

Calculations have been carried out for carbon impurity in JT-60U ohmic divertor plasmas
(Ip=2MA,Br=35T). We employ Di = 1 m?s and no pinch velocity Vp=0m/s. We
investigate the density dependence of the impurity shielding efficiency. The destination to the
main plasma of impurity ions launched from outer divertor plate are shown in Fig.4. The peak
values of neq and Teq at divertor plates used in the calculations are also plotted. The probability
of entering the main plasma increases significantly with reducing the main plasma density
below e~ 1 x 1019 m-3 ( from 0.6 % at e = 1.5x 109 m3 t0 2.2 % at 1.0x 101 m*3 ).
The mean free path, Amfp = vzTz, of C4+ is about 5.4 m for fie = 1 x 10! m-3 and 0.8 m for
Tl = 1.5 x 1019 m3. ( The distance from the X-point to the divertor plate along the field line,
Ly, is about 5 m. ) The density dependence of the destination fraction to the main plasma is
consistent with the carbon concentration in Fig. 2 of ref. [6]. For detailed comparison with the
experimental data, however, a more realistic sputtering model must be incorporated into our
impurity model. Figure 5 shows the steady state distribution of carbon impurities along the
field line for e = 1.5 x 1019 m-3. The density is integrated radially in SOL. The impurities are
localized near the divertor plate. Most of impurity ions are pushed back to the divertor plate by
the.friction force. When the force acting the impurity ions is artificially set to be zero (F; =0),
the probability of entering the main plasma increases from 0.6 % to 17 %.

Interpretative Divertor code
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4,13 Divertor Analysis with the UEDA Code

S. Tsuji, K. Shimizu, T. Takizuka, N. Asakura, K. Itami, M. Shimada

1. Introduction

Reduction in sputtering and erosion of divertor plates is the most crucial issue for fusion
experimental reactors such as ITER. The heat flux profile and its peak value are determined in
competing processes between parallel and cross-field transport, the latter of which is
anomalous. Hence edge data base, in particular, those on the cross-field transport coefficients
D and X are required to predict divertor performance.

Formation of cold and dense divertor plasma is indispensable to alleviate heat load on
target plates. It is of interest to investigate how cold divertor plasmas can be achieved in the
open divertor configuration of JT-60U. The divertor and scrape-off layer (SOL) plasmas are
simulated in real geometry with the UEDA code, which is a two-dimensional time dependent
fluid code with a Monte Carlo method for neutral gas behavior [1]. Although the UEDA code
can include drift heat flux and impurities, we simulated pure deuterium plasmas without the drift
heat flux in this study.

2. Comparison with Experimental Profile Data

The cross-field transport coefficients in the SOL are important parameters for the
simulation. In the UEDA code, D| and X, can be specified as constant or Bohm-like
diffusivities. The parallel diffusivity is assumed to be classical. Experimentally measured Te
and n,, profiles with 15-ch Langmuir probes and heat flux profile with an IRTV camera at the
divertor plates (closed circies) are compared with calculated ones (open symbols) to estimate X
in Figs. 1 and 2. D) is always assumed to be 1 m2/s since the measured ne profile may have
some systematic errors due to uncertainties in the effective cross sections of probe tips. The
calculated profiles are almost symmetric while the experimental profiles are in-out asymmetric;
the electron temperature and heat flux are higher at the outer strike point. Thus the comparison
are chiefly made concerning the outboard profiles. Both in ohmic (Fig. 1) and beam-heated
(Fig. 2) cases, the measured profiles are globally fit well with X =2 ~4 mZ/s. However the
cross-filed heat diffusivity may be lower near the peaks where spatial resolutions both in
experiments and calculation are not high enough to study.

3. Particle Flux Amplification

The conditions to achieve cold and dense divertor plasmas are numerically investigated in
an open divertor configuration of JT-60U shown in Fig. 3. The divertor electron and ion
temperatures and electron density in the magnetic flux tube adjacent to the separatrix surface are
plotted as a function of particle outflux from the main plasma I'p in Figs. 4 and 5. The power
outflux from the main plasma was taken to be 10 MW (circles) and 20 MW (squares). We
assumed the diffusivity as D = 1 m2/s and X = 4 m?/s. The closed and open symbols denote
inboard and outboard sides, respectively. The particle amplification factor Gi and Go were
calculated as the ratios of the inner and outer divertor fluxes to I'p/2. The electron temperature at
the outer strike point drops exponentially with I'p as shown by the straight lines in Fig. 4. The
electron density and the flux amplification factor are maximized when TediV ~ 10 eV. Further
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increase in I'p results in lowering the divertor temperature below 10'eV so that the divertor
plasma becomes less opaque to neutral particles as seen in Fig. 6.

The calculated plasma parameters are almost the same between inner and outer strike
points when I'p is low. However the plasma temperature at the inner strike point drops faster
with I'p due to enhanced inboard particle recycling. This is presumably because the
conductance along the inner wall is much lower than that along the outer wall. Incidentally nediv
plotted in Fig. 5 does not necessary give the peak values since the density peak shifts from the
separatrix due to the cross-field diffusion.

4. Discussion

The peak electron temperature decreases as o« 10%*(-4 I'p[1022/s] / PIMW]) in Fig. 4.
This fast drop leads to penetration of neutral to the X-point, which may be related to the
MARFE occurrence near the density limit. Actually MARFE was observed in JT-60U when the
divertor electron temperature decreases to around 10 eV [2], which is consistent with the
density limit model in ASDEX [3]. The dependence of divertor temperature on ne becomes
stronger since I'p = N/ Tp = ne2 because Tp o< 1/ fg. Thus the operation window for cold
divertor plasmas is considered to be narrow, which is confirmed by the experimental difficulty
in maintaining the peak electron temperature at the divertor below 20 e¢V. This situation partly
arises from the relatively shallow divertor configuration of JT-60U with Xp =5 ~ 13 cm.

The cross-filed heat diffusivity in the SOL appears to increase with the distance from the
separatrix surface. This tendency is consistent with the results by a simple divertor code [4].
Thus a Bohm type ( X1 o Te ) dependence does not describe the spatial behavior. As far as we
compares profiles at the divertor like Figs. 1 and 2, their shapes are not so sensitive to X as the
SOL falloff lengths. Hence a reciprocating Langumuir probe installed at the end of 1992 will
enable a more accurate estimation of Xl. .

The in-out asymmetries in T3, n8" and heat flux profiles were not reproduced since the
drift heat flux q] o B x VT was not calculated. Additional terms, I"| =< B x VT, E x B drift
and SOL current have been incorporated into a new version of the UEDA code, which will
provide a tool to investigate the cause of the asymmetry.

5. Summary

The divertor plasmas in JT-60U were simulated with the UEDA code. The measured
profiles at the divertor both in ohmic and L-mode discharges were reproduced with D =1 mZ/s
and X| =2 ~ 4 m2/s. The heat diffusivity in the SOL appears to increase radially. Inboard particle
recycling was enhanced with increasing particle outflux due to geometrical effects. Simulation of
pure deuterium plasmas showed that the particle flux amplification factor was maximized when
T4V ~ 10 eV. The calculation also suggests that G > 20 is possible in the open divertor
configuration of JT-60U. Neutral particles penetrate to the X-point when Te%" < 10 eV, which
may trigger MARFE. Hence operational window for cold divertor plasmas is narrow in terms of
particle flux for given heat flux.

References
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[2] HOSOGANE, N., ASAKURA, N., et al., J. Nucl. Mater. 196-198 (1992) 750.

[3] BORRASS, K., Nucl. Fusion 31 (1991) 1035.

[4] SHIMIZU, K., ITAMI, K., KUBQO, H,, et al,, }. Nucl. Mater. 196-198 (1992) 476.

— 191 —



JAERI—M 93—057

b=2MA Br=4T Png=17 MW, Rp = 2.2 x101%m-3

Chmic: lp=25MA, Br=4T,Mg = 2.1 x10'9m-3
[p=23.0x10%s Qr=80MW, 0L =1m2s

Tp=1.4x%x102/s, Qr = 1.0MW, D1 = 1 m2/s

—— Y =4 ms

—O— Xy = 4 M5
50 — O ra=1mEs ———a—n-?mzﬁs
F1- ®—experiment | " T T ] - 9-X=1mes
: : ] 120 - @ experiment p——
40 | 1 r | :
C 1 100 |
> L ] -
o 30 r
) - < 80
D Tt
=20 z 60
C " C
g 20
0,5 L
%8
1.2 — , .
C )'.1 O fy =4 mas | ] — Oy =4mas
1r i —a — experiment [7] o —n - =2mis
P L / B F - -y =1 mes| 1
E 08F l 1 r e experiment| ]
@ 3 .’ . - L -
= r ' ] —~ 15
Z 08 / /T ;| ] NE :
% @ 0.4 F / G/ \ l.{\1 ] ?. L
= Td 1\ ! \ 1 2 17
S N /[ e : 1
0.2 : f\ II/ L= o .
S DN |- S D S
2.8 2.9 3 3.1 3.2 3.3 - a
H (m) O l.| i L. ; } N - 1 iy
2.8 a1 3.2 3.3
Fig. I Comparison between measured and (m)
calculated T, and ne profiles at the divertor . .
€ e profi , Fig. 2 Comparison between measured and
plates. The discharge and calculation
) calculated T and heat flux profiles at the
parameters are listed above. . .
divertor plates in beam heated L-mode.

FRI6186 TUE = 8 B

Fig. 3

MHD equilibrium
configuration and
calculation mesh for
Figs. 4 ~6.

- 192 —



1000

100

{eV)

T div

10

1000

100

T (eV)

10

JAERI—M 93—057

E T B e Tei (10MW) 3 1022 e ® nei (10MW)- ]
F i o] Teo (10I\I\;I1W) 3 El © neo ((;gmw)} 3
L m Tef (20MW) | ] o = nei 3
i . rl O neo (20MW 1
0 : 0 Teo (20MW) otk go )<a 2. :
: o) ""‘*l}\f*K 3 7 i ‘sc : = 3

. o " - B ] E i * N m c ©
E ; ; D\ : 4 :-' 1020; ORI E
» E~g 3 3 g : E
3 @\ 3 e’ C . ]

£ : 3 19 i
: se ¢ ] 107 F
[ ‘3 n "o ] 2 2 :
0“2“4“52' IE;‘ !1io' 12 1013-"‘;‘ N S
2 : 2 4 6 8 10 iz
r, (107s) I (16%s)
=4m =1m? :
i s ot | 9 =64, X, =13cm
q o Tii (10MW) | 3 35 f- w— G (2oMW) [T T 3
" o Tio (10MW) | ] 5 f--c- Go(20MW) | 3
g a m o Ti (20MW) | T 5 s0¢ , e 3
E c  Tio (20MW) | A o5 E o é/ P 3
F ; 3 c - f?i ; ; 3
- i H . Q o [ 3
- . N . 5 20f ;/V-\! ~5- 20N
F g a 1 1 © E — W . 3
o] 005 ] a E] = 15_ 1OMW E-.5 =] o :
E [e) ¥ E [=% £ : Q 3
g ] E: : // ]
C . : ] F A P : E
i I I x z
T TP I I S I S - ;
o 2 4 6 8 10 12 % SIS U NI B T
r (10%s) 0 2 4 5 g 10 12
p £ (10%%s)

Fig. 4 The calculated electron and ion

temperatures at inner (i) and outer (0)
meshes adjacent to divertor plates and the
separatrix surfaces as a function of particle

Fig. 5 The calculated electron density and
flux amplification factor as a function of
particle outflux from the main plasma.

outflux from the main plasma.

kY
b D O
\\\4@}\ — 5.00+17
BN ——- 2.00-17
— 1.00+17
-+ 5,00+16

W

— 2.00+18

Ip=5.0x10%s

Fig. 6 Two dimensional distribution of
neutral particles near the divertor plates
when O = 10 MW. The diverior plasma
becomes less opaque to neutral particles
with increasing I'p.

I'p = 4.0x10%s

Tp = 2.0 x102/5

— 193 —



JAERI-M 93057

4.14 Helium Ash Experiment with He Beam Fuelling
in Divertor Discharges

H.Nakamura,H.Kubo,H.Kimura, A Sakasai and T.Sugie

1. Introduction

Previous studies in JT-60 L-mode discharges with He beam fueling demonstrated
that He ash can be easily exhausted in high den.sity operation{1]. However, in case of H-
mode discharge, control of He ash in core plasma is crucial issue because of its good
particle confinement. Recently, He exhaust from core plasma by ELMs activities is
demonstrated in DIII-D with He gas puffing[2]. Therefore, in JT-60U, He ash study with
He beam fueling has been started in ELMy H-mode discharges. In addition to these NB
heated discharges, ICRF heating experiment has been done for initial study of He ash
control. In this section, initial results of He ash studies with He beam fuelling in NB- and
ICRF-heated discharges are described.

2. Experimental Apparatus
The JT-60U device is a large tokamak with a single-null poloidal divertor at the

bottom of the torus. Typical parameters are a major radius of 3.1 m, a minor radius of 1.5
m, a maximum plasma current of 6 MA, a toroidal field of 4.5 T and a discharge duration
of 15 s. Deuterium plasmas are heated by deuterium NB with heating powers of 20 MW.
Instead of 4He beam, 3He beam with a beam energy of 70 keV is used because He beam
injection was planned in connection with D-3He ICRF experiment. ICRF wave power and
frequency is 3 MW and 116 MHz, respectively. Charge exchange recombination
spectroscopy (CXRS) is used to measure the He2+ ion density profile in the main plasma
by observing the transition at 4686A (n=4-3) of Het. However, the He density profile is
not yet available because data analysis of the CXRS measurement is not completed. In the
divertor region, intensities and profiles of Dp emissions and He I (6378 A) ones are
measured by 38 channel spectrometers. Although a residual gas analyzer to measure
neutral pressure in outer divertor region has been installed, it is not operating because of

control trouble.

3. Results and Discussion

3.1 NB Heating
Typical wave forms in ELMy H-mode discharge are shown in Fig.1. Plasma

parameters are plasma current of 1.5 MA,toroidal field of 2 T and heating power of 15
MW respectively. During t=5.5 s to 7.55 s, ELMy H-mode is observed. 3He beam was
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injected during t=5.5 s to 7 s. He emission measured by divertor spectroscopy increases
monotonically. Figure 2 shows spatial profiles of He and Da emissions in divertor region.
According to divertor simulation of ITER conditions, outward shift of He profile is
predicted. However, significant difference of peak position is not observed between He
and Do emissions considering 1.1 cm of spatial resolution of the spectrometer. On the
other hand, significant difference of spatial profiles is observed between He and Do
emissions. In case of the Do emission, the emission intensity in inner divertor is usually
higher than one in outer divertor. Contrary to the Do emission, the He emission intensity
in outer divertor is same as the one in outer divertor. Considering ratio of ionization
rate/excitation rate(l/E), significant asymmetries of He particle flux(I') can be obtained. In
case of He, the I/E value shdws linear dependence on electron temperature(Te). On the
other hand,in case of De, the I/E value has weak dependence on Te. In typical case,
TeOUT/TeIN is around 2. Therefore, TOUT/TIN of He and Do are 2 and 0.4 for
D respectively. This asymmetry of I'He is promising for efficient He pumping in fusion
reactor because divertor pumping is performed in outer divertor region. To measure He
neutral pressure near outer divertor, a RGA is under installation.
3.2 ICRF Heating |

In D-3He fusion experiments, ICRF heating was performed in 3rd harmonics
resonance condition (Bt=4 T, Ip= 2.5MA) and 4th harmonics resonance condition(Bt=3 T,
Ip= 1.9MA). Maximum power of 3He beam and ICRF wave are 10 MW and 3 MW,
respectively. In case of 4th harmonics resonance condition(Bt=3 T, Ip= 1.9MA), raw data
of He CXRS did not show significant increase during ICRF heating. However, in case of
3rd harmonics resonance condition (Bt=4 T, Ip= 2.5MA),significant increase in raw data
of He CXRS is observed during ICRF heating phase. In this case, 3He beam(99keV)
acceleration was also observed in vertical charge exchange diagnostics. At present, effect
of ICRF heating condition on He CXRS data is not understood. However, further
experiment is planned because ICRF wave has a possibility of enhanced He exhaust in

fusion rector.

4. Summary

In 3He beam fuelling into ELMy H-mode discharge, difference of peaks position
was not observed between He and Da. emissions. Considering ratio of ionization
rate/excitation rate of He and Do, He flux in outer divertor is higher than one in inner
divertor. This is desirable characteristics for efficient He pumping in fusion reactor. In D-
3He fusion experiment, difference of response of He CXRS raw data was observed
between 3rd and 4th harmonics resonance conditions.
Reference
[1] NAKAMURA H. et al. Phys.Rev.Lett. 67(1991)2658.
[2] Hillis,D.L. et al.,J.Nucl.Mater.196-198(1992)35.
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4.15 Investigation of First Wall Damage

T. Ando, M. Matukawa, K. Kodama, S. Oguri,
Y. Ouchi, T. Arai, J. Yagyu, A. Kaminaga, T. Sasajima, K. Yamane, F. Niino

1. Erosion of Divertor Plate due to Field Ripple

In the post-experiment investigation in November, 1992, no serious damage (cracking or
fracture) was observed on the C/C composite divertor plate and the graphite first wall. Figure 1
shows the typical view of divertor tiles after operations until October, 1992, where the surface
temperature of the center tiles (P-1 section) was measured using IRTV during the operations.
However, as shown in Fig. 2, shallow erosions were observed on a large number of divertor
tiles (mainly tile row : €) which were located at the outboard striking point in low X-point, low
density and high power operations for H-mode study performed in the last year. Erosion
patterns show clear toroidal periodicity, as shown in Fig. 3, which suggests that the heat flux is
enhanced at these eroded positions due to the field ripple. The poloidal field perpendicular to
the divertor plate is considerably small in these operations, so that the field line near the divertor
plate is significantly affected by the ripple of toroidal field coils. Simple explanation of this
erosion behavior is given in Fig. 4. For example, in the typical H-mode discharge (E16116; at
8 s), the poloidal magnetic field perpendicular to the divertor plate is about 0.08 T at the
outboard separatrix-intercepting point. The toroidal field and its ripple at this point are 4.32 T
and ~ 2 %, respectively, which gives the maximum poloidal field of ~0.08 T perpendicular to
the divertor plate . In this case, the toroidal field ripple is comparable to the poloidal field
produced by the plasma and poloidal field coils. Therefore, the combined poloidal field varies
from ~zero to ~twice of the poloidal field without ripple. The gradient of the incident field line
also varies from ~zero to ~1/30, correspondingly.

The heat flux on the tile flat surface can be given approximately as follows;

q~qox Bp/Bt,
where q : heat flux on the tile surface, qo : heat flux perpendicular to the field line, Bp :
poloidal field perpendicular to the tile surface, Bt : toroidal field.

Thus, the heat flux on the tile surface varies in the toroidal direction, from ~zero in the
reduced poloidal field region to ~twice in the enhanced field region compared to the non-ripple
heat flux. Further analysis should be made in future.

‘Figure 5 shows an example of the erosion profile measured using 3-D Laser Sensor. The
left-hand tile was not taper-shaped before the operation because these files were attached to the
single backing plate. The measured tile height yields the level difference between these tiles of
(.38 mm, and the gradient of the eroded surface is approximately 1/50. All eroded edges were
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taper-shaped using filing tools during the vent to decrease the development of erosion .

2. Radioactive Analysis of Divertor Plate

Radioactive analysis of several removed divetor tiles was carried out. As shown in Fig. 6,
preliminary results show that Be-7 is the main residual radionuclide and two peaks appear at the
inboard and oﬁtboard striking zones. Especially, the significant peak is observed at the inboard
zone. Be-7 is produced from the photonuclear reaction of carbon and hard X-rays which are
produced by runaway electrons, however the inboard zone is ion drift side in the JT-60U
operations. If the measured Be-7 is produced by the runaway electrons, itis rather reasonable
that higher peak appears at the outboard striking zone (electron side). Hence, there mught be
other reason, for example, nuclear reaction of carbon-12 and He-3 which is one of the product
of D-D fusion reaction. This possibility has been reported in the radioactive analysis of the JET

carbon materials [1]. Further investigation is necessary.

3. Others
Several loose-jointed divertor tiles were observed. The inspection revealed that the bolts

became loose during operations because of imperfect spot welding to stop their rotation. In one
of these tiles, extraordinary thick erosion was observed. The measured thichness was 1.4 mm,
which can not be explained by the misalignment of tiles. The possible reason is that the eddy
current induced in the loose-jointed tiles produces rotating electromagnetic moment, which
happened to cause the protrusion of the tiles because there is 1~2 mm gap between tiles. In this
case, the protruded edge is easily eroded. All loose-joited tiles were screwed with suitable
torque and the bolts were welded tightly.

Several small craters were observed on the graphite first wall tiles which were placed at the
opposite side of the pellet injector. Figure 7 shows the view of the damaged tiles. The pellets
were not injected into the vacuum vessel without plasma, so that the penetration through the
plasma causes this damage. The damaged graphite tiles were changed to C/C composite ones
with superior mechanical shock properties.

CVR (Chemical Vapor Reaction) B4C-converted graphite tiles were exposed to the actual
plasma to examine its material behavior. The edge of these tiles was melted due to high heat
concentration, but B4C-converted layer, about 100 # m thick, was not exfoliated and still

remained after one-year operations.
Reference

[1] CHARUALU, 1., et al., to be published in Proc. 17th Symp. Fusion Technol., Roma, Italy,
September 14-18, 1992.
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Fig. 1 Typical view of divertor plate dfter operations in 1992 (P-1 section, typical tile size ( row : f) 107 x 80 mm)

Fig. 2 Typical erosion observed on the divertor tiles

{row : e, typical tile size 107 x 40 mm)
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Fig. 7 View of pellet-bombarded graphite tiles, showing
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5. Current Drive

5.1 Progress in LHCD Experiments

K. Ushigusa, T. Imai, Y. Ikeda, T. Kondoh, O. Naito, M. Nemoto, M. Sato, S. Ide, M.
Seki, S.W. Wolfe, T. Fukuda

Abstract
Performances in the lower hybrid current drive (LHCD) experiments on JT-60U was
compared with other machines. Highly recharged discharges by a high power LH injection
were analyzed to study an effect of the DC electric field on the CD efficiency. Impacts of

experimental results on the basic studies of LHCD physics were overviewed.

1. LHCD Performance in JT-60U

Several progresses on LHCD experiments has been reported in the 14th IAEA conference
on Wiirzburg. In JET, a full CD plasma was achieved at 0.4MA by LHCD alone and at ZMA
with a combination of 2.3MW of LHCD and 3MW of fast wave power[1]. A synegetic effect
between LHCD and ICRF was clearly demonstrated in these experiments. The plasma current
of 0.8MA has been fully driven by 2.9MW LHCD in Tore Supra[2]. By suppressing sawteeth
and m=1 mode, a high central electron temperature of Teo = 8-10keV in LHCD plasma was
maintained for ~8sec. A short pulse LH injection at a frequency of 8GHz was performed in
FT-U and CD experiments in PBX-M was started for aiming the current profile control. LHCD
experiments are also proposed in ALCATOR-Cmod and DIII-D. These facts indicate that an
important role of LHCD in the steady state study for a tokamak reactor are commonly
recognized again.

Performances in JT-60U LHCD experiments were shown in Fig.1 and 2 with results from
other machines. Figure 1 shows the driven current by LHCD-against the CD efficiency. In JT-
60U, the full CD plasma at 2MA was achieved at the efficiency of 2.5x1019m2A/W. The CD
efficiency in LHCD experiments is plotted against the JT -60 scaling on LHCD efficiency in
Fig. 2. Recent results from JT-60U, JET and ASDEX were all consistent with the scaling. It
should be noted that the volume averaged electron temperature in JT-60U is smaller than that in
JT-60. At the electron density of ne ~ 0.7x1019m-3, the diamagnetic stored energy W* is ~
0.47MJ in JT-60U full CD plasma at Iy = 1.2MA with the plasma volume V of ~ 90m3, while
W* ~ 0.28MTJ in JT-60 CD plasma at I, = IMA, ne = 0.8x1019m-3 and V = 32m3. This
indicates that the volume averaged electron temperature in JT-60U full CD plasma is ~ 60% of
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that in JT-60 at the same density and current. To achieve higher CD efficiency in JT-60U, we
have to operate in higher density and higher current with high power LH injection. These
experiments will be performed in 1993 by adding a new large multijunction launcher which has

a potentiality to inject ~7MW of LH power.

.4 }7
z
) I < g
| -

JT-60('8 JT-60U(82 e 3 —S—o—

Py " bl fod E JT-60U('82)_ © CA Y
l . .(JETFBZ :c 8 Op
) LH+IC . 1
JT-60('50) = 2 B2 s o0 ° r JT-60('89)

1 ToreSupra{'92) . l‘é:i 50 o \JET('92)

JET('92) £ L

— = v = 1 g LAk ‘pj;“o
ASDEX('80} L Y
ot 1 < [+ ASDEX('90)
0. 2 4
cD Efficlency  x10™ {m*A/W) 0
0 1 2 -3
12<Te(keV)> 60 . n
5+ Zan JT-60 Scaling({'89}
Fig.l Driven current versus the currens drive Fig.2 The current drive efficiency against
efficiency for various machines. the JT-60 Scaling for CD efficiency

2. Analysis of Highly Recharged Discharges

The CD efficiency is strongly affected by the DC electric field. A comparison of the CD
efficiency with the DC electric field between the experiments and the theory has been studied in
ASDEX[3]. An analysis of highly recharged discharge by high power LH injection is
important because LHCD is suitable method to recharge the primary power supply. Figure 3
shows the time evolution of the loop voltage for different LH power injections at a low density
plasma. At P_y ~ 0.9MW, the full CD plasma is achieved; the DC electric field disappears.
When we increase the injection power up to Py ~ 2.2MW, this is ~2.5 times of the power
required for zero loop voltage, the loop voltage becomes negative. The decrease in the loop
voltage is plotted against the injected LH power divided by the LH power without DC electric
field in Fig. 4. The decrease in the loop voltage saturates at high power injection is clearly
shown in Fig. 4. This means that the recharging efficiency of the primary power supply is
limited. Reference[3] has derived the following relation between the loop voitage and the
injected power in LHCD plasma with DC electric filed;
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where PLHo. Ron and Ry are the LH power without electric field, the plasma resistance in
OH phase and LH injected phase, respectively. n/ne = In{(1-X2)/(1-XX2)}/ {(X-1)X2},X =
(Niimin/Nlimax)?, X2 = 12/(ngf+5)(V[|min/Vte)2(E/ECD), Ve is the electron thermal velocity and
Epc is the Dricer field. Broken line in Fig. 4 shows the theoretical curve from Eq.(1) with the
same assumption in Ref.[3]; the ratio Rop/RLH set to be constant (a free parameter). This
theory does.not agree with experimental results in highly recharged cases. The ratio RoH/RLH
can be described by the ratio of the electron temperature of LH and OH phases. Since the
electron density is almost constant in these experiments, the ratio of electron temperature is
replaced by the ratio of the stored energy. Therefore, the ratio Rop/RLH can be described by
the the injection power; ROW/RLY = (TeL H/TeOm)! = (WLH/WoR)! > (PLHabs/POHabs)**
where PpLHabs = PLE+VLH Ip and PoHabs = VoH Ip. Putting this relation into Eq.(1), AV/VoH
is plotted against Ppp/PLHo by the solid line in Fig. 4. The experimental data agrees well with
this curve. It can be concluded that the theory derived in Ref.[3] can be applied for a highly
recharged cases by a small modification.
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Fig 3 Example of the LH power scan at Fig. 4 The decrease in the loop voltage normalized
the low density discharges. by the QH voltage against the injected power

divided by the full CD power.
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3. Progresses in Basic Studies of LHCD Physics

Various basic studies in LHCD physics were performed in 1992 experiments. The
accessibility condition has been checked by measuring the hard x-ray spectrum, the non-
thermal electron cyclotron emission (Sec. 5.5) , the non-accessible wave power and the
increase in the radiated power (Sec. 5.4). All these results indicated the validity of the
accessibility condition in tokamak plasmas. These studies are important for coming high power
LHCD experiments in 1993 to obtain a high CD efficiency without causing catastrophic
discharges by the accessibility limit. Studies on behaviors of energetic electrons in LHCD
plasmas are also developed by measuring the hard x-ray signals (Sec. 5.2), the direct loss
power through energetic electrons (Sec. 5.6), by studying the pressure anisotropy (Sec.5.7)
and by analyzing the hard x-ray signals in pellet injected plasma(Sec.5.8). All these studies
indicate that the slowing down is dominant process in JT-60U LHCD plasmas. Other basic
studies such as the LH dispersion relation (Sec.5.3), the change in the plasma rotation velocity
in LHCD plasmas (Sec. 3.5), the divertor plasma in LHCD discharges and a fast loss of

energetic electrons during LHCD are also important in an application of high power LHCD.
Rased on these basic studies of LHCD physics for past two years, a high power LHCD
experiments will be performed in 1993 by adding a new large multijunction launcher, which
consists of toroidally 4 and poloidally 4 modules and each module has 12 sub-waveguides.
Total injection power of ~ 10MW and the driven current of higher than 3MA can be expected in
these experiments. The parameter range in LHCD experiments will be largely expanded and

various application of LHCD may be possible.

Reference
[1] The JET Team, Proc. of 14th Int. Conf. on Plasma Physics and Contr. Fusion

Research, Wiirzburg, Germany, (1992), IAEA-CN-56/E-1-1,

[10] MOREAU, D, et al, Proc. of 14th Int. Conf. on Plasma Physics and Contr. Fusion
Research, Wiirzburg, Germany, (1992), IAFA-CN-56/E-2-1,

[3] LEUTERER, F., et al., Nuclear Fusion 31(1991) 2315.

— 204 —



JAERI—M 93—-057

5.2 Behavior of High Energy Electrons during LHCD

T. Kondoh, T. Imai and K. Ushigusa
1. Introduction _

Steady state operation is a key issue to realizing a commercial fusion reactor. Lower
Hybrid Current Drive (LHCD) is one of the most promising method for non-inductive current
drive.

We study basic characteristics of high energy electrons by means of hard x-ray (HX)
measurement to understand the physics of LHCD plasma. Confinement, distribution function
and anisotropy of high energy electrons are investigated by means of hard x-ray measurement
that is emitted by coulomb collision of fast electrons with ions.

We describe confinement of the fast electrons in section 3 and distribution function of fast
electrons as a function of RF spectrum and anisotropy are described in section 4 and 53,

respectively. Finally, a summary and conclusions are given in section 6.

2. Hard x-ray Measurement System

Hard x-ray emissions are detected by 8-channel sodium-iodide (NaI(TL)) detector (Fig. 1).
Seven channels look radial profile perpendicularly to the niagnetic axis (Perpendicular array)
and the other looks forward direction to the electron (Tangential detector). The detected HX
signal is processed by CAMAC and pulse height analyzed into 256 channels every 50 msec.
To measure the fast time response, single channel analyzers (SCA) are employed collecting
x-ray signal energy range of 60-250 keV and above 250 keV every 1 msec.

3. Confinement of Fast Electrons
To investigate loss mechanism of the fast electron, we compare the time response of hard
x-Tay intensity with slowing down time of the fast electrons.
The slowing-down time of the resonant electrons with LH wave of refractive index Ny/is
given by
T = 47r£§m§c3 1 1
ne*lnA N, (Z, +1)U~1/N,H+y1-1/N}

where InA is the Coulomb logarithm, ne is electron density and Zeff is effective charge of the

ions.

Figure 2 (a) shows temporal evolution of plasma parameters. LH power is modulated by 2
Hz rectangular wave to measure rise and decay time of HX intensity. Peak refractive index of
LHW is N//Pﬁak = 1.29 which corresponds to resonant electron energy of 300 keV. Density

rises up from 0.4 to 2.5 x 1019 m-3 in order to measure rise and decay time dependence on

density during discharge.
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Figure 2 (b) shows reciprocal of rise and decay time versus calculated slowing down time.
Difference between rise time and decay time is caused by variation of loop voltage. The loop
voltage is changed by LH caused by the non-inductive plasma current. Rise and decay times
are affected by loop voltage. Rise and decay time subtracted the OH-field effect exists
between the two experimental values. This effect is about 10 m sec as we can read from fig. 2
(b).

As a consequence, confinement of the fast electron is dominated by the slowing down

process.

4. Distribution Function of High Energy Electrons

Figure 3 (a) represents temporal evolution of plasma parameters of LHCD experiment.
Three LHW pulses with different Ny are injected in a shot. Resonant electron energy with
LHW of Ny = 1.92, 1.61 and 1.44 are 88, 141 and 200 keV, respectively. NHX L indicates
hard x-ray intensity measured by perpendicular detector and NHX// is measured by tangential
detector. Figure 3 (b) shows hard x-ray spectra of tangential detector with various Ny spectra
when line averaged electron density is 0.4x1019 m-3 (low density) and (¢c) shows when
1.8x1019 m-3 (high density).

We define hard x-ray temperature THX by the function exp(-E/THX) using the least
squares. method fitting 100 to 200 keV energy range. Figure 4 (a) shows hard x-ray
temperature THX// versus electron density ne as a parameter of N//. As the Ny decreases
(phase velocity increases), THX// increases. THX// also increases as density increases. This
is because loop voltage VI, increases as density increases (Fig. 4 (b)) and fast electrons are

accelerated by the electric field.

5. Anisotropy of Fast Electrons

Since high energy electrons (energy range of several hundred keV) emit Bremsstrahlung
strongly directionally to forward direction, intensity ratio Iyxy / Igx . indicates anisotropy of
fast electrons. Though it does not indicate anisotropy of distribution function directly, we
adopt it because of simplicity.

The dependence of anisotropy on N/7 and electron density is shown in Fig. 5 (a) and (b).
The anisotropy increases at low Ny (fast phase velocity) as qualitative expectation. However
the anisotropy increases as density increases against the results of Fokker-Planck code and

magnetic measurements[1]. These results may arise from residual ochmic field.

6. Summary
Experimental results are summarized as follows;
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(1) Confinement of the fast electrons produced by LHW is dominated by slowing down
process by comparing time response of hard x-ray and calculated slowing down time.

(2) Change of hard x-ray temperature is explained by the phase velocity of LHW and loop
voltage.

(3) Large anisotropy is shown when phase velocity of LHW is large. Anisotropy of fast
electron is also effected by residual chmic field.

Because such characteristics of fast electrons are affected by ohmic field, it is necessary to
reduce this effect for the investigation of LHW and electron interaction.

Reference |
[1] Wolf, 5.W, this report, Sec. 5.7
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5.3 Verification of LH Wave Dispersion Relation
M. Nemoto, T. Imai, K. Ushigusa and M. Sato

1. Introduction

Coupling between Lower Hybrid (LH) wave and high energy ion assuming a particle in
D-T plasmas has been investigating for establishment of more efficient current drive on JT-
60U. Since actual burning plasmas consist of many kinds of ions, we have to verify mass
dependence in a simple dispersion theory predicted in the previous study [1,2].

In this paper, a characteristic of coupling between deuterium ion and LH wave is
described comparing with the previous experimental result with hydrogen beam ion.

2. Experiment and Discussion
The dispersion theory gives an equation of a critical density n.c of LH absorption from

electron to ion
2.28f2

Ep £ 27
——=8 ¥ -234(=1)
F52 Ap Te Br

where, f is LH wave frequency in GHz, energy of particle absorbing LH power Ep and T, are
in eV, Bt is in Tesla, Ap is atomic number of injected beam species, Fg is a factor with respect
to ratio of electron thermal velocity to phase velocity of LH wave parallel to the toroidal
magnetic field and v is a factor defined by Zegr.

. Experimental parameters are the same as the previous experiment with hydrogen [2], i.e.,
Ip=1.2MA, B1=4T, the parallel refractive index of LH wave N peak=1.39, frequency of LH
wave f=1.74GHz and helium gas is fueled to increase electron density linearly. Energy range
of deuterium neutral beam (NB) which is injected simultaneously with LH wave is from 40keV
to 90keV. In this experiment, two charge exchange (CX) analyzers of NPA2 and NPA3 shown
in Fig.1 are used to observe behavior of beam ion acceleration. Both analyzers are able to
measure deuterium and hydrogen energy spectra simultaneously in good signal to noise ratio
due to thick neutron shields. One of them (NPA3) is installed on JT-60U after the previous
experiment and its sight line is viewing plasma core perpendicularly from a bottom port of the
JT-60U vacuum vessel, as shown in Fig.2. Although the sight line is including a NB line for
the active CX measurement, the NB unit is not used to reduce injecting NB power in this
experiment. Therefore NPA3 observes ion energy spectra passively. The other one (NPA2)1s
a tangentially viewing CX analyzer which is used in the previous eXperimcﬁt, and NB units
which beam lines cross a sight line of NPA2 are operated.

Fig.3 shows typical time evolution of LH wave absorption by deuterium fon when beam
energy Epgis 70keV. Each column from the top shows line averaged electron density n., LH

net =
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wave Pry and NB power Pngj, a product of nonthermal frequency signal (1.5¢e) measured
by ECE system times electron density as a measure of the electron absorption. Average energy
E.ve shown in lower two columns is defined as an energy value normalized by ion flux in
Naperian logarithm unit over beam energy. E,,. measured by the parallel CX of NPA2, shown
in the forth column from the top, arise at 7.3sec gently when electron density is 1.79%x109m-3.
On the other hand, arising time of E,y. by the perpendicular CX of NPA3 is 6.3sec and it is
corresponding to 1.35x101”m-3. Difference of arising time is due to coupling region of LH
wave and ions. As given by the equation, the critical density is roughly proportional to the
electron temperature. Therefore, if there is a region in outer plasma, where n.(r=r)>n.¢
condition is satisfied, LH wave power is absorbed by ions of energy Eg there, the same as core
plasma. Those ions change to high energy neutral particles by CX collision between low
energy neutral particles from out of plasma and those are emitted without higher energy loss by
collision between electron and other ions. In region near X point of diverter configuration
plasmas, low energy neutral particles are dense due to backflow of neutral particles between the '
first wall of the vacuum vessel and the outermost magnetic surface from diverter plates. Since
viewing line of NPA3 is through there, it measures CX neutral particle energy spectra
influenced significantly ion energy distribution of outer plasma in comparison to the spectra
measured by NPA2, Moreover, in the case of higher critical density in the central region,
opacity of CX neutral flux from inner plasma becomes higher. Therefore, the lower critical
density obtained by NPA3 suggests that weak absorption of LH wave in outer plasma occurs.
Fig.4 shows ion energy dependence of the critical densities measured by both analyzers. One
by NPA2 is in good agreement with a prediction by the dispersion relation with parameters of
F5=2.75, v=0.8 and T.=1.dkeV. Energy of particle absorbing LH power is substituted
Eg=Ego+5keV, it is the same as before. Critical density determined by those parameters is a
little lower than predicted one with parameters of the hydrogen discharges (F5=2.75, v=0.8
and T.=2.0keV). Obtaining profile data of the accurate electron temperature is necessary to
specify the causes for the difference between those critical densities. The good agreement
indicates that the dispersion relation explains the mass dependence well, although more
accurate determination of the electron temperature remains. On the other hand, the dependence
by NPA3 disagrees with a predicted curve with constant values. Larger difference between
obtained data of NPA2 and NPA3 in higher density region suggests that occurrence region of
LH wave absorption in outer plasma shifts outward according to increase of electron density.

We should estimate a radial distribution of high energy CX particles emission after
obtaining detail profiles of electron density and the electron temperature to compare with energy
spectra measured by both analyzers and to evaluate more accurate LH absorption.
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3. Conclusion

Deuterium beam ion acceleration due to the LH wave absorption in JT-60U plasmas was
studied to prove a mass dependence of critical density estimated from the dispcrsion relation.
The obtained acceleration characteristic could well explain the dependence. This result will give
a useful measure to study the LH wave absorption in actual reactor plasmas.

We should measure ne, T and Zeg profiles in order to obtain more accurate and detailed

gvaluation of the LH absorption.

References:
1] NEMOTO, M., et al,, Phys. Rev. Letter 67(1991)70.
[2] NEMOTO, M., et al., JAERI-M report 92-073(1992)304.
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5.4 Detection of Non-accessible Wave
Y .Ikeda, K.Ushigusa, T.Imai

1. Introduction
In an application of LHCD in a future steady state tokamak machine, the launched LH

wave should have a very narrow and fast phase velocity spectrum within the accessibility
condition is satistied. On the operation of a very narrow spectrum, the most of the launched
power, which is optimized for current drive, may easily turn to an non-accessible power due to
the change of the plasma parameters. This situation is very dangerous because a large RF
power is not absorbed in plasma core and stays in the scrape off layer (SOL), and may enhance
the plasma-wall interaction {1]. We study in detail the accessibility condition of a very narrow
spectrum on JT-60U LHCD experiments by using a 24x4 multijuncton grill.

2. Experimental Setup
The launched wave spectrum is very sharp ( half-width: ANyM21lf ~0.4 ) and is controlled

in the wide range of N//peak =1 to 3 at the frequency of 2GHz by changing the phasing
between adjacent multijunction module in the grill. The power rate of mainlob (N//peak) is
more than ~80% in the excited wave. A Langmuir probe on the divertor plate is connected to
two frequency analyzers to detect the LH pump frequency of the signal at the divertor plasma.
Figure 1 shows the typical plasma configuration and the location of the probe on the divertor
plate. The Langmuir probe for measuring RE signal is located at the inner side ( ion drift side )
of the divertor plate, which is not fed a high voltage to measure plasma density in these
experiments. The probe is in the divertor plasma, therefore, the RF signal may be caused by
the density perturbation at the pump wave frequency in the divertor plasma. The RF signal
detected by this probe is transmitted though a 2GHz band waveguide for filtering lower
frequency ( ~1.7GHz ) and is connected to the spectrum analyzers. One spectrum analyzer
measures the time evolution of the RF intensity at 2GHz with the frequency resolution of 3
MHz, and the other is used to measure the frequency spectra with the frequency resolution of
10 kHz at every 100 ms during RF injection to check the frequency spectral broadening. The
other Langmuir probes on the divertor plate are operated to measure divertor plasma density

during LH experiments.

3.Experimental Results
The effect of three parameters on the accessibility condition are studied by using the RF
probe: wave spectrum, plasma density, and toroidal magnetic field. The dependence of the
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wave spectrum on the RF signal normalized injected power (PLLH =~0.6MW) are examined by
scanning the N//pcak from 1.2 to 2.2 during LH injection as shown in Fig. 2. The plasma
parameters are Bt=4T, Ip=2MA, fle=1.8x1019m-3, and the accessibility condition N//a¢C is
estimated 1.35 from the center toroidal field and the average density. Though the plasma
current is not fully driven by LH waves, more than 50% ~ 30% of plasma current are
exchanged by RF driven current. The intensity of the probe signal at 2GHz decreases with
increasing the N//peak_ The spectral broadening is in the range of ~ IMHz at -20dB from the
peak frequency and the profile of the frequency spectrum dose not depend on the N//peak_
Therefore, the frequency resolution of 3 MHz in the RF intensity measurement is much enough
to measure the time evolution of intensity of the pump wave frequency. The edge plasma
density measured by Langmuir probe array on the divertor plate shows the plasma density at
the RF probe position is ~ 1x1019 m-3 and there is no significant difference in the divertor
plasma density between various wave spectra.

Figure 3 shows the density dependence of the RF signal normalized by Pry. In the
density range of Ne=0.6- 1.8 x 1019m-3, the accessibility condition changes from Ny/ac¢ =1.2
to 1.34 at Ip=1.2MA, Bt=4T, and PL{=~1.2MW, while the N//beak of the launched waves
are 1.44, 1.6 and 1.92, respectively. The increase of the RF signal at high density is observed
only with lower Ny/ spectrum, where the wave spectrum does not satisfy the accessibility
condition. The spectrum is slightly broadened at higher density as reported in ASDEX [2],
however, the spectral broadening is in the range of ~ 1MHz at -20dB from the peak frequency
and there is no strong effect of the wave spectrum on the frequency broadening as shown in
Fig. 4.

The intensity of RF signal also depends on the toroidal field. Figure 5 shows the
intensity of RF signal normalized by PLy as a function of the toroidal field at the N J/peak of
1.44, 1.6 and 1.92, respectively. The plasma density is 0.9 ~1.1x1019m-3, Ip=1.2MA, and
P1 H=1.2MW. In the magnetic field range of Bt=2.5-4T, the accessibility limit N//2¢C changes
from 1.27 to 1.45. The intensity of the RF signal increases at the low toroidal field operation
when the wave spectrum is close to the accessible limit. The spectral broadening is observed at
the lower field operation, and the broadening is in the range of ~ 1MHz at -20dB from the peak

frequency.

3. Discussion and Conclusion

It is shown that the intensity of RF signal is closely related with the wave spectrum,
plasma density and toroidal field. A LH wave injection with lower N7 spectrum into higher
density and lower toroidal field plasma gives a higher intensity of the RF signal at the divertor
plasma. Though the frequency spectral profile is slightly affected by the plasma density and
toriodal field, the frequency spectral broadening is negligible to measure the wave power of the

RF pump frequency at the divertor plasma.
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In the calculation of ray trajectory of LH waves, it is known the non-accessible waves
accumulate at the plasma surface through the mode conversion to fast waves and is reflected at
the cut-off point of the fast wave in the scrape off layer, and finally enters the divertor region
[3]. Therefore, the intensity of the pump frequency at-the divertor region may be correlated
with the accessibility condition of the launched waves. The accessible power rate of the

launched power is given by

o0 - NI© oo
Pace = f P(N/dNy + f P(N,dNy, |/ f P(N;)dNy,
Ni - e (1
Since the launched wave spectra are narrow and with small sidelob in these experiments,
the power rate sharply drops when the Ny/2CC becomes beyond the N //Peak If the wave

spectrum is approximated by the Gaussian profile around N//peak, the accessible power rate is

-0

described by,
N/

N peak _ N 2
(_( / ) ) AN

Pacc=1_L&Laizl exp ;

VT AN
1 N ANy )
half

where AN, = ANy, /24InZ , and Pmain is the power rate of the mainlob of launched wave
spectrum. The NyPeaK is shifted with the AN, shalf = ~0.4 and Ppain of ~0.8 by changing the
phasing in the JT-60U LHCD grill, therefore, the accessible power rate of various wave spectra
can be roughly estimated by the value of (N//Peak. Nacc)/ANhalf,

Figure 6 shows the all previous data as a function of the non-accessible power rate ( 1-
Pace ) calculated by equ. (2). The behavior of RF signal is well explained by the accessibility
parameter, where the wave spectra, density and toroidal field widely change. Although there
are some open questions concerning a gain of the RF probe for the slow and fast waves in
plasmas, the RF signal detected at the divertor plasma may give a good method to measure the
non-accessible wave power.

It has been shown that the accessibility condition is clearly verified by injecting a very
narrow wave spectrum. The signal of pump frequency detected by the RF probe at the divertor
plasma is enhanced when the launched wave does not satisfy the accessibility condition. The
intensity of RF signal is well explained by the power rate of accessibility parameter. This result
indicates that the RF probe at the divertor plasma is a good method to identify the accessibility

condition.

REFERENCES
[1] JT-60 Team, "Review of JT-60U experimental results from March to October, 1991",

JAERI-M(92-073).
(2] PERICOLI-RIDOLFINI V., et al., Nucl. Fusion 32(1992) 286.
[3] USHIGUSA K., et al., Nucl. Fusion 22 (1982) 33.
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5.5 Effects of Accessibility on ECE Signal in
LHCD Experiments

M. Sato, T. Imai and K. Ushigusa

1. Introduction

The study of supra-thermal electrons is important for understanding the mechanism of
Lower Hybrid Current Drive (LHCD). One of the interesting features of the Lower Hybrid
Wave (LH\V) is an accessibility condition which limits the lowest Ny ( Njac) to penetrate to the
core of the plasma. Accordingly, supra-thermal electrons produced by the LHW are limited
correspondingly by the value of Nyacc. Therefore the study of the supra-thermal electrons gives
information on the accessibility in tokamak plasmas. Here, the observed electron cyclotron
emission (ECE) is analyzed from the point of view of accessibility in LHCD.
2. Accessibility Condition

The accessibility condition limits the lowest Ny of the wave launched to penetrate to the

core of the plasma. Itis
Nyt > N//AC(ne, B, Zeff.f)
=fpe/fce+(1+(Epe/fce)2-(fpi/H2),

where f, fce, fpe and fpj are the launched wave, electron cyclotron, electron plasma and ion
plasma frequencies, respectively. It originates from the existence of a turning point between
the slow wave and the fast wave. The launched LH power depends on Ny, frequency (f) and
the phase difference of the LH wave (A¢): PLH=PLH(N//, f, Ad). The supra-thermal
electrons produced by the LHW are limited according to the N//2CC. The energy (Esp) of the
supra-thermal electrons is related to N/ as Esp(N//)=m302[1/(1—1/N//2)1/2-1]. When the
electron density is increased, the accessibility condition is changed and the behavior of the
supra-thermal electron may be changed. That is, as N//2CC is increased, the allowed Ny/is
limited, and the maximum energy of the supra-thermal electron may be decreased.
3. Experimental Apparatus and Results

The launcher of the lower hybrid heating system in JT-60U is the multi-junction type[1].
It can produce sharp power spectra in broad Ny region, which is appropriate to study the
impact of the accessibility condition on the supra-thermal electrons. The peak of the spectrum
depends on Ad, as shown in the LH power spectra of Fig.1. Information on the supra-thermal
electrons may be obtained from measurement of the ECE spectra. The ECE spectra are
measured by a Fourier transform spectrometer (FTS) along a horizontal line of sight in JT-
60U[2]. The frequency of ECE from the supra-thermal electrons is relativistically shifted to a
lower frequency.
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The typical time evolution of the plasma parameters in LHCD-is shown in Fig.2. The
plasma parameters are as follows; Ip=1.2MA, Bt=4T, PLH=1.3MW, Ad=120°
(NPeak=1,29). The line averaged electron density increases from 0.6x1019m3 to 3x101%m-
3. When the LH power is chopped, the ECE at 1.0f¢¢O , I.SfCEO and 3fce0 respond quickly,
but the ECE at 2fce0 responds slowly, where f~s0 is the electron cyclotron frequency at the
plasma center. The ECE at 2fC30 is mainly the second harmonic ECE from the thermal
electrons. The ECE at fceo and 1.5fceo are relativistically shifted second harmonic ECE, but
the ECE at fce¥ may be absorbed by the thermal electrons. The ECE at 1.5fce0 is not affected
by the absorption so it the is used for the study.

A physical quantity which is the product of the line electron density and ECE emissivity
is defined by the following equation; JNEC = nedl x IECE(l.SfCGO), where IECE(nfce?) is the
ECE emissivity at nfcel. The density dependence of INgc is shown in Fig. 3. The following
two facts are found:

(1) INgC is drastically decreased at the density where the accessibility condition is marginally
satisfied in cases of A¢=120° and 150°.

(2) INgC is not drastically decreased in case of the Ag=210° (the highest Ny ).

4, ECE Analysis Model

The supra-thermal electrons produced by the LH wave collide with the bulk plasma and
their number decreases in a characteristic time of slow-down time (tgd). Then the density of
the supra-thermal electron (nsp) is linear with tsd: ngp = Tsd * PLH. Since the emissivity of
ECE is proportional to the supra-thermal electron density and tgd which is inversely
proportional to the electron density, then

IECE*ne=<PLH (1)

The LH power which produced the supra-thermal electrons is calculated taking into
account the accessibility condition. Using eq.(1) a comparison between experiment and
calculation may be made. The following assumptions are used. (1) The supra-thermal
electrons are uniform from R1 to R2. (2} IECE(I.SfceO) is relativistically shifted the second
harmonic ECE, then the supra-thermal electrons from R1 to R2 with energy (E) of E1 <E <
E2 may emit the IECE(I.Sfcco) where the second harmonic ECE from the electron with energy
(E) at R| is shifted to 1.5fceo. The supra-thermal electron emitted the IECE(1-5fceO) may be
responded to the LH power with N1 < N// < N2. In the experiment, NjACC is increased by
increasing the electron density where Nj is correspondent to the Ny for Ej.

The LH power which produces the supra-thermal electrons emitting IECE(I.SfceO) 1$
calculated taking into account the accessibility condition. The procedure for calculating in the
case of Ny ~Ny2CC is the following;

PECE=Pacc(N1)-Pacc(N2) for  NjACC<Nj

PECE=Pacc(N//2¢©)-Pacc(N2) for N1 <NjAc€<N2
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PECE=0 for N < Ny@ace,
where Pacc and PECE are the total power satisfying the accessibility condition and The power
which is related to IECE(l.SfCCO), respectively. Here R1=-0.12m and R2=0.3 are assumed,
E1=230keV, N1=1.38, E2=160keV and N2=1.55. The schematic diagram of Rj and Ej is
shown in Fig.4. '

The electron density dependence of PECE is shown in Fig.5. The starting point of the
decrement of PECE depends on the value of N{, and the points of PECE=0 depends on the
value of N2. The values of Ry and R are selected taking into account of the above reason.
The experimental electron density dependence of JNEC is shown in Fig.6. The agreement
between the experimental results and calculation is qualitatively good. This means that the LH
accessibility condition affects the behavior of the supra-thermal electrons.

5. Summary ‘4T-60U LHC LRUNCHER
—
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response of the ECE is measured in order to 2t
investigate the accessibility condition of the
LLHW. The LH power which is related to the
emitted ECE is calculated taking into account
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5.6 Identification of the Direct Loss of Energetic Electrons
‘During LHCD

K. Ushigusa, T. Kondoh, O. Naito, T. Imai., Y. Ikeda, M. Satou, Y. Kamada

Abstract
The absolute value of the direct lost power through energetic electrons during LHCD
discharges is measured by the calibrated divertor x-ray signal. Measured loss is fairly low as
suggested in last experiments. The relation between the accessibility condition and the directly
lost power, and the profile of energetic electron on divertor plates are discussed. Frequency

response of direct loss power is analyzed by a simple model.

1. Direct Loss Power and the Slowing Down Time

In last review of 1991, it has been reported that the soft x-ray signal from the divertor plates
during LHCD discharges is a good measure of the direct loss of energetic electrons[1].
However, there was no proof of the proportionality between the divertor x-ray signal and the
directly lost power through energetic electrons. The recent experiments carried out by D. Ress
et al. [2] has shown that the thick target x-ray flux is directly proportional to the electron power
loss with little dependence on the electron distribution function when x-ray flux is measured by
an x-ray diode sensitive at photon energy much less than the characteristic energy of the
electron distribution. In LHCD experiments, resonant energy of electrons accelerated by LH
waves ranges from 60 to 700keV. Since the photon energy measured in the divertor x-ray
detector (typically < 15keV) is much less than that of electrons accelerated by LH waves in
present experimental conditions, we can use the divertor x-ray signal to obtain the power lost
directly through energetic electrons. The calibration was performed by using a transient loss of
energetic electrons (the EEP)(3].

In Fig. 1, the directly lost power through energetic electrons is divided by the injected LH
power and plotted against the slowing down time[1], which is estimated at the velocity
corresponding to the NyPeak, The direct loss power is roughly proportional to the slowing
down time for wide range of tsp and indicating that the slowing down is dominant in JT-60U
LHCD plasmas. It is worthwhile to extrapolate the direct loss of energetic electrons in ITER
based on the JT-60U results. In ITER, steady state operation is expected at ne ~ 8.3x101%m-3
with Njj ~ 1.8 (PLyg ~ 50MW). Corresponding slowing down time becomes 2 - 3 ms. Then the
lost power rate through energetic electrons in ITER can be estimated to be Pposg/PL1T ~ 0.2%
as shown in Fi.g 1. When we consider the confinement improvement of enérgetic electrons
due to the higher plasma current[1,3], the direct loss power in ITER may be negligibly small.

Since almost all of the launched wave used in the experiments discussed in Fig.1 satisfies

the accessibility condition, there is no nécessity to take this into account. When the launched
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peak Nj is close to the minimum accessible Ny (IN}#¢€), a significant fraction of the launched
power may be lost. The direct loss of energetic electrons also must be affected by the
accessibility condition. To study this effect, we will compare two different cases where the
electron density was increased linearly with time during the LHCD pulse. In the first case,
waves with Nypeak > Nyacc were injected and therefore almost all injected power satisfies the
accessibility condition. In the second case, waves with NjPeak ~ 1.3 were injected, and the
minimum accessible Nj becomes higher than the launched Njpeak during the LH pulse. This
second case must be affected significantly by the accessibility condition. In Fig. 2, the direct
lost power normalized by the injected power is plotted against the slowing down time of the
electron velocity corresponding to Nypeak, Results for the first case are shown as open squares,
and for the second case as open circles. There is a large difference between these two plots.
Solid circles in Fig.2 are the results of the second case with the direct lost power divided by the
accessible power. The accessible power is estimated using the launched spectrum and the
accessibility condition calculated for the line average density and the central toroidal field. The
slowing down time which corresponds to the larger of N|j*°¢ and Njpeak is used as the abscissa
in Fig. 2. By employing these corrections, the set of data appears almost on the same line. This
suggests that the inaccessible power is not absorbed by energetic electrons and the estimation

of the accessible power employed here is not inconsistent to the experimental results.
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pea
tsp(NjPeK) TSD(NII ) ( S )
Fig.I Direct loss power of energetic electron Fig.2 Same plot as Fig. 1. Effect of the accessibility
power against the slowing down time. condition on the direct loss where the accessibility

condition is taken into account in solid circles

2. Distribution of Energetic Electrons on the Divertor Plates

Energetic electrons which cross the separatrix go to the divertor plate along with the
magnetic filed line and reach the divertor plate quickly. Therefore the profile of energetic
electrons on the divertor plate may be very narrow compared with the thermal particles. It is
important to study the width of reached energetic electrons on the divertor plates because its
peakness is important factor of the heat flux density. In order to study the profile of energetic
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electrons on the divertor plates, the height of null-point was swept during the LH pulse with a
constant clearance between the launcher and the outermost plasma surface. And the time
evolution of the divertor x-ray signal was measured. Figure 3a shows the change in the
configuration of this null-point sweep where the solid line is the viewing chord of the divertor
x-ray detector. The profile of divertor x-ray signal is easily obtained from the time evolution of
divertor x—ray-signal and plotted in Fig. 3b where the horizontal axis is the relative distance on
the divertor plate (positive is outside). Figure 3b indicates that the profile of energetic electrons
on the divertor plates has a typical half width of around 2cm. This width is apparently narrow
compared with the thermal particles. The half width of the divertor heat flux measured by
IRTV, which is though to be mainly the thermal heat load, is ~ Scm at ng = 0.4 - 0.5x1019m-3
in LHCD discharges (see Sec. 4.12). The poloidal Larmor radius of energetic electron which
has the velocity corresponds to the wave phase velocity ¢/Nj is pe(cm) = 0.85/Ny/(1-1/N;i2)0-3
for Ip = 1.2MA. With N = 1.2, which corresponds the accessibility condition in this case, the
poloidal Larmor radius becomes ~ 1.2cm. This is almost half of the measured half-width of
energetic electron profile on the divertor plates. The profile of energetic electrons on the
divertor plates may depends on the plasma current, the electron energy, the magnetic

turbulence at the plasma edge and so on. Further studies should be performed to understand

the profile of energetic electrons at scrape-off layer.
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Fig.3 (a) Configurations of null-point sweep and the viewing chord of the divertor x-ray detector.

(b} Radial profile of divertor x-ray signal.

3. Response of Divertor X-ray Signal in Modutated RF Injection
To study the time response on the divertor x-ray signal, a sinusoidally modulated LH

power was injected. A typical example is shown in Fig.4a where the LH power with Njpeak =
2.24 is modulated at a frequency of 5Hz. The divertor x-ray signal oscillates with the same
frequency. Using numerical fitting, the phase difference between the modulated power and the
fitted x-ray signal, and the oscillating amplitude of x-ray signal are determined from these time
evolutions. Figure 4b shows the relative oscillating amplitude at modulation frequency, and the

— 223 —



JAERI—-M 63—057

phase difference against the modulation frequency. The phase difference increases and the
amplitude decreases with increasing the modulation frequency. These responses can be
understood by a simple model. From energy balance of energetic electrons, the electron tail
energy is described by W = PLy / (io - 1/1sp - 1/TLoss), where ©, 1sp and Tposs are the
angular frequency of modulated LH power, the slowing down time and the characteristic time
of energetic electron loss, respectively. The lost power is given by Ppogs = W/TLoss = Aexp(-¢)
where A = 1/(1+®21532)0-5/(14R), ¢ = tan"1(w1,), T4 = TspR/A1+R) and R = T og¢/tsp. Curves
in Fig. 4b show the amplitude A and the phase difference ¢ in above equations with an
appropriate'slowing down time (Tsp ~ 20ms), where the solid and broken lines are calculated
with 7] osg/TsD Of oo and 1, respectively. Experimental results indicates that the characteristic
loss time of energetic electrons in this case is much longer than the slowing down time. The
slowing down process is dominant compared with the loss of energetic electrons. This
conclusion is consistent with the parameter dependence of direct loss power[3]. Although the
phase difference is limited at ¢ = & in this simple model, we observed the phase difference
larger than & in low Njj injection with a high frequency modulation. This fact indicates the limit
of this simple zero-dimensional model. More accurate model which contains both radial and
velocity space diffusion should be used to analyzing these experiments.
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Fig. 4 (a) Time evolution of modulated LH power and the divertor x-ray signal.
{(b) The phase difference between LH power and divertor x-ray signal and the relative amplitude of
oscillating div. x-ray signal against the modulation frequency. Solid and broken lines show the

calculated results for Tgp=20ms with Ty ,J Tsp = e and 1, respectively.
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5.7 Measurement of Pressure Anisotropy in LHCD Discharges

S W Wolfe, K Ushigusa, T Imat, T Kondoch

1. Introduction

To optimise the lower hybrid current drive (LHCD) efficiency for possible application
to a future fusion reactor, a thorough understanding of the electron distribution function is
desirable. The lower hybrid wave propagating parallel to the magnetic field interacts with high
energy electrons to produce an enhanced fast electron population and anisotropy in velocity
space. This interaction, and factors which counteract it, have complicated dependencies on
parameters of the launched wave and target plasma, such as injection angle, parallel index of
refraction Ny, electron temperature and density profiles, effective charge number Z.sr, and
current profile. Quantifying the effects on the electron distribution function is therefore
important. The simplest method of obtaining crude information on averaged quantities such as
plasma beta, anisotropy, and internal inductance is to use magnetic measurements [1-3]. These
can be supplemented by measurements of hard x-ray emission profiles, which can provide
insights into the power deposition profile and fast electron distribution (see Kondoh er al.,

Section 5.2 of this report; also [4,5]).

2. Calculation of Anisotropy

On JT-60U, measurements of the diamagnetic flux and plasma equilibrium have been
used to determine pressure anisotropy in the following way: A boundary identification code
incorporating data from magnetic probes and flux loops on the vacuum vessel gives estimates
of equilibrium parameters, including Shafranov A (= Bpeq + 1;/2, where Bpeq is the average of
perpendicular and parallel B, and /; is the plasma internal inductance coefficient). Data from
diamagnetic loops are used along with these equilibrium estimates to give By~ Therefore the
quantity D = A - Bydia = (B - Bp+ + /j)/2 may be calculated. Its value will in general contain
information about the anisotropy (through the difference between parallel and perpendicular
beta) as well as the internal inductance.

The evolution of these quantities is shown for the typical LHCD discharge of Figure 1.
The total plasma current of 1.2 MA was driven non-inductively at a toroidal field By =4 T and
a central line-averaged electron density ne of less than 0.3x1019 m-3. The phasing A¢ between
the modules of the multi-junction launcher was 135°, corresponding to a parallel index of
refraction for the wave at the peak of the spectrum of 1.44. The quantity D shows an increase
when LH power is applied, but there is also a slow downward trend in the waveform. This
trend is due mainly to the expected slow change in /;. Changes in the bulk plasma pressure will
contribute little to this behaviour because of the tendency for the bulk to have an isotropic
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distribution of pressure. Therefore, if D is measured a short time after LH switch-on, that is,
before J; has changed appreciably, then the increment AD will characterise the anisotropy of the
fast electron population. An anisotropy parameter can be defined as A = ABp//AByL =
2AD/ABpt + 1. In these experiments, a time of 0.3 s after the start of the L.H was found to be
sufficient to allow the fast electron population to respond while allowing only small changes in

bulk plasma pérameters and current profile.

3. The Database

Data from more than 100 LH discharges in 1992 were analysed to give a good statistical
base. Plasma parameters were as follows: current I = 1.2 MA, toroidal field Bt = 4T, and
line-averaged electron density ne from 0.4 to 2.4x1019 m-3, with Zgf ranging simultaneously
from 9 to 4. Lower hybrid power input to the torus P_g ranged from 0.9 to 2.5 MW at 2 GHz,
and the phasing A¢ between multi-junction modules was varied from 135° to 270" to give a
range in Ny, taken at the peak of the LH wave spectrum, of 1.4 to 2.9. The parameter ranges
allowed dependencies on parallel index, density, and power to be investigated.

Since the precision of the equilibrium estimates and the diamagnetic data may be 10% or
worse, the calculations are subject to large uncertainty. To maintain faith in at least the
qualitative parameter dependencies, the discharges were discriminated as follows: 1) the
plasma equilibrium parameters for all shots appearing on the same plot were similar (an
indication of this was the proportionality constant between diamagnetic energy and beta); and 2)
the residual toroidal electric field Eqy for all shots was much less than the critical field E¢ for
electrons resonant with the wave to run away (Eqp/E¢<0.1). This is given by Ec=myV/etsp,
where myV is the momentum of electrons with speed V (=c¢/Ny), v is the relativistic gamma
given by y=(1-Nj2)-¥/2 and tgp is their collisional slowing down time, given by

4neZm2y’c3
fleedlog A*N(Zert+1+Y)
For the calculation here, Zef=5 and the Coulomb logarithm logA=19.

8D =

4. Parameter Dependence

Figure 2 shows the dependence of the anisotropy on parallel index (launcher phasing}
for electron densities in the range 0.9 to 1.2x10!? m-3. The anisotropy (closed circles)
decreases slightly as Nj increases, but the dependence is weak. For comparison, the results of
a two-dimensional Fokker-Planck code used to model the current drive process are also shown
(the line labelled FP). The computation shows a stronger anisotropy, but the qualitative

dependence is similar. Intuitively, one expects the anisotropy to decrease with index, since at
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high Nj the phase velocity of the wave is closer to the electron thermal velocity so that the
slowing down process should be more effective in reducing the anisotropy.

Figure 3 shows the dependence on electron density at a fixed Ny of 1.6 (A¢=150").
Here, the anisotropy is seen to decrease with density. This behaviour disagrees with the hard
x-ray measurements of Kondoh et al. (Section 5.2 of this report). The model, on the other
hand, predicts little, if any, dependence on density, except at densities less than about 1x1019
m-3, when the anisotropy is seen to increase. Again, this agrees qualitatively with the
experimental results, while there is a substantial disagreement in the magnitude of the
anisotropy.

More investigation is needed to be able to explain the difference between the
experimental results and the model, but it should be noted that any contribution to ABP from the
bulk plasma will tend to decrease the value of AB,'/ABpt and wash out any parameter
dependencies. Furthermore, the disagreement of the density dependence with the hard x-ray
measurements may arise from differences in Eqn/Ec, because residual OH field is expected to
enhance anisotropy. Other factors which should be considered when interpreting the results are
the effects of non-negligible changes in internal inductance and variations of the driven current
profile with Nj. These factors would affect the validity of the initial assumption of Alj = 0.

5. Summary

In summary, the anisotropy in the pressure distribution during LHCD on JT-60U has
been deduced using the magnetic measurements (estimates of equilibrium parameters and
diamagnetic beta). It is seen to decrease with parallel index and density, although the
dependencies are weak. This agrees qualitatively with the results of a 2-D Fokker-Planck code,
but quantitatively the measured magnitude is about a factor of two smaller than the prediction.
The density dependence disagrees with hard x-ray measurements, and residual electric field
may explain this. Other factors which may affect the measurements and which are presently not
completely controllable or not well-determined are the precision of the equilibrium estimates,
Zeff, driven current profile, bulk plasma changes, and wave accessibility. More work is

necessary in order to take these effects into account.
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5.8 Combined Fast Wave and Lower Hybrid Wave Experiment

T. Fujii, H. Kimura, T. Kondoh, M. Saigusa, Y. Ikeda, T. Imai,
S. Moriyama, M. Nemoto, K. Ushigusa

1. Introduction

Recently, the current drive mechanism by using a fast wave (FW) in the ion cyclotron
range of frequencies (ICRF) are intensively investigated in tokamaks [1, 2], because their
power is more absorbed by electrons via Landau damping and transit time magnetic pumping
(TTMP) in hotter and denser plasmas and therefore ICRF fast wave current drive is quite
attractive in a reactor grade tokamak. However, the power absorpticn of the ICRF fast wave is
not strong in the present tokamaks since the electron temperature is not sufficiently high, and
then the demonstration of the fast wave current drive is difficult even in JT-60U where the
central electron temperature in target ohmic discharge plasmas is as low as about 3 keV.
Accordingly, expecting enhancement of fast wave-electron coupling by high energy electrons
generated by LH waves, the combined ICRF fast wave and LLH wave experiment has been
carried out on JT-60U at BT = 3.2 T so that ion cyclotron harmonic resonance layers are off-
axis. The fast wave-electron coupling properties are investigated by scanning the peak ny
value of power spectrum of the fast waves as well as of the LH waves at low electron densites.

2 WcH 3 WeH

2. Experimental Conditions

We examine the electron heating by off-
axis ICRF heating in combination with low
power LHRF heating at BT =32 Tandf =
116 MHz in helium discharges. In this
condition the second and third harmonic

resonance layers of hydrogen, which remains

in the helium plasma, are off-axis at x = - 0.6,

(.75 m, respectively, as shown in Fig. 1.

ICRF
Antenna

Small power absorption by ions may be
expected from the results of the previous
experiments on JT-60 in Ref. [3] so that
resulting FW power may couple to electrons

in the plasma core. Target ochmic plasma

parameters are : the line-averaged electron

Fig. 1 Ion cyclotron resonance layers for By = 32T

density fie =0.4-1.5 x 101%m-3, the plasma
ty De » the p and the applied ICRF frequency f =116 MHz.
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current Ip = 1.2 MA, the effective safety factor qeff = 7.4. Applied wave powers are: ICRF
power Pic= 0.8 - 1.8 MW and LH power PLyy =0.9 - 1.5 MW at 2 GHz. A multijunction type
of LH launcher is installed into the vacuum vessel at a poloidal angle of 40m degrees. The
radiated power ny spectrum of the LH waves is 1.3 to 2.5 by changing the toroidal phase
difference A¢ of the LH launcher from 120 to 240 degrees. On the other hand two ICRF
antennas are located at equatorial ports. The radiated power ny specttum of the ICRE fast
waves is changed by phasing the antenna currents toroidally by 0, 90 and 180 degrees, that is,
(0, 0), (/2,0)and (%, 0) modes. The JT-60U ICRF antenna has a poloidal septum at the center
position to'decoupiing between toroidally adjacent current straps. So that its peak ky; value is
not exactly calculated by the present code, but it is approximately O for (0, 0) mode, 1.5-2for
(m/2, 0) mode and 2 - 3 for (x, 0) mode.

3. Experimental Results
Although we have conducted the combined heating with scanning the LH phasing from
120 to 240 degrees, we focus the data for A¢ = 150 degrees (njpeak = 1. 6) in this section.

Typical results, time evolution of the stored energy Wpia, fie, the radiation loss Prad, one turn

loop voltage Vi, Pic and Pyy for the (7, 0) mode at the target plasma densities offig = 1 x 1019
m-3 and 0.4 x 1019 m-3 are shown in Fig 2 (a) and (b), respectively. In the higher density case
the electron density increases by 40 % during ICRF pulse of 1. 7 MW applied at 1 sec later LH
pulse of 1 MW. The loop voltage also increases by about 0.06 V of 10% of the total value. On
the other hand, in the low density case the loop voltage does not change although the electron
density increases by about 100% in combination of 1.8 MW ICRF and 1.5 MW LHRF powers.
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Fig. 2 Time evolution of WpJA. Fe. Prad. Vi, Pic and Py for (p, 0} mode in combined ICRF and LH wave
keating at target plasma density of (a) I x 1009 m~3 and {b)04x 1019 3.
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Figures 3 (a) and (b) show time evolution of Hard X-ray (HX) emission for the shots
shown in Fig. 2 (a) and (b) respectively. Signals coming form 1 to 7 channel indicate Tgx | in
photon energy range of 100 - 200 keV atr/a = 0.7 10 0.2 and a signal from 8 channel Tuxy. In
comparison of figures, Tgx. tends to increase in the higher density case, increasing loop
voltage during ICRF pulse, while it tends to decrease or be constant in the low density case,
unchanging loop voltage. Ty increases in both cases but smaller in the low density case.
Considering that TyxJ and THxy increase with increasing loop voltage after LH pulse, itis
inferred that the ICRF fast waves couple to fast electrons in the low density case so as to keep

the loop voltage constant.
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Fig.3 Time evolution of Hard X-ray emission at larget plasma density of (a) 1 x 1009 m3 ana (b) 04 x 1619 m3
for the shots shown in Fig. 2 (a) and (b), respectively.

Figure 4 shows the increase in the loop voltage as a function of target plasma density for
three ICRF phasing modes. Here, (0, 0) phasing data is obtained at By = 4 T different from
others. The loop voltage increases clearly at target plasma densities more than 1 x 1019 m-3
for (n, 0) mode. The increase in the loop voltage does not seen for any phasing mode at least

in low densities. However, it is unclear whether the change in the loop voltage between

phasing modes is different.
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4, Summary and Discussion

We have examined the fast wave-electron coupling by the combined ICRF fast wave and
LH wave heating in helium discharges at power levels of Pic = 0.8 - 1.8 MW and LH power
Pr=009-1.5MW. The different change in loop voltage is observed for (1, 0) mode between

target plasma densities offig = 1 x 1019 m-3 and 0.4 x 1019 m-3. From HX measurements, the

fast wave-fast electron coupling may take place somewhat in the lower density case, but the
quantitative estimation is quite difficult.

In further investigation, we should condition the wall, for example by boronization, and
condition the antennas sufficiently so that the electron density keeps constant in application of
ICRF power. Moreover, the higher electron temperature conditions, such as smaller plasma
volume and higher plasma currents, are better for fast wave-electron coupling because 1t seems
that the change in loop voltage does not become smaller and further the interaction between
ICRF waves and the wall and the resulting electron density increase may reduce as the ICRF
power absorption increases with the electron temperature.
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5.9 Hard X-ray Measurement in Combined Fast Wave and Lower Hybrid
Wave Experiment

T. Kondoh, T. Imai, K. Ushigusa, T. Fujii and H. Kimura

1. Introduction

Theories predict fast waves in ion cyclotron range of frequency (ICRF) can drive non-
inductive current in high density region through electron Landau damping (ELD) or transit-
time magne'tic pumping (TTMP). It is expected to be used as current drive or current profile
control method in the central region of the reactor plasma.

Details of the combined fast wave (FW) and lower hybrid wave (LHW) experiment is
described in previous section [1]. Thus, we emphasize on hard x-ray measurement of these
experiments in this section. To investigate synergistic effects between fast waves and lower
hybrid waves on current drive efficiency we measure hard x-ray spectrum. Hard x-ray spectra
are measured by 7-channel sodium-iodide (NaI(Tl)) array and a tangential Nal(Tl) detector.

First experiment is to study the synergistic effect between TTMP and LHCD. In this
experiment, there are no resonance in the core plasma. '

The second experiment is to investigate the synergistic effect between LH wave and second
harmonic ion cyclotron regime. In this shot hydrogen resonance is located near the center of
the plasma. Fast wave with low parallel index of refraction should be mode converted into
ion Bernstein waves (IBWs) if the hydrogen beta were sufficiently high. These electrostatic

waves are expected to interact with fast electrons.

2. Results of TTMP and LHCD Combination
First experiment is to study the synergistic effect between TTMP and LHCD. Electrons
directly absorb fast waves via TTMP when resonance condition is satisfied.

Figure 1 shows temporal evolution of plasma parameters. Phasing of ICRF antenna is (7,0)
and peak refractive index of excited wave N//peak is 2.2. Working gas is helium with
residual hydrogen and deuterium. Toroidal magnetic field BT is 3.2 T and there is no ion
cyclotron resonance in the core plasma. Before ICRF injection, LHW is applied to generate
fast electrons which should interact with fast waves through TTMP. Peak refractive index of
LHW is 1.77. After IC is applied, electron density and loop voltage rise up. Hard x-ray
temperature THX// rises up from 60 keV to 85 keV.

Hard x-ray temperature is strongly influenced by loop voltage [2] as shown in Fig. 2.
Triangle, square and closed circle indicate THX// versus loop voltage VI, when Ny/peak =
1.44, 1.61 and 1.92, respectively. Large circles indicate THX// when LH only and

combination of LH+IC.
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Though THX is increased after IC injection, increase of THX may be caused by increase
of loop voltage from Fig.2. Thus, we can not conclude that synergistic effect between IC and

LH on hard x-ray temperature exists or not.

3. Resuits of ICH and LHCD Combination

The second experiment is to study the synergistic effect between FW and LHCD through
mode conversion to IBW. Toroidal magnetic field BT is 4T. There is second harmonic
hydrogen resonance near the center of the plasma. Theoretical prediction shows if the
hydrogen beta were high, fast waves with low parallel refractive index should be converted
into IBWs. Fast electron produced by LHW can interact IBWs through Landau damping as a
result.

Figure 3 shows temporal evolution of plasma parameters. Phasing of ICRF antenna is
(0,0). Working gas is hydrogen with residual deuterium. Before ICRF injection, LHW is
applied to generate fast electrons. Peak refractive index of LHW is 2.24 corresponding
energy of resonant electron is 60 keV.

" Figure 4(a) shows hard x-ray spectra during LH (t = 4.7 -5.5 sec) and LH+FW phase (t =
5.7 - 6.5 sec). Slope of the HX spectrum during LH+FW is smaller than LH only. We should
pay attention to effects of neutron yield because second harmonic resonance exists near the
center of the plasma and residual deuterium is heated. Influence of neutron is negligible in
LH phase. Solid curve in Fig. 4 (a) indicates x-ray spectrum due to g-ray caused by (n,y)
reaction. This curve is estimated using another shot heated by ICRF without LHW.

Figure 4 (b) shows HX spectra which is subtracted neutron effect. The slopes of the spectra
agree within statistical errors. Thus, we conclude from this experiment that we can not
observe the difference between slope of spectra during LH and LH+FW.

4. Summary
Unfortunately, in these preliminary experiments we can not observe synergistic effect

between LH and FW on hard x-ray spectrum. Further investigation is needed avoiding
neutron influence and loop voltage effects on hard x-ray spectrum.
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5.10 Progress in Bootstrap Current Study
M. Matsuoka, S. Ishida, Y. Kamada, and M. Kikuchi

1. Introduction
Bootstrap current was analyzed for both high poloidal beta f3, and high normalized beta

B shots. In the high B, experiment, relatively small plasma (~50 m3) was produced at the
inboard side to heat the central part of the plasma with high power density. The high f, plasma
is characterized by high temperatures (T.o~10 keV, Tjo~30 keV), peaked density profile, and
Bp collapse within 1 sec after beam initiation. The high v was obtained with similar plasma
configuration but with lower toroidal field. The characteristics of these shots are described in
chapter 2 in detail.

2. Bootstrap Current in High 3, Plasma
Figure 1 shows the plasma stored energy Wy, fp from diamagnetic measurement,

surface plasma voltage V;, and estimated bootstrap current of a typical high By shot.  Solid

lines and open circles are the

EQ15999
experimental and the numerical result A " Py "
using 1.5D time-dependent code. The ‘:_.Ln 3 W %
operating conditions are: I,=1.3 MA, S 2 %ir /ﬁa\\,—_
Br=4.4 T, PNp=18 MW, q.=7.8. ;n I < P
Beams were initiated at =5 sec and S, 0d :
collapse was occurred at t=35.75 sec. 0.5 T T T
During this phase, the plasma stored _ % DL /
energy increased almost lingarly. Since a ?; 0.0 vnvw\( , = r\
code-integrated value is available for the > _ 299647 ° U )
plasma density, we assumed the density 05 \ '
profile with peaking factor which was LO¢
obtained by matching both the plasma o8
stored energy and the neutron g 0.6 F o & ves
production. The resultant time-evolution 2 04 00 Ch
of Vs agrees well with the experimental 33  Lo0°
data. The estimated bootstrap current just 50 5.2 %H‘L . [sgé]é 58 60
before ﬁP collapse is 0.65 MA, which is Fig. 1 Plasma stored ‘energy Wy, diamagnetic
50% of the total plasma current. poloidal beta Bp?i4, surface plasma voltage Vs, and

Bootstrap current in high ﬁp j;t;r:ated bootstrap current Ips of a typical high Bp

plasma mainly flows at p~0.5 due to
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peaked density profile. This is in
contrast to that in H-mode plasmas where
bootstrap current mainly flows at the
periphery of the plasmas. The numerical
code predicts that, in the half way of the
plasma minor radius, the electron
temperature is still sufficiently high so
that the profile of the total plasma current
is almost unchanged due to long skin
time in high B, plasmas. This tendency
can be seen from the evolution of the
internal inductance /;, which is obtained
from magnetics. The upper graph in Fig.
2 shows I; of the medium B, shot in
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which no 8, collapse occurred. The

Fig. 2 Internal inductance l; and diamagnetic
poloidal beta de:a of high By shot (upper graph)
and high By shot (lower graph).

central electron temperature was 7 keV
just before beam termination and 2 keV at
ohmic phase. We see that /; was almost
unchanged just before and after beam injection. This indicates that the current profile was not
modified by bootstrap current. Note that /; during beam injection is not reliable since /; from
magnetics has less accuracy in high B, phase. The lower graph in Fig. 2 shows l;in a high By
shot, which has lower electron temperature. The central electron temperature during beam
injection was about 3.5 keV and decreased to 1.2 keV in later ohmic phase. On the contrary to
the upper graph, the internal inductance after beam injection substantially decreased from that
just before beam initiation in this case. In addition, the internal inductance recovered after beam
injection very slowly, though the shot had a lower electron temperature that the upper graph
shot.

3. Bootstrap Current in High Sy Plasma

Figure 3 shows loop voltage Vigp, line averaged electron density 7., and beam
injection power Pjy; of a typical high By shot, which is identical to the shot in the lower graph
in Fig. 2. The loop voltage was kept negative during beam injection, which suggests a
substantial part of the plasma current was replaced by bootstrap current. The loop voltage in
the periods shown by arrows should be excluded from the present considération since the
plasma shape was changed in these periods. Both quasi-perpendicular and tangential beams
were used in this shot but the tangential beams were balanced so that the beam driven current

can be neglected.
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The poloidal flux function ¥ and
the ‘resistive’ poloidal flux function ‘P,

E0Q16451
of this shot are plotted in Fig. 4. The 2.0 i i ' '
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the gradient of each plot reflects Vs or V.
The curve of ¥ is almost flat after =9
sec, which indicates V; is almost O. : ;is ::yL%Z’ ::zai::::’;’é; ;ﬁ:’:na;fxffdpjzc:;:
Though the absolute value of /; deduced typical high BN shot.
from magnetics is not reliable in high 3,
phase, time-derivative of /; can still be used if the plasma state is almost steady. In the period
1=9.5~9.8 sec, the plasma was fairly steady-state (see Figs. 2 and 3). If we consider ‘¥ in this
period to be flat, the resistive loop voltage was 0, which means the current was fully driven by
bootstrap current. If we consider the average in the period +=9-10 sec (a straight line in Fig. 4),
the resistive loop voltage becomes 0.1 V.

The analysis using ACCOME, a steady-state non-inductive current analysis code [1],
predicts bootstrap current of 0.3 MA (50% of the total plasma current) and the resistive loop
voltage of 0.11 V. If bootstrap current is neglected, the resistive loop voltage should be 0.22
V. Consequently, bootstrap current in the high v shot is equal to or higher than that predicted

from the present theory.

3. Conclusion
The surface loop voltage of a high 3, shot reasonably agrees with the numerical result

using 1.5D time-dependent code. The resistive loop voltage of a high Sy shotis equal to or
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lower than that predicted using a steady-
state code. In both cases, the bootstrap
current is about 50% of the total plasma
current. The total current profile was
almost unchanged in the high 3, shot due
to high electron temperature, while it was
substantially changed in the high Sy
shot.
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5.11 Current Drive by Using Tangential Neutral Beams
M. Matsuoka, M. Kuriyama, and K. Nagashima

1. Introduction
In a neutral-beam current-drive experiment, the poloidal beta often increases

substantially since high power beams are injected. Consequently, the amount of beam-driven
current is unclear since to separate beam-driven current from bootstrap current is difficult.

A sophisticated experiment on neutral-beam-driven current was performed in JT-60U,
by comparing co- and counter-injected shots. In this method, the contribution of bootstrap
current is nearly canceled out so that the amount of beam-driven current can be estimated

directly from the experiment.

2. Comparison of Experimental and Numerical Results

Recently re-oriented beamlines from quasi-perpendicular beamlines were used in this
experiment {1]. A pair of upper and lower beamlines are co-directed, and another pair are
counter-directed with 2.86 m of tangential radius. The elevation angles of beam axis are £9°.
A pair of upper and lower axes merge at the injection ports and diverge in the tokamak vacuum
vessel so that the heating profile becomes off-axis with usual plasma configuration. Figure 1
shows the tangential beam axes and the plasma configuration (R=3.4 m, @=0.9 m) in this
experiment.

Two successive shots are

compared in Fig. 2. In the first
shot (E016345, solid lines),
counter beams (CTR) were injected
first and later co beams (CO) were

injected. In the next shot
(E016346, dotted lines), the
sequence for beams was reversed.

The loop voltage V; with counter

beams is always higher than that
with co beams, which indicates the
existence of beam driven current.

The condition for beam energy is

same between co- and counter-
injection phases; beam energies
of

the upper and lower beams were 90 Fig.I Tangential beam axes and plasma configuration.
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and 85 keV, respectively. The beam
power Pjp; is about 3.6 MW for all cases.
The central electron temperature evolved
from 4 to 5 keV and the difference
between shots i1s small (2 to 5%). The
effective plasma charge was high (~4)
due to low density operation.

Beam-driven current [, can be
estimated from the average loop voltage
V; of two shots and the plasma current /
(=1.5MA);

Fp=Ipx Mj— (1)

Vi :
where AV} is the difference in V| between
two shots. The estimated beam-driven
current and current drive efficiency
neIR/P;pn; are also shown in the figure.
The line averaged electron density nf?
(Pmin=0.05) was used in the calculation
of the current drive efficiency. . Solid
circles in the figure are the values
evaluated from the plasma surface loop
voltage. The beam-driven current and the
current drive efficiency are estimated to
be 250-400 kA and 0.2-0.4x1019 m-2,
respectively.

This experimental result was
compared with the prediction of
ACCOME code, a numerical code for
steady-state, non-inductive plasma
currents [2]. The predicted beam-driven
and bootstrap currents for t=6.75 sec are
350 kA and 80 kA, respectively. The
beam-driven current evaluated from the
experiment is smaller than that from the
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numerical code by about 40%. If the bootstrap current of 80 kA is taken into account to the
evaluation of the experimental result, the beam-driven current becomes smaller by 5%. In eq.
(1), the change of the internal inductance is neglected. The internal inductance deduced from
the magnetics increases linearly before and after the first beam injection and its contribution to
loop voltage is 0.1 V. If we take this contribution, the beam-driven current becomes larger by
30%. As a result, the difference between the experimental and the numerical is about 15%, if
both contributions are taken into account.

Sawtooth activity appeared after #=9 sec in these shots, that is, the first and second beam
injection phases are without and with sawtooth, respectively. The sawtooth period was longer
with co-injection (~220 ms) than that with counter-injection (~100 ms). This result is
consistent with those obtained in JT-60 [3] and JET [4] and contradict with that obtained in
ASDEX [5]. The plasma stored energy was similar between co- and counter-injected plasmas
in sawtooth-free phase but in sawtooth phase the plasma stored energy for the co-injected
plasma is larger by 20% than that for the counter-injected plasma. As for toroidal rotation, the
counter-injected plasma has faster rotation speed than the co-injected plasma by 50%.

3. Conclusion

We evaluated the beam-driven current by comparing the loop voltage of the plasmas
with co- and counter-beam injections. The maximum beam-driven current is 400 kA, which is
25% of the total plasma current. The current drive efficiency is 0.4x101® m-2. This resuit
agrees with the numerical prediction within 15%. The plasma behaves differently in several

aspects with co- and counter-beam injections.
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6. Fast Ion Study

6.1 Sawtooth Stabilization Experiments by Second Harmonic Minority Ion
ICRF Heating

H. Kimura, T. Fujii, M. Sato, D.J. Campbell, K. Hamamatsu, S. Moriyama,
M. Nemoto, M. Saigusa, H. Takeuchi

1. Introduction

In 1992, the JT-60U ICRF experiment using two new antennas started. The maximum
coupled power to plasmas so far reached 3.6MW for 1.4 sec [1]. ICRF heating is to be
generally utilized on JT-60U as unique central heating method for high performance
confinement study and current drive study as well as high energy particle study with coupled
power up to SMW (eventually 8MW) in combination with NBI, LHCD and pellet. Specific
subjects for the ICRF study on JT-60U for a near term are as follows;

e Extension of operation range for sawtooth stabilization to high T, high Ip and low-q by
second harmonic minority ion heating for confinement improvement.
e D-3He fusion with 4th harmonic ICRF wave acceleration of *He beam in high density

regimes for alpha particle study [2, 3].

e Synergistic effects on current drive between ICRF and LHCD for improvement in current
drive efficiency [4, 5]. "

e Local current profile control by minority ion current drive and its combination with
tangential NBI for sawtooth control.

e Helium ash exhaust by edge ICRF acceleration or sawtooth activity control.

In this section, experimental results on sawtooth stabilization for ohmically heated target
plasmas are presented. In JT-60 ICRF experiment, we already obtained clear symptoms of the
sawtooth stabilization in the high electron density and low-q regime [6]. In JT-60U
experiments, we are demonstrating more firmly the sawtooth stabilization for high electron
density and relatively low-q discharges. Overall characteristics on the sawtooth stabilization
and conditions for the stabilization are discussed. Results on the sawtooth stabilization
experiments with NBI or LHCD target plasmas are presented in the next section (6.2).

2. Typical Shot of Sawtooth Stabilization

Typical example of the sawtooth stabilization by the second harmonic minerity ion ICRF

heating is shown in Fig. 1, where time evolution of the diamagnetic plasma stored energy, the

line-average electron density, the central electron temperature by an ECE polychromator and
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the ICRF power is indicated. The present experiments were done mainly with helium
discharges containing residual minority hydrogens. The longest sawtooth period of this shot
reached 0.87sec with 2.8MW of ICRF power (P;c), which corresponds to 2.1 times energy
confinement time (1) of this shot. The central electron temperature of 5.5keV and the profile
peaking factor (Te(0)/Te)) of 2.8 were obtained [7]. Incremental energy confinement time

was 0.3sec, which is similar to JET results with the same plasma current {8]. The fact implies
that the JCRF central heating does not suffer from the large toroidal field ripple of JT-60U.

3. Power-dependence of Sawtooth Period
Figure 2 indicates sawtooth period as a function of Py¢ for the toroidal field at the vessel

center (R=3.32m), B, of 4.05T (open circle) and 3.97T (closed circle). Sawtooth period
(tgr) tends to increase with increasing heating power. We found that optimization of the
cyclotron resonance layer position against the plasma center (R=3.46m) is important for the
stabilization. Tgy increases remarkably at 2.8MW for B of 3.97T, while it tends to saturate
for By of 4.05T. The electron temperature profile was also more peaked for the 3.97T case.
The vacuum toroidal field at the plasma center is 3.81T for Brg of 3.97T and 3.89T for B of
4.05T, while the magnetic field giving the hydrogen second harmonic cyclotron resonance for
the frequency of 116MHz is 3.82T. Therefore the experimental results are consistent with the
fact that the resonance layer is closer to the plasma center for By of 3.97T than for Brg of
4.05T. However, we should also take into account of the paramagnetic effects of the low Bp
plasma. A room for the optimization of the cyclotron resonance layer position may be still
left, which will be checked shortly.

It is worth noting here that stabilization is also obtained with 2.8MW at relatively high
density (F,~3.8x10"m") and low-q (qeg=4, [p=2.4MA), which is indicated by a diamond in
Fig. 2.

4. Operation Range for Sawtooth Stabilization

Figure 3 indicates operation range for the sawtooth stabilization in 1/q.f - n./P,, plane,
where data points (closed circle) whose sawtooth periods are longer than 0.5sec are plotted.
The operation range for JET ICRF experiment [9] is added for comparison. On JT-60U,
sawtooth stabilization is obtained in the region of higher value of T./P,,, notably at fle/Py, ~
0.9x10°m MW (the diamond in Fig. 2), than on JET, where fundamental resonance
minority ion heating is employed. This is considered to be due to the fact that JT-60U
employs second harmonic minority ion heating, which is favourable for producing energetic
ions in high density regimes.

5. Conditions for Stabilization

We found that the sawtooth stabilization can be obtained only when a size of the inversion

radius (rj,,) exceeds a critical value. An example is shown in Fig. 4. A monster sawtooth

appeared in the late phase of the three seconds pulse, although the ICRF power and the
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electron density were constant throughout the pulse and were almost the same as those of the

shot in Fig. 1. Stabilization occurs after the inversion radius expands sufficiently as shown in

the bottom box in Fig. 4. Trajectories in the plane defined by a sawtooth period and rj,,/a are
shown for several cases having similar ICRF power and electron density in Fig. 5. The

stabilization is found to occur only after the inversion radius exceeds a threshold value, i.e.,

I.,./a = 0.2~023. This is probably due to the need for confinement of energetic ions inside

g=1 surface. Further discussion will be given in the next section (6.2).

6. Impact on Energy Confinement

Figure 6 shows the diamagnetic stored energy versus the loss power (Py,; - dWg;,/dD). At

B1q=4.05T (quasi-central heating case), the experimental data almost agree with ITER-89P

scaling, where we assume 10% hydrogen component in helium plasma. By fine tuning of the

resonance position (B;=4.05T — 3.97T), the energy confinement time increases by about

20%, accompanied with extension of the sawtooth stable period as shown in Fig. 2.

7. Conclusions

(1) Sawtooth stable periods of 0.9sec for OH target plasmas were obtained by the minority
second harmonic ICRF heating.

(2) Sawtooth stabilization is obtained at fi./P,, ~ 0.9x10""m>MW-!, which is notably larger
than the value achieved on JET, where fundamental resonance minority ion heating is
employed.

(3) Stabilization occurs only after the inversion radius expands sufficiently, i.e., rjp./a 2
0.2~0.23.

(4) The energy confinement time is improved by about 20%, accompanied with sawtooth
stabilization.

(5) The incremental energy confinement time reached 0.3sec.
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6.2 Sawtooth Stabilization Experiments by ICRF Heating in Combination
with NBI or LHCD

H. Kimura, T. Fujii, M. Sato, M. Nemoto, T. Kondoh, D.J. Campbell, K. Hamamatsu,
Y. Ikeda, T. Imai, M. Matsuoka, S. Moriyama, M. Saigusa, H Takeuchi, K. Ushigusa

1. Introduction

~ This section describes experimental results on sawtooth stabilization by ICRF heating
combined with NBI heating or lower hybrid current drive (LHCD). In JT-60, we had already
carried out combined ICRF and NBI heating experiments with emphasis on the sawtooth
stabilization, where we found that the dependence of the sawtooth stabilization on Pyp/m. was
opposite between a low density case and a high density case. In JT-60, ICRF waves and beam
jons strongly coupled because the hydrogen beam was used and hydrogen is main resonant
species for ICRF heating. This is the reason of somewhat complicated behaviours of the
sawtooth stabilization observed in combined ICRF and NBI heating on JT-60 [1]. On the
other hand, in JT-60U, deuterium beam is employed, while the main resonant species of ICRF
heating are still hydrogen. Thus ICRF waves and beam ions decouple in JT-60U. In this case,
role of the NBI heating becomes simple, that is to heat bulk plasmas and to lengthen the
slowing-down time of the fast protons produced by ICRF heating. We indeed observed more
efficient sawtooth stabilization by ICRF heating with NBI heated plasmas than with
ohmically heated target plasmas.

LHCD is also expected to assist sawtooth stabilization by ICRF heating through
broadening the current profile. Preliminary experiments of combined ICRF and LHCD were
carried out to check the effects. However, the sawtooth period became rather short in
combined ICRF and LHCD scheme than in ICRF heating alone. Conditions for the sawtooth
stabilization by ICRF heating are discussed taking all those experimental results including
ICRF heating alone case described in the previous section (6.1).

2. Combined ICRF and NBI Heating

Typical example of the combined ICRF and NBI heating experiment is shown in Fig. 1
(shot E16376), where time evolution of the diamagnetic plasma stored energy, the line-
average electron density, the central electron temperature by an ECE polychromator, the
ICRF power, the NBI power and a channel number of a soft X-ray detector array in the
poloidal cross-section corresponding to the sawtooth inversion is indicated. The present
experiments were performed with deuterium discharges containing residual minority
hydrogen. ICRF heating regime was minority hydrogen second harmonic heating. The
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toroidal field at the vessel center (R=3.32m), By, was 4.05T. So, the resonance position was
slightly off-axis (about 10cm out from the axis). Total neutral beam power was ~9.0MW,
which consisted of 5.4MW perpendicular D beam, 1.7MW co-directed tangential D beam and
~2.5MW perpendicular ‘He beam. We obtained stable period of 1.74sec by 3.1MW of ICRF
power, as shown in the electron temperature trace in Fig. 1. The central electron temperature
was almost constant during the stabilized period, although n. went up from 1 gx10" m” to
3.1x10"m™. At t=8sec, we had T,,~6.6keV, T;,~5keV and ne~3x10 ’m”. The electron
temperature profile was somewhat broader (T,(0)XT,) ~ 2.5) than the one with ICRF heating
alone (Te(Oji(Te) ~ 2.8 [2]). A slowing-down time of fast protons in the plasma center was
estimated to be considerably long, ranging from 420ms to 240ms during the stable period for
200keV protons. A remarkable high energy tail of protons was indeed observed by an active
charge exchange neutral particle analyzer whose line of sight is about 40 degree to the
magnetic axis, as shown in Fig. 2. Figure 3 indicates maximum sawtooth period during the
combined IC and NB heating (open square) as a function of the ICRF power together with the
data of the ICRF heating alone. Considering Brg of 4.05T for the present combined IC+NB
experiment, sawtooth stabilization by ICRF heating is realized more easily with NBI-heated
target plasmas than with ohmic target plasmas.
3. Combined ICRF Heating and LHCD

The combined ICRF and LHCD experiments were conducted with helium discharges with
minority hydrogen, i.e., conditions similar to those in Fig. 1 of Sec. 6.1 except application of
LHCD. B was 3.97T, so the ICRF resonance position was almost on-axis. Figure 4 shows
time evolution of the combined ICRF and LHCD experiment. Peak refractive index of LH
waves (N,P°%) is 1.6 and injected power (PLy) was 1.5MW. Reduction of the loop voltage
(AV[/V]) by LHCD was -0.39 and it was further reduced to -0.55 by ICRF heating. The line-
average clcctron density was 1. 9x10'"m=3 at LH only phase and slightly increased to
2.1x10Y%m™3 in combined IC+LHCD phase. Apparently sawtooth stabilization by the ICRF
heating could not be obtained with the LHCD target plasma in the present experiment.
Similar result was obtained with higher value of N, P*% (=2.3) of LH waves. We found that the
sawtooth inversion radius became short in application of the LH waves than without them.
Figure 5 indicates time variation of the sawtooth period and ry,/a for (a) the combined ICRF
and LHCD case and (b) ICRF alone case. In the former case, r;,,/a is limited less than 0.19,
while it remains a value more than 0.2 in the latter case, before ICRF injection. As pointed
out in Sec. 6.1, there exists a lower limit of 1, /a for the sawtooth stabilization. This is the
reason why the stabilization could not be obtained with the LHCD target plasma.
Measurement of hard X-ray emission shows that hard X-ray intensity decreases after injection
of ICRF waves only in the plasma core, suggesting absorption of LH waves by fast protons
produced by ICRF waves in the plasma core. The incremental energy confinement time of
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ICRF heating with LHCD target plasma was limited at 200ms because of lack of sawtooth
stabilization, while it reached 300ms associated with the sawtooth stabilization with ohmic
target plasmas [2]. Global energy confinement time of the combined ICRF heating and
LHCD agree with ITER-89P scaling.

4. Discussion

Figure 6 illustrates variation of r,v/a during the sawtooth stabilization as a function of i
for some typical examples. Here we should note that the stabilization could not be obtained
for IC+LH case. Arrows indicate direction of time passage in stable periods. As described in
the previous section (6.1), lower limits of ry,./a for the stabilization of IC only cases are
considerably large, although the resonance position was near on axis. The reason can be
understood from following consideration. For efficient stabilization, fast protons should be
confined inside q=1 surface [3]. The condition can be represented as

28, S Ty ~ Tress

where 8, is a banana half width which is given approximately by pi(RD/r)”z, p; is a Larmor
is the resonance layer position. We take r=(r;;,+1,.,)/2 for the critical orbit. We

radius andr

found that a maximum energy of fast protons which can be confined inside gq=1 surface
(E;™*%y is ~550keV for r;;,/a=0.23 corresponding to IC alone case and ~300keV for
1,,,/2=0.19 corresponding to IC+LH case, with r,,/a=0 corresponding to Brp=3.97T.

Furthermore, E;™* is ~350keV for 1, /a=0.23 with r,./a=0.07 corresponding to Bp;=4.05T.

Those estimations are consistent with the present experimental trend on the stabilization. In
this connection, an average energy of fast protons calculated by a local Fokker-Planck code is
270keV, order of which is consistent with the above estimations. One finds that for IC+NB
case the stabilization is obtained from much smaller value (0.13) of r;,,/a and hence variation
range of r;,/a is quite large in comparison with IC alone case. E;™* is estimated to be 40keV
and 1MeV at the start and the end of the stable period respectively. E;"* of 40keV is too low
for the stabilization by ICRF. This suggests that NBI heating and/or current drive played a
role in the stabilization in the early stage of the stable period.

5. Conclusions
(1) Sawtooth stable period of 1.7sec was obtained in combined second harmonic minority

ion ICRF heating and NBI heating. Stabilization effects by NBI can not be excluded.
(2) Sawtooth stabilization by the ICRF heating could not be obtained with the LHCD target

plasmas.
(3) Lower limits of r;,./a for the stabilization observed in ICRF alone and ICRF+LHCD can

" be explained by the condition required for fast ions to be confined inside g=1 surface.
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6.3 Electron Temperature Profiles in
Sawtooth Stabilization Experiment

M. Sato, H. Kimura and T. Fujii
1. Introduction
Sawtooth relaxations prevent the increase of electron temperature in tokamaks.
Recently a decrease of the central neutron emission was observed after sawtooth
collapse in JET {1]. The sawtooth relaxations influence the central plasma parameters,
and so the control of the sawtooth relaxation may increase the fusion performance. The
control can be done using the techniques such as pellet injection and ICRF heating [1}.
In JT-60U [2,3], the second harmonic minority ion ICRF heating is used for central
heating resulting in sawtooth stabilization. Here the time evolution of the electron
temperature profiles during sawtooth stabilization for ohmically-heated target plasmas
and resonance optimization position experiments are studied.

2. Electron Temperature Profiles in Sawtooth Stabilization Experiments
2.1 Sawtooth Stabilization for Ohmically Heated Target Plasmas

The typical time evolution of the plasma parameters during sawtooth stabilization
for an ohmically-heated target plasma [3] is shown in Fig. 1. The plasma parameters
are as follows; Ip=2MA, Bt=4T, Pjc=3.6MW.. When the line averaged electron
density is 2.2x1019m-3, the electron temperature reaches to SkeV. The electron
temperature is determined from the ECE measured with an absolute-calibrated Fourier
transform spectrometer system (FTS) [4]. The peaking factor of the electron
temperature (Te(0)/<Te>) in the ohmic phase is about 2. When the sawteeth are
stabilized after the injection of ICRF power, the peaking factor increases up to 2.8;
after a sawtooth crash the peaking factor falls to 2. Typical electron temperature
profiles in the sawtooth stabilization experiment are shown in Fig. 2. The electron
temperature in the region of r/a<0.5 is increased due to the ICRF heating. The inversion
radius is about 0.35. After the sawtooth crash the electron energy is transported from
the central region (r/a<0.35) to the medium region (0.35<r/a<0.85). The dependence
of the increment in electron temperature at the crash on the sawtooth period and ICRF
power are shown in Fig. 3 and 4. The increment of the electron temperature linearly
increases as the sawtooth period increases. The relationship between the peaking factor
of the electron temperature and the sawtooth period is shown in Fig. 5. The peaking
factor at the top of the sawtooth increases as the period of the sawtooth increases but
the peaking factor saturates at 2.8.
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2.2 Optimization of the Resonance Position

Optimization of the cyclotron resonance position is important for sawtooth
stabilization [3]. Here its effect on the electron temperature profile is discussed. The
electron temperature profiles in the cases of Bt(Raxis=3.55m) =3.89T and 3.81T are
shown in Fig. 6, where Raxis is the plasma center. Discharge conditions of these two
shots are quite similar except small difference in Bt. ICRF power is injected at the
early phase of the discharge in order to minimize the sawtooth effects. The frequency
of the injected ICRF is 116MHz. The magnetic field giving a second harmonic
cyclotron resonance in hydrogen at the injected frequency is 3.82T. The arrows
indicate the position of the resonance. The resonance position is calculated taking into
account the internal fields [5]. The resonance position difference between Bt of 3.89T
and Bt of 3.81T is about 0.12m in p.

The increment of the electron temperature at the center and the peaking factor are
1.4keV, 2.5 and 1.9keV, 2.8 in the cases of Bt=3.89T and 3.81T, respectively. The
relationship between sawtooth and ICRF power is shown in Fig.2 of ref. 3. The
sawtooth period in the case of Bt=3.89T is limited around 0.4sec at PIC of 2.8MW,
while it reached 0.9sec with the same power. A small difference in the resonance
position thus results in a remarkable difference in central electron temperature.

3. Summary
During minority second harmonic ICRF heating, the increment of the electron

temperature at the crash after a period of the sawtooth stabilization reaches 2keV and
the peaking factor reaches 2.8, Optimization of the resonance position is important for
getting peaked of the profile of the electron temperature and the sawtooth stabilization.
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6.4 D-3He Experiments by ICRF Heating

T. Fujii, H. Kimura, M. Nemoto, M. Saigusa, S. Moriyama, H. Takeuchi, K. Tobita,
Y. Koide, K. Nagashima, A. Sakasai, A. Van Blokiand, M. Kuriyama, Y. Kusama

1. Introduction

High energy (3.5 MeV) « particles are generated in a D-T reactor and should heat a plasma
so as to maintain D-T fusion reaction. They should be confined in a sufficient time and should
bring about no serious MHD instabilities. Therefore, the investigations on behaviours and
confinement of high energy « particles is one of the most important issues in JT-60 U. If we
use the D-T plasma, we have a serious radio-activation problem because many neutrons are
generated on the reaction. On the other hand, if we use the D-3He plasma, we can investigate
behaviours and confinement of « particles with similar energy to that of the D-T reaction

without actual difficulties with respect to the radio-activation because D-3He fusion reaction is

given by
D +3He — 4He (3.67 MeV) + p (14.67 MeV). (1)

Experiments of « particle generation have been performed in JET by fundamental minority
ICRF heating to heat 3He and then rise the D-3He reactivity. Higher harmonic ICRF heating of
3He (third, fourth harmonics at By =4 T, 3 T, respectively) has been chosen in JT-60U since a
frequency range of its ICRF heating system is 110-130 MHz. Higher harmonic heating has
advantage that it is insensitive to minority 3He concentration and is efficient for the D-3He
reaction at higher densities in contrast with fundamental heating. ICRF power in the higher
harmonic regime is coupled efficiently with 3He of higher energy so that we have performed

D-3He experiments in combination with 3He NBL

2. Experimental Setup

First D-3He experiments have been performed in two available ICRF heatng regimes on
JT-60U as the applied frequency of the ICRF heating system is 116 MHz. One regime is on-
axis heating by third harmonic heating of 3He at Bt = 4 T where a third harmonic resonance
layer of 3He is indeed on-axis and also resonance layers of second harmonic of H and fourth
harmonic of D are the same position, and further third and fifth resonance layers of D are at
both inner and outer plasma edges, as shown in Fig. 1 (a). Then, if H ion concentration is
high, ICRF power is absorbed by H and therefore D-3He reaction is reduced. The other
regime is on-axis heating by fourth harmonic heating of 3He at By = 3 T where a fourth
harmonic resonance layer of 3He is on-axis, and several other resonance layers of 3He, D and
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H are near the axis and near the plasma edges, as shown Fig. 1 (b). In this case, it is possible
that ICRF power absorption by 3He, D and H is competitive at the plasma core.

ICRF antennas are located at P11 and P12 equatorial ports shown in Fig. 1 (), which are
a 2 x 2 loop array type with a solid poloidal septum. 3He perpendicular beams are injected
from five upper beam units of #2, 4, 6, 10, 12, as shown in Fig. 1(b). Its beam tajectory is
off-axis shifted upper by 0.3 m at the plasma center. D perpendicular beams are injected from
an upper beam unit of #14, which is also used for charge exchange recombination spectroscopy
(CXRS) to measure the ion temperature, and lower beam units of #1, 3, 5, 11, 13. Anion
energy spectrum is measured by three types of charge exchange (CX) neutral analyzers. A
NPA3 is a CXL analyzer and a NPA2 is a CX// analyzer. Their signal reflects the ion energy
spectrum at the plasma core because their sight line intersects the NB trajectory. The other
analyzer is a passive type of CX.1 which gives an ion energy spectrum of a peripheral plasma.
The CXRS is also enable to obtain the 3He energy spectrum if SN ratio is sufficient. Fast ion
loss by ripple loss is examined only by a far-infra-red camera which sights the area of poloidal
angle about 30 degrees. A Nal scintillate for g-ray measurement is provided in order to
estimate the fusion power by D-3He reaction because the y-ray of 16.6 MeV is emitted in the
coincident process of D-3He reaction with probability of 3 x 10-3 of the formula (1).

3. Experimental Results

Experimental data are obtained in the following plasma parameters : Iy = 2.5 MA, ne = 2.9
-3.6% 1019 m3, Pjc = 2.3 - 3.1 MW, PNp(PHe) = 1.8 - 4.1 MW, Pnp(D) = 1.8 - 7.2 MW for
Br=4T, Ip=19MA, ne=21-29x 1019 m-3, Pic = 2.6 - 3.1 MW, PNp(PHe) = 1.8 - 2.7
MW, Pnp(D)= 1.8 - 6 MW for Bt = 3 T, and Beam energy En(3He) = 73 - 78 ke V and Ep(D)
= 80 - 88 keV. Typical results for Br=4 Tand By =3 T are shown in Fig. 2 (a) and (b),
respectively. We should pay attention to high energy ions, especially 3He ions because they
enhance D-3He reactivity. The data of fast ions by the active CX analyzers are shown in the
figures. The detailed description of the CX measurements in D-3He experiments is given in
section 6.5. High energy >He ions of 100 keV are observed only for BT =3 T while high
energy D ions are observed both for BT =3 T and Bt = 4 T. Also 3He tail formation is
observed only for Bt = 3 T by the passive CX1 analyzer. Strong H tail is observed for Bt =4
T by the active CXL analyzer, and good heating efficiency of 1" = 200 ms is achieved.
Moreover sawtooth period is extended up to 1.7 sec which is the longest value up to date. On
the other hand, for B = 3 T heating efficiency is small as 1giP¢ = 50 ms and sawtooth
behaviour does not strongly change. '

Total emmisivity of 3He line spectrum measured by CXRS are shown in Fig. 3 (a) and (b)
for BT = 4 T and Bt = 3 T, respectively. The intensities, measuring at spatial four points, has
no response to ICRF pulse for By =4 T. Fast drops during ICRF pulse in Fig. 3 (a) is due to
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breakdowns of the NB #14 beam line which is use for the CXRS measurement. On the
contrary, the intensities change in response to the ICRF pulses for By =3 T as shown in Fig.
3 (b). Their decay time is about 40 ms which is close to slowing-down time of 100 keV 3He
fast ions. Thus, this indicates that 3He beam is accelerated by ICRF waves only for Br=3 T,
which agrees with the measurements by the CX analyzers.

These fast ion generation gives changes in ripple loss, but no change in 16.6 MeV g-ray
emission. The ripple loss measured by the FIR camera increases for By = 3 T while it slightly
increases for By = 4 T. The sixth harmonic and seventh harmonic resonance layers of D are
located at R 3.91 = 0.4 m and R = 4.56 m, respectively, at By =3 T so that this may enhances
fast ion ripple loss. The intensity of 16.6 MeV y-ray emission is not at a measurable level

although some adjustment of the Nal scintillator system is still needed for further measurement.

4, Summary and Discussion

First D-3He experiments are carried out in two higher harmonic ICRF heating regimes,
third harmonic at Br =4 T and fourth harmonic at Br=3 T in combination with NBI heating
of 3He and D beams. Fast ion generation of each species and related results are summarized in
the following table. 3He tail was observed as well as D tail for By =3 T while D and H tails
were observed for Br = 4 T. High energy ions which enhance D-3He reactivity were
generated, but 16.6 MeV y-ray emission was not at a measurable level.

The cxpcrimcntal conditions in further investigations must be optimized to obtain the
sufficient y-ray emission. The H concentration should be reduced substantially for Bt = 4T
because it is predicted that D-3He reaction decreases in high H concentration regimes. The
plasma position is shifted to inside by about 0.2 m and further BT is chosen at about 2.9 T so
that both 3He beams deposition and the fourth harmonic resonance layer of 3He are on the axis

and therefore D-3He reactivity is substantially increased.

4 T 3T
3He D H 3He D H

C XL notail { tail tail tall — —
C Xy o tail tail J— tail no tail
Passive C X1 notal | — — tail —_ | —
CXRS gmali i_ncrease in. ?ncrea;e in '

intensity of 3He line intensity of 3He line
Ripple Loss small increase increase
y - ray Emission no signal no signal
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6.5 CX Measurement of High Energy Ions in D-3He Experiments
M. Nemoto, H. Kimura, T. Fujii and K. Hamamatsu

1. Introduction
Understanding of o particle behavior in D-T plasma is one of the important issues for the

establishment of burning plasmas. If 3He beam ions of around one hundred keV energy are
able to be accelerated up to a few hundred keV by ICRF wave absorption, generation of o
particle of 3.67MeV by D-3He reaction is expected easily. We carried out the first D-3He
experiment according to the previous experimental plan on JT-60U[1]. In this paper, the
primary results of deuterium, 3He and hydrogen ions behavior measured by charge

exchange(CX) analyzers are described.

2. Experimental Apparatus and Results

The first D-3He experiment on JT-60U was carried out in the standard diverter plasmas
with quasi-perpendicular neutral beam injection (NBI) units which arrangement is shown in
Fig.1. Prepared NBI units were five 3He NBI units and four deuterium ones that were applied
to increase the electron temperature. Upper beam units, except for one unit (#1) as a probe
beam for the active CX measurement with a perpendicular CX analyzer (NPA3), were used for

3He NBI, because these beam lines are very close to plasma center as shown in Fig.2.
Therefore high production rate of ¢ particles is expected. On the other hand, deaterium beam

units were selected from lower ones, except for #14 unit for the active CX measurement by a
tangential CX analyzer (NPA2). 3He and deuterium beam energy are 78keV and 82keV,
respectively. Frequency of ICRF wave was 116MHz, and it is corresponding to the forth
harmonic of 3He ion resonance (4®¢y..3) around plasma center of R=3.50m where B1=2.85T,
as shown in Fig.2. Parameters' regions of D-3He experiments are Ip=1.7-2.5MA, Br=2.7-
4.0T at R=3.32m where is center of the JT-60U vacuum vessel, n=(0.6-3.8)x101% m-3, ICRF
wave power Pic=1.8-3.3MW, frequency of ICRF wave f=116MHz and 3He beam power
PHe3=2.0-5.5MW.

In discharges of By=3.80T at plasma center, clear deuterium beam ion and thermal
hydrogen ion acceleration by absorption of ICRF wave were measured by NPAZ2. Resonance
layers of ICRF wave are located at plasma center, where the second harmonic of hydrogen ion
resonance (2wcp), the third harmonic of 3He jon resonance (3tcHe-3), and the forth harmonic
of deuterium ion resonance (4cp) are overlapping. Since hydrogen and deuterium ions absorb
most of ICRF power, 3He beam ion is hardly accelerated by the interaction with ICRF wave
there. However, in the case of Br=2.85T, it is expected that 3He beam ions will be accelerated
by the absorption of most of ICRF power if wave injection from right direction in Fig.2 does
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not lose power at resonance layers of 3wcn/6wcp and 5wcHes. Fig-3 shows a typical time
evolution of discharge of By=2.85T and Ip=1.9MA. Electron density in the top column
increased linearly due to 3He beam injection. In this discharge, ICRF power was injected twice
during 3He and deuterium beam injection. High energy 3He ion flux of 99keV, shown in the
third column from the upper, increased during ICRF wave injection, and deuterium ions of
which energy is more than injection energy increase clearly just after [CRF wave injection, as
shown in the fourth column.

We measured 3He ion energy spectra with NPA2 in good signal to noise ratio, and
deuterium and hydrogen ones were measured simultaneously with NPA3. Fig.4 (a) and (b)
show energy spectra of 3He and deuterium measured by NPA3 and NPAZ, respectively. Both
of the tail temperatures of 3He and deuterium energy spectra are around 10keV, and those are
higher than the electron temperature and the ion one by charge exchange recombination
spectroscopy measurement. It means that ICRF wave and beam ions are in some coupling. 3He
flux less than about 40keV increase during ICRF wave injection as shown in the third column
in Fig.3. This means that confinement of slowing down 3He ion improves more or less,
although expected increase of stored energy due to the coupling is not clear. On the other hand,
as shown in Fig.4(c), higher energy hydrogen ions due to absorption of ICRF wave were not
detected by NPA3. These results suggest that injected ICRF power is absorbed by 3He in the
4(cHe.3 layer and deuterium ion in the fifth deuterium one (5t¢p), mainly.

Since y ray of 16.6MeV due to D-3He reaction occurrence was not detected by a
perpendicular y-ray measurement system viewing plasma core, that coupling condition did not

bring about D-3He reaction in spite of He beam ion acceleration.

3. Discussion
To estimate absorption power of ICRF wave at resonance layers and enhancement of

high energy ions for each ion species, we simulate CX energy spectra with experimental
parameters at 6.9sec in the discharge shown in Fig.3 with a one-dimensional global wave code
incorporating Fokker-Plank code self-consistently[2]. Those parameters are shown in Tablel.
The code is able to calculate a radial distribution of absorbed ICRF wave power density and an
ion energy distribution with respect to resonance layers of one ion species. In the case of
Br=2.85T, preliminary calculation results show that the larger part of ICRF wave power is
absorbed at the layers of 4wce3 and 3¢y and acceleration of 3He and hydrogen ions occur
clearly over the injected beam energy and over about 30keV, respectively. However, the
calculation result for deuterium shows unclear acceleration and it is not consistent with
experimental result. Hydrogen energy spectra obtained by the calculation are not able to
compare with experimentally obtained one, since energy region of good signal to noise ratio is
less than about 30keV as shown in Fig.4 (c). Although accurate comparison of *He ion energy
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spectra is impossible due to treatment of only one ion species in the code, these results are
consistent with the experimental results of CX measurement qualitatively. For more accurate
and quantitative estimation, we should modify the simulation code in order to treat multi-ion

species simultaneously.

4. Conclusion

According to the previous plan, we carried out the first D-3He reaction experiment with
ICRF wave. 3He beam ion acceleration by ICRF wave power absorption was observed,
although yray of 16.6MeV proving the & particle generation was not detected. A reason of this
conflict seems that 3He beam ions do not absorb ICRF wave power more efficiently since *He
beam axis is not through the plasma center where overlaps with resonance layer of 40cHe.3.
Also the absorption by deuterium beam ion lowed the wave power density in the plasma core.

We expect that generation of o particle will be brought about by optimizing resonance
position and 3He beam deposition in the next experiment. Moreover, we should estimate
relation between the generation and 3He beam ion acceleration with 2 modifying program code
which is able to calculate ICRF wave absorption at resonance layers of some ion species

simultaneously.

References:
[1] FUHI, T., et al, JAERI-M 92-073(1992)276.
[2] HAMAMATSU, K., et al, Nucl. Fusion, 29(1989)147.

1. Toroidal magnetic field at plasma center 4, Neutral beam
- Br=2.85T 3He ; power 3.7MW Energy 78keV
2. Density profiles D ;power 7.0MW Energy 82keV
ne(r)=2.7x1019 - (1-(r/a)2)0-25 m-3 5. ICRF wave
ny(r)=2.18x10-2 - ny(r) frequency 116MHz
np(r)=2.18x10-1 - n (1) power  3.2MW

nHea(r)=3.50x10-1 - ny(r)
nc(@)=1.0x10-2- n.(r)

3. Temperature profiles
To(r)=3.1(1-(r/2)2)0-73 + 0.22 keV
Ti(r)=Te(r)

Table 1: Experimental parameters of calculation for ICRF power density in resonance layers
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6.6 Ripple-Induced Fast Ion Losses
K. Tobita, K. Tani, Y. Neyatani, H. Takeuchi, A. van Blokland and T. Fujita

In JT-60U, a few 10 % of near-perpendicularly injected fast ions can be lost to the first
wall by the toroidal field (TF) ripple. The ripple-lost fraction has been deduced from the
temperature rise of the first wall. An infrared TV (IRTV) camera introduced recently has
provided us fast wall temperature measurements with good spatial resolution and has enabled
us to estimate reliable ripple loss power. In this section, we summarize the results of the ripple

loss experiments after the introduction of the IRTV.

1. Detection of Ripple-Trapped and Ripple Banana Drift Losses

Orbit following Monte Carlo (OFMC) calculations [1] indicate that the heat load due to
ripple-trapped appears on the lower (VB ion drift direction) outboard and that the heat load due
to banana drift appears on the upper outboard. The expected areas are illustrated in Fig. 1. The
location of the heat load due to banana drift is determined by the the TF ripple distribution and
the shape of the vacuum vessel.

By changing the field of view (FOV) of the IRTV camera, we measured the wall
temperature rise in the areas, Infrared images obtained from the TV are shown in Fig.2. The
heat load due to both processes is observed in the locations expected from the calculations. We
can see a localized heat spot for ripple-trapped loss in Fig.2 (a). In the heat load due to banana
drift, we can see large temperature rise at the tile edges (Fig.2(b)), which indicates that the heat
load is attributed to banana drift. Because banana particles impinge on the wall at shallow

angles because of their guiding-center orbits.

2. Toroidal Periodicity

The primary banana tips of neutral-beam-injected fast ions are out of the ripple-trapping
region in JT-60U. As a consequence, the banana particles must circumnavigate the torus
several times before they become ripple-trapped. This requirement leads to the toroidal
periodicity of the heat load due to the ripple-trapped loss. The toroidal periodicity means that
the heat load appears between every TF coil at the same heat flux.

A possible approach for confirming the toroidal periodicity experimentally using the
only IRTV camera is to indicate that there is no difference in the heat flux between the NB
in_jection close to the FOV of the IRTV and distant NB injection. In fact, the experimental heat
flux was independent of the position of the injected NB. This result indicates the toroidal
periodicity of the heat load in our case. The toroidal periodicity make possible to estimate the
overall ripple-trapped loss power from the measurements of a period of the heat load.
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3. Parametric Dependence

The OFMC code indicates that key parameters determining the ripple loss are TF ripple
magnitude, safety factor, elongation, aspect ratio, and so on {2]. Of these parameters, the
effect of the ripple magnitude and the safety factor is straightforward. Ripple wells are formed
in the region where the effective ripple well parameter o* (= (OB/al) / (BB/OD) y satisfies lo*l <
1, where we express the toroidal magnetic field as dB¢(1,6,9)/0! = oB(r,0)/9! + 9B(r,0)/0!
cosNo. Here, B, B, 6 and ¢ stand for the axisymmetric and non-axisymmetric components of
the toroidal magnetic field, the poloidal angle and the toroidal angle, respectively, and N is the
number of TF coils. For a plasma with circular cross section, the ripple trapping condition can
be simplified to lo*l = risinBl/(Nqd) < 1 [3]. As expected from this condition, the ripple
trapping region extends with 6 and g.

By changing the plasma size and position, we obtained a relation between the ripple
Joss fraction and the ripple magnitude 8pmid, where Omid denotes the toroidal ripple on the
outermost magnetic surface on the midplane. As plotted in Fig.3, the ripple loss fraction
increased with ripple size. Here, the ripple loss fraction is defined as the ratio of the total
ripple loss power to the NBI power. The total ripple loss power is estimated by assuming the
toroidal periodicity of the heat spot. Radiation and charge exchange (CX) losses can also be
part of the heat deposition on the wall. We estimated the loss power due to these processes
from the temperature rise of the first wall near the TF coils and corrected for their contribution:
part of the heat load near TF coils, however, may be attributed to the ripple loss. The error bars
shown in the figure are mainly determined from the ambiguity in the estimation of radiation and
CX loss power.

The poloidal distribution of the heat load is shown for different values of the effective
safety factor gefr in Fig. 4. Here, the geff scan is performed by changing Ip. As expected, the
experimental data showed a strong dependence of gegf on the ripple loss.

(4) Comparison Between Experiments and Calculations

An important question on the ripple loss is whether available codes predict the ripple
loss quantitatively or not. The code adopted here was the OFMC code without including radial
electric field (E;). Since the radial component of the ExB drift is not zero in a non-
axisymmetric system, the neglect of the electric field can affect the ripple loss fraction.
According to several runs of the OFMC code with inclusion of E;, the effect of Er on the
ripple loss was within the statistical error of the Monte Carlo calculations when Er is of the
order of kV/m.

The comparison between the experiments and the OFMC calculations of the ripple-
trapped loss is shown in Fig. 5. Good agreement between both is seen. Here, discharge
parameters for the plotted data were Ip=25-40MA,BT=40T, qefr = 2.9 - 4.7, Omid =
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0.2 - 0.5 % and line-averaged electron density fi, = (2.5 - 4.5)x10!% m-3. The error in the
computation is attributed to the statistical error caused by the finite number of test particles used
in the Monte Carlo calculations. These results indicate that the OFMC code predicts the ripple-
trapped loss quantitatively.
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A Fig. 1 Interior of JT-60U and the locations where the
heat load due to ripple-trapped (A) and banana
drift loss (B) is expected to appear.

(A) ®)

Fig. 2 Photographs of infrared images of ripple-trapped loss (A) and banana drift loss (B) on the first wall. Whiter
color corresponds to higher surface temperature.
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Fig. 3 Ripple-trapped loss v5. Omig which is the
ripple magnitude at the plasma edge on
the midplane.

Fig. 4 Dependence of ripple-trapped loss on the
effective safety factor q

Fig. 5 Comparison of the ripple loss between
the experiment and the calculations. The
solid line represents agreement between
both.
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6.7 Triton Burnup

T. Nishitani, A. Morioka and Y. Ikeda

1. Introduction

The behavior of 1 MeV tritons produced in the d(d,p)t reaction is important to predict
the properties of D-T produced 3.5 MeV alphas because 1 MeV fritons and 3.5 MeV alphas
have similar kinematic properties such as Larmor radius and precession frequency. The
confinement and slowing down of the fast tritons were investigated by measuring the ratio of
the 14 MeV and the 2.5 MeV neutron production rates. Tritons of 1.0 MeV are produced in the
d(d,p)t reaction at the same rate as the 2.5 MeV neutrons from the d(d,n)*He reaction. The
majority of these tritons will remain confined in the plasma and slow down and a small fraction
will undergo the fusion reaction t(d,n)4He, in which 14 MeV neutrons are produced.
Experiments in TFTR[1] and JET[2,3] indicated that the confinement and slowing down of
tritons were consistent with the classical predictions. In JT-60U, the loss of tritons is expected
to be larger than in TFTR and JET because of its large toroidal field ripple and the orientation of
the neutral beam injection systems which is nearly perpendicular to the toroidal magnetic field.
Time resolved triton burnup measurements were carried out by a 14 MeV neutron detector and

they are compared with classical slowing down calculations.

2. Diagnostics
The time-resolved 14 MeV emission rate was measured with the silicon surface barrier

diode (SBD) [4]. The 14 MeV neutrons entering a silicon diode may undergo the following
nuclear reactions:285i (n,p) 28Al and 28Si (n,o) 25Mg, which have effective thresholds of about
7 MeV. Thus, the above reactions do not occur for the far more abundant 2.5 MeV neutrons.
The SBD is mounted in the 20 cm-thick lead cylinder to shield gamma-rays from neutron
capture events in the surrounding structure. The detector was installed just outside the JT-60U
vacuum vessel on the midplane but inside the toreidal field coils, as close to the plasma as
possible. The SBD used in this work has an area of 300 mm?Z2, and a nominal depletion depth of
1500 um, which is sufficient to stop the 10 MeV protons and alphas produced in the nuclear
reactions mentioned above. A thin disk with a 241Am alpha particle source is mounted in front
of the SBD to make an energy calibration of the detector possible using 5.486 MeV alphas. The
14.MeV neutron yield integrated over several weeks was measured by the activation foils using
the 93Nb(n,2n)92mNb reaction, which has a threshold energy of 9 MeV, a flat response
function around 14 MeV, and a large cross-section. Because a pneumatic foil transfer system
was not available, a half-life ime of 10.15 days is suitable for one week of irradiation. The foil
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was irradiated in the re-entry port only 16 cm outside the typical plasma surface [4]. The foil
activation for the total 14 MeV yield was calibrated by a Monte Carlo simulation using the
Monte Carlo Neutron and Photon transport code (MCNP)[5]. The absolute error in the 14 MeV
emission rate was estimated to be £30% including the calibration uncertainty of $20%.

3. Analysis

The time-dependent 14 MeV neutron emissivity was simulated by a simple classical
slowing down model. The plasma was divided into 11 annular shells in the calculation. In each
shell, the tritons were divided into 400 groups according to their birth time, with 10 ms time
bins. The number of tritons in a group is proportional to the 2.5 MeV neutron emissivity at the
birth time of the tritons. Tritons were allowed to slow down in each shell according to the

classical energy loss formula[2] as
dE ... Qa _BE
dt VE (1)
7 172 % 1 ZJ2
a =181x 107 In Az AYPZ? 3,
F j

— -15 . Z}_ Ne
B =318x 107 In Ay A T——é_s

where E is the triton energy and T, the electron temperature in €V, ne is the electron density in
cm-3, A and Z are the triton mass and charge numbers, while n;j, Aj, and ZJ are the ion density
and charge numbers. Finally, the InL's are the Coulomb logarithms for ion-ion and 1on-electron

collisions. The loss of confined tritons was taken into account assuming an exponential decay
of the number of tritons of the form e't/T where t and 1 are the time since the birth and the

confinement time of the tritons, respectively. The diffusivity, D, was estimated by using the
relation for the confinement time T = ap2 / 5.8D to reproduce the experimental triton burnup
ratio. The time history of the 14 MeV neutron emission rate was calculated by using the electron
temperature profile from ECE measurement, the ion temperature profile from charge exchange
recombination spectroscopy, and the electron density profile from the FIR interferometers as the
time dependent plasma parameters. The triton birth profile was calculated using the steady state
tokamak code TOPICS][6] for a typical time and the shape of the profile was assumed to be
constant during the period of the triton burnup. The angular distribution of the tritons was

assumed to be isotropic.

4. Results
Figure 1 shows the temporal evolution of the 2.5 MeV and 14 MeV neutron emission

rates in a plasma with NBI heating of 18.7 MW. The peak of 14 MeV neutron emission was
delayed due to the slowing down of the tritons from 1 MeV to the peak of d(1,n)c reactions at

170 keV of the triton energy. The delay is very sensitive to the slowing down process of the
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triton, but not to the confinement time. The calculated 14 MeV emission rate is also shown in
Fig. 1. There is good agreement between the measured and the calculated temporal evolution of
the 14 MeV emission rate, indicating that the slowing down process of the 1 MeV tritons is

classical.
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Fig.l  Comparison of predicted and measured I14MeV neutron emission rate for the D° beam-injected D-D plasma.

The measured and calculated triton burnup ratios are plotted against the plasma current
in Fig. 2. The triton burnup ratio is in the range 0.2-1.0 % which is 20-30% less than
calculated except some point in high Ip discharges. This difference is as large as the 30%
uncertainty of the measurement. It was expected that the orbit loss of the 1 MeV tritons was
enhanced by the large anisotropy of the birth tritons in near perpendicular NB injection due to
the large anisotropy of d(d, p)t reactions. Figure 3 shows the fractional loss of the 1 MeV
tritons predicted by the OFMC calculations. The prompt loss and the orbit loss in the slowing
down process go up to be 40 % in the Ip of 1.5 MA. The ripple loss is 10-12 % in the range of
Ip 1.5-2.5 MA. The total loss of the 1 MeV tritons does not contradict ‘the discrepancy between
the measured and calculated triton burnup ratios. If we explain the discrepancy by the triton
diffusivity, D~0.2 m2/s is needed to reproduce the experimental friton burnup ratios.
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It is reportted in TFTR that the fast ions are lost according with the intense MHD
aqctivity[7). So the Large discripancy between the measured and calculated triton burnup ratios
in some discharge with high Ip is probally due to the MHD activity.
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Fig.2  Comparison of the predicted and the measured triton Fig. 3 Loss of the IMeV tritons predicted by the .
burnup ratio averaged during the shot as a function of the OFMC calculation as a function of the plasma
plasma current current

4., Conclusion

The confinement and slowing down of the 1 MeV tritons was investigated through the
burnup of the 1 MeV tritons in the D-D plasma. The slowing down process of the 1 MeV
tritons was found to be classical. The triton burnup ratio was measured to be in the range 0.2 -
1.0 % which was 20 -30 % smaller than the calculated values using the classical slowing down
model. The discrepancy does not contradict the toroidal ripple loss and the orbit loss of the
tritons predicted by the OFMC calculation.
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6.8 Neutron Spectrometry with a 3He Gas Ionization Chamber

T. Iguchi, N. Nakayamada and T. Nishitani

1. Introduction

Neutron energy spectrum produced from D-D and/or D-T burning plasmas reflects many
useful informations on ion energy distribution, and high energy resolution neutron
spectrometry is expected to be one of the most promissing technique for ion temperature
diagnostics. In particular, a 3He gas ionization chamber (3He 1.C.) was proved as a successful
tool for D-D plasma neutron diagnostics in the large tokamak machines such as JET and TFTR
[11,[2]. AtJT-60U, the same type of 3He 1.C. has been installed and applied to D-D plasma
neutron spectrometry. This report gives an outline of the present neutron spectrometry system
and some results obtained from ohmic and neutral beam heating D-D plasma experiments.

2. Neutron Spectrometry System

The 3He 1.C. used in JT-60U is the same type fast neutron spectrometer as already
experienced in many other tokamaks, which is called FNS-1 on the market[3]. For 2.45MeV
D-D neutrons, the energy resolution of this detector can be 50 keV FWHM, while the detection
efficiency is also comparatively high, about 1.3 counts/(neutron/cm2). Fig.1 shows a flowchart
of the present data analysis to estimate ion energy distribution from the measured pulse height
spectrum of the 3He 1.C.. An adequate unfolding code with the detector response functions is
needed to obtain neutron spectrum from the measured pulse height data. In this study, the
response functions of the 3He I.C. in the energy range between 0.1 and 5.0MeV were prepared
through Monte Carlo calculation. These calculational results were adjusted to agree with the
measured response data for several kinds of monoenergetic neutron sources. The spectrum
unfolding code was based on the maximum likelyhood and the maximum entropy method[4].
On the other hand, the FPS code was adopted to interpret the measured neutron spectra. This
Monte Carlo code calculates the energy spectrum of a fusion product for given energy
distribution functions, such as Maxwellian distribution, solutions of Fokker-Planck equation
etc., of the primary reacting ions in a tokamak plasma[5]. The reasonable ion energy
distribution can be estimated by searching the best agreement between experimental and

theoretical neutron spectra.

3. Experiments
The 3He 1.C. was placed at about 15 m distance under the center level of the vacuum
chamber. Through a collimator, the view area is subtended around 10 cm in diameter at the

position of 10 ¢cm outside the plasma center. The performance of the present neutron
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spectrometry system were checked for some ohmically and beam heated D-D plasmas, of which
average neutron emission rates were limited low to suppress the pile-up effect in pulse height
measurement, about 5 X 1012 n/s in ohmic heating only and 4 X 1014 n/s in 4AMW neutral
beam additional heating, respectively. The measured pulse height data were summed up over

several shots to improve the counting statistics.

4. Results and Discussion

Fig.2 shows an example of measured pulse height and unfolded neutron spectra obtained
from ohmically heated D-D plasmas. It is well known that, for a purely Maxwelian distribution
of the plasma ions with temperature T(keV), the Doppler broadning of the 2.45 MeV D-D
neutrons is expressed by 82.5VT (keV) FWHM in a Gaussian distribution[6]. In the case of
Fig.2, Gaussian fitting for the unfolded neutron spectrum gives the mean enegy of 2.47 MeV
and standard deviation of 45.9 keV, which corresponds to the ion temperature of 1.73 keV with
uncertainty of +30%. This value is consistent with the maximum ion temperature estimated as
2.0-2.3 keV from total neutron yield because the ion temperature from neutron spectrum is
considered a time and space averaged value a little outside the plasma center.

Fig.3 shows an example of neutron spectrum data from beam heated D-D plasmas. Neutral
beam deuterons of 90 keV are injected into the main plasma under an incidence angle of 75 deg.
to the magnetic axis, while, to this axis, the viewing angle of the neutron spectrometer is 90
deg.. Due to the beam-plasma interaction, the neutron spectral line shift was observed in the
measured pulse height data. Assuming the background ion temperature of 4.0 keV combined
with the analytical solution of Fokker-Planck eq. in the FPS code, good agreement is found
between the calculated and the unfolded neutron spectra as shown in Fig.3(b), which was also

consistent with the result from CXRS diagnostics.

5. Conclusion

Neutron spectrometry using a 3He gas ionization chamber system has been successfully
applied to JT-60U D-D plasma experiments. Under the condition of low neutron emission rates
in ohmic and low power additional heating, this system has been verified very useful for the ion
temperature diagnosis. However, in order to expand the applicability of this system to higher
power level experiments, it is necessary to be able to control counting rates and reject pile-up
effects in the pulse height measurement, for example, by remotely adjusting the collimator size.
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6.9 Activation Analysis with 1-D Code in D-D Discharges

N. Miya , Y.Ikeda, N. Toyoshima, T. Nishitani and H. Takeuchi.

1. Introduction
Evaluation of dose rate after shutdown of D-D plasma discharge operations associated

with neutron production is of importance to estimate personal exposures during maintenance of
the machine. A one-dimensional calculation code was employed to identify radionuclides and to
assess a level of radioactivity in JT-60U. The calculation is compared with the measurement of
dose rate as well as activation rate caused in experiments of the first 39 D-D operation weeks.

2. D-D Operation and Neutron Production

The D-D operation in JT-60U began from June 1991. Neutron production in the initial
39 operation weeks is show in Fig.1. JT-60U had two shutdowns after operation phases
marked 'Operation A' and 'Operation B' in the figure for in-vessel work or maintenance of the
machine to be conducted after each phase. The calculation has been carried out for the dose rate
and the activation rate during the shutdown times in two cases: Case#1 after the operation phase
Alafter week #11 in Fig.1), and Case#2 after the B(after #39). The corresponding total neutron

productions are listed in Table 1.

Table 1 The D-D neutron productions in the case#1 and the case#2.

Case  Operation Phase Weeks Total neutron Yield
#1 A (Junel9-Oct.4 1991) #1-10 7x1017
#2 B (June19 1991-Apr.24 1992) #1-39 1.7x1018

3. Calculation
A one-dimensional transport code ANISN is used. Adopted nuclear group constant set

is FUSION-401). Legendre polynominal order in scattering cross section P5 and the order of
angle dividing number S8, the isotopic division in space, are applied. A one-dimensional torus
model shown in Fig.2 is used for the calculation. Number of radial meshes is 105. A code
system CINAC-V4 is used to calculate the radioactivity and dose rate around the device. An
averaged neutron yield in each operation week is adopted for the code. D-T neutron fraction
due to triton burn-up is assumed to be 1% of D-D neutron. Used chemical compositions

(weight %) of structures and materials around the device are shown in Table 2.
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4. Measurement

Time dependencies of dose rates are measured by the gamfna—dosimetcr (GM survey
meter) at a position of a vacuum vessel surface of mid-plane in P-3 section. A y-ray spectrum of
a support structure (type $S-316 stainless steel sample) of carbon first wall tile was measured

with a Ge detector at a cooling time of 63 days after the shutdown of phase A.

5. Results and Discussion
The calculation results of dose rate on the vacuum vessel (position A in Fig.2) are
shown in Fig. 3 for the case#1 and the case#2 with the data measured by the GM survey meter
during the shutdowns after each phase. Increment of dose rate is identified in case#2 at the time
from two days to one month. It is caused by the accumulation of long half-life nuclide of 38Co
generated by 38Ni(n,p) reaction which derived from a large composition of Ni in Inconel-623.
The experimental values agree well with the calculation results although the data are restricted
within about one month. Accuracy of calculation is considered to be not satisfactory within a
week because of the use of averaged neutron yield. |
A spectrum of $8-316 (position B in Fig.2) sample is shown in Fig.4 in which
radioactivities of 38Co, 51Cr, 60Co, 54Mn, 39Fe, 57Co are identified. They have relatively long
half-lives of 70.8d, 27d, 5.4y, 312.5d, 271d, respectively. This sample is irradiated over D-D
discharge for 10weeks (Phase A). Cobalt-58, 54Mn and 57Co are produced via threshold
reaction of 38Ni(n,p), °>Mn(n,2n) and (58Ni(n,np)+38Ni(n,2n)3"Ni—37Co), respectively,
although the others were due to (n,Y). Radioactivities via threshold reactions are associated with
the primary P-D neutrons. In the previous report?), the dominant (n,y) reactions are observed in
the SS-316 sample located outside the vessel near the TF-coil of P-3 section. This difference in
reaction between the two samples is attributable to the location of the sample. It can be
interpreted in terms of a enhanced low energy neutron flux distribution in the region outside
the vacuum vessel. Calculation result of 80Co differs relatively from that of the measurement.
This discrepancy is probably due to a large contribution of the thermal neutrons in the
calculation. Further studies are needed to make the 1-D code most suitable conditions: D-T

neutron fraction (assuming 1% of D-D neutron) , and modelling of TF-coil structure.

6. Summary
In this work the one-dimensional neutron transport code ANISN and the induced

radioactivity calculation code CINAC provided a sufficient prediction for the dose Tate and the
activation on the tokamak machine. Further studies are needed to make the calculation most

suitable conditions for the effects by the thermal neutrons.

References; 1) KMAKI, et. al., JAERI M 91-072,1991.
2) JT-60 Team, JAERTI M 92- 140,1992,pp250-259.
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Table 2 Chemical compositions of the materials
arcund the device.

Malerial |First Wall{SUS316 |Incog25  |HighMn  [TF Coil
(%)

C 100 0.08 0.02 0.5

Mn 2 0.07 18

Fe 65.145 4.32 74.4

S 0.03 0.00t

Si 1 0.14 0.4

Ni 12 60.78 2

Cr 7). 22.02 4.7

Al 0.2

Ti 0.23

Co 0.2 0.06

Mo 2.5 8.58

P 0.045 0.006

CB(+TA) 3.57

Cu - 998
Ag 0.2
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7. Disruption and Plasma Confrol
7.1 Review of Disruptions
R.Yoshino, Y.Ncyatani, N.Hosogane, Y.Kamada, S.W.Wolfe, M.Matsukawa and S.Miura

1. Introduction

In tokamak fusion reactors, disruptions will determine the lifetime of the first wall and
divertor plates, and the resultant high electromagnetic stress on the structure will impose severe
constraints on the design. Reduction of the plasma current decay rate will reduce the
electromagnetic forces on invessel components, will improve the maintenance of plasma
position control following the energy quench, and reduce the production of nonthermal
(runaway) electrons owing to relatively higher electron temperature. Furthermore suppression
of disruptions can extend the operational limit. Stable and fast plasma current ramp-up and
ramp-down will be indispensable to decrease the dwell time in pulsed reactors.

To develop the avoidance and softening techniques of disruptions, investigations of
them are indispensable. In JT-60U, three types of disruptions were mainly observed in divertor
plasmas. They are locked mode disruption, density limit disruption, and high ]; disruption. The

last one was observed for low density plasmas during the plasma current ramp-down owing to
high Ij, that may be caused by the tearing instability. Chracteristics and avoidance technics of
these three disruptions are reviewed in this paper.

Besides these disruptions, a few disruptive terminations caused by the vertical
positional instability were observed in the high ﬁp experiments[1]. However this instability
was perfectly stabilized by an optimization of the feedback control gain of the vertical plasma
position, owing to the relatively small plasma elongation of 1.5~1.7 defined at the outermost
flux surface and high stabilizing effect of vacuum vessel. High Py collapse caused a few
disruptive terminations owing to the plasma attachment to the inner board first wall, but data

points are not enough to be analyzed.

2. Locked Mode Disruption

Locked mode disruptions are observed during the plasma current ramp-up and flattop.
Crossing of qeff=4 or 5 with low }j causes minor or major disruptions as observed in other
tokamaks. In JT-60U, plasma current ramp-up with constant plasma minor radius is limited to
<0.5MA/s by locked mode disruptions. The locked mode disruptions are believed to be a
consequence of the error field produced mainly by the divertor coil, since they are observed
only when the divertor coil is excited. The m/n=2/1 component of this field at the plasma
surface may be ~1Gauss. Rotating modes are observed prior to the locked mode disruption at
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qefr slightly larger than 4 or 5. Locked modes occurred crossing qeff=4 after the excitation of
the divertor coil cause minor disruptions with a sudden increase in 1j, and sometimes terminated

the discharge.
In JT-60U, to obtain plasmas of 3<q.fr<4 without the locked mode disruptions, geff

was reduced to a value lower than 4.0 just after the plasma initiation (e.g. 0.2 s ) by strong
compression of the plasma on the inboard side with a plasma minor radius ap=0.6m as
presented in Fig.1. While plasma current was ramped up with IMA/s, ap was expanded to
0.9~1.0m keeping 3<qeff <4.0. Even though the divertor coil current was excited to change
the plasma configuration from limiter to divertor during this ramp-up, locked modes were
perfectly suppressed. This operational scenario substantially reduces the skin current leading to
higher values of 1 for the divertor plasma and improving the MHD stability. By using this
ramp-up method, ramp rates as high as 2.0MA/s were obtained from 0.5MA to 3.5MA
without additional NB heating or the use of a helical field as presented in Fig.2. Minor
disruptions caused by locked modes without rotating precursors were observed at Ip>1MA/s,

but they did not cause a current quench.
Low density locked mode[2] was observed at qeff<3.7 for 1<0.9x1019m-3 only with

the excitation of the divertor coil as presented as presented in section 7.3. In the case of
divertor plasmas without exciting the divertor coil, that can be produced by the stray field of
OH coil current, discharges were stable and low density locked mode was not observed.

3. Density Limit Disruption

Density limit disruptions were observed during a whole discharge, that may be
triggered by the tearing mode due to the strongly peaked current profile. The lack of power
balance in the plasma periphery causes the shrinkage of a plasma current channel at high
plasma densities or an intense influx of impurity. Energy quench and current quench in the
density limit disruption is investigated in section 7.9.

In the density limit disruption of JT-60U divertor plasmas, MARFE and the detached
plasma were always observed before the current quench at geff>3. The duration of MARFE

was >1s for OH and NB plasmas, and was not a function of qeff as presented in Fig.3. Stable
MAREFE of ~4 s was observed at any gegs. For OH plasmas, the duration of the detached
plasma phase was 0.1~0.6s at 3<qefs<5 , and increased a little by decreasing l; at the start of
the detached plasma phase as presented in Fig.4. This may be explained by the larger stability
margin of m/n=2/1 or 3/2 modes owing to the smaller g=1 radius[3]. At geff>7, no current
quench was observed after the detached plasma phase as presented in Fig.5. Plasmas survived

changing the plasma state frequently as detached or attached until the end of the programmed
shutdown. These disruption-free discharges at high gegf may be obtained by high impuriy-

shielding effect of the divertor, and/or high MHD stabilizing effect of large magnetic shear.

- 280 —



JAERI—M 93—057

A MARFE or a detached plasma can be returned to a divertor plasma by high power

NB heating or LHRF heating in JT-60U. A slow positive plasma current ramp with 0.2MA/s
also produced a long detached plasma phase of >1 s for geff>3 owing to the flattening of the

plasma current profile (lowering 1;) and the heating of the plasma periphery. In a MARFE or &
detached plasma the heat flux to the divertor plate can be reduced to very small value due to
nearly 100% radiation of the input power by the main plasma. This drastic reduction of the heat
flux to the divertor plate is a good precursor of the density limit disruption, and will offer a
way to avoid melting the divertor plate in an emergency such as a loss of coolant accident
(LOCA)[4], where the detached plasma can be generated by impurity pellet injection or intense
gas puffing, and can be maintained by additional heating.

4. High I; Disruption

High li disruptions were observed during a plasma current ramp-down, that may be
triggered by the tearing mode due to the strongly peaked current profile caused by the long
diffusion time of plasma current owing to high electron temperatures at low plasma densities of

<1x1019m3. Generation of runaway electrons are observed during the current quench in high
]; disruptions as presented in section 7.9. Low plasma density may be the principal cause. To

get the stable plasma current ramp-down, }; must be lower than some limiting value.

In JT-60U, the plasma minor radius was reduced during the current ramp-down to broaden
the plasma current profile by decreasing the skin time. The | was controlled lower than the
limit value during the lowering of qeff to ~3 as presented in Fig.6, where plasma minor radius
was reduced from 1.1m to 0.7m. This ramp-down scenario was tried in many shots without no
major disruption for Ip>0.5MA. Furthermore fast ramp-down from 2.0MA to 0.5MA with
dIp/dt=-4.0MA/s was obtained successfully. A helical field with a principal mode number of
m/n=3/2 produced by DCW(Disruption Control Winding)[5] was excited to broaden the
plasma current profile and obtained the stable plasma current ramp-down as presented in
section 7.5.

5. Conclusions

In JT-60U, three types of disruptions were observed in divertor plasmas. They were
investigated to suppress them. Stabilization techniques were developed, and fast plasma current
ramp-up of 2MA/s and ramp-down of -4MA/s were obtained without disruptions.
References '
[1] ISHIDA, S., et al., section 2.5
[2] La HAYE, R.J,, et. al., Phys. Fluids B 4 (1992) 2098
[3] SHIMIZU, K., JAERI-M 89-165 (1989)
(4] POST, D.E,, et al.,, ITER DS 21 (1991)
(5] NINOMIYA, H., et al., Plasma Devices and Operatio, 1 (1990) 43
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7.2 Identification of a Low Density Locked Mode
S W Wolfe, R Yoshino, Y Kamada

1. Introduction

Certain confinement regimes in tokamaks require stable low-density plasmas. For
example, hot ion regimes ("supershots” in TFTR, hot ion H-modes), the VH mode (DIII-I})
and LHCD experiments all require low density Ohmic target plasmas. However, low density
tokamak plasmas are susceptible to MHD instability, usually in the form of large amplitude
coherent modes which are locked in spatial phase. Disruptive activity, confinement degrada-
tion, and, at worst, discharge termination are inevitable results of locked mode activity. To

improve low density operation, the MHD activity must be fully characterised and understood.

2. Instability at Low Density
Observations on JT-60U have demonstrated that, at a sufficiently low density,

discharges are often unstable. The impact on the performance depends on the value of the
effective surface safety factor gegf and whether the plasma is in a limiter or divertor
configuration. After the divertor coil has been excited (20 to 30 kA), if gefr is between 3 and 4
and the line-averaged electron density at the current flattop is less than about 0.8x1019 m-3, the
discharge almost always terminates disruptively, as shown in Figure la). Under the same
conditions, but in a limiter configuration with no divertor coil excitation, the discharge is also
unstable but does not terminate. In this case, the instability often manifests itself as a slow (= 2
Hz) oscillation in the soft x-ray emission and synchronous spikes in the Hy emission.

Plasma performance in the divertor configuration is thus degraded compared to the
limiter case. This dependence of stability on divertor coil excitation has previously been
observed for locked modes in the current ramp-up [1], which suggested that error fields (non-
axisymmetric components of the vacuum magnetic field--see Miura et al., Section 7.3 of this
report) arising from the divertor coil were playing a role. Experiments on other machines have
shown that error fields are important for low density operation also (DIII-D [2], JET [3],
COMPASS-C [4]). Those investigations showed that a density threshold exists below which a
locked mode is driven nonlinearly unstable by the error field. This threshold depends on the
magnitude of the error field and the value of gefr. Therefore, to determine whether this type of
instability was affecting low density operation on JT-60U, it was necessary to search for 1)
threshold behaviour, and 2) a locked mode.

A clear threshold has been observed for qeff between 3 and 4, as mentioned above. At
lower values, data are sparse, and at higher qeff, very low densities are possible and a threshold
is not observed. A dependence on divertor coil current requires more data to be conclusive.
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Detecting the expected locked mode has been attempted. It has proven to be difficult,
however, because JT-60U has no saddle loops dedicated to monitoring locked modes, and a
rotating precursor (which would be easy to detect on, for example, the Mirnov coils) has never
been observed prior to low density disruptive activity. As an alternative, the magnetic probe
system meant for plasma control is used. It consists of three poloidal arrays: two of them (TC)
measure the field tangential to the wall (approximately Bg) at 17 poloidal positions and at
toroidal locations 180° apart, and the third (N) measures the field normal to the wall
(approximately By) at 16 poloidal posiﬁons. The relative amplitude of a magnetic field
perturbation is given by b9=§ 6/Beo=Be/Bgo-1, where Bgg is the unperturbed field. In the
presence of a locked mode, the unperturbed field is impossible to deduce, so that it is
approximated by Bgo(t)=Be(to)Ip(t)/Ip(to), where tq is a time when the plasma is unperturbed,
usually just before the mode appears. Note that this method only takes into account the change
in current in the approximation of the unperturbed field. If the plasma changes shape or moves
appreciably (more than about 1 cm) the approximation will be poor.

Furthermore, a conclusive experiment has been operationally difficult to carry out
because low density usually leads to a locked mode in the current ramp-up (regardless of
configuration), and the effects of this mode later on in the discharge are unknown. The
discharge shown in Figure 1 was one of the few where no locked mode was observed in the
current ramp-up, and a clear locked mode was seen just prior to the disruptive activity. The
divertor coil current, proportional to the magnitude of the error field, was increasing when the
instability started, while the density was decreasing (see Figure 1b). A polar plot of the
magnetic field perturbation at 4.51 s (compared to conditions at 4.50 s) shows a predominantly
m=3 structure (see Figure 1c). Note that the discharge terminates about (.9 s later.

3. Interpretation Difficulties

Good statistics for these experiments are still lacking; there have not been many
observations of unstable low density discharges at low geff. Furthermore, most of these exhibit
"conventional" locked mode activity in the current ramp-up, which makes interpretation of the
results difficult. Also, a locked mode is usually not detectable prior to the start of disruptive
activity at low density. This may be due to the measurement difficulties mentioned above.

In particular, it may be important to distinguish those cases where a conventional locked
mode has appeared in the current ramp-up. It should be noted that this locking sometimes
occurs before divertor coil excitation, which means that the perturbation is not locking to the
divertor coil error field, but to another error field or some wall structure. When this happens, it
can be assumed that the plasma, or some part of it, has stopped rotating. When an external
helical perturbation is applied to this stationary plasma, theory predicts [5] that a tearing mode
can be driven; whether the perturbation is resonant with the pre-existing mode is irrelevant.
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The plasma response to this perturbation will be to amplify the resulting island. In any case,
theory does not predict any threshold behaviour, except possibly through the parameter
dependence of A’ (the tearing stability parameter).

Thresholds are expected when the plasma is rotating, because then the external
perturbation will only penetrate the p]asma if conditions on viscosity or inertia are met. For a
given perturbation amplitude, this translates to a threshold on plasma density. Once this
threshold is crossed, the external perturbation is able to penetrate the plasma and drive a locked
island. This locked mode will grow while the plasma rotation in the vicinity of the island
gradually stops. It is obvious that since the mode grows from an externally-applied magnetic
structure, no rotating precursor is expected.

Measurements on DIII-D [2], JET [3], and COMPASS-C [4], using dedicated locked
mode monitoring systems, show that this error field driven locked mode grows at a rate about
an order of magnitude slower than conventional locked modes until it saturates. Thereafter, it
usually persists until a change in the bulk plasma conditions (for example, ramping down the

plasma current) drives the mode unstable and leads to disruption.

4. Recommendations and Summary

Based on these considerations, the following recommendations can be made conceming
the detection of an error field driven low density locked mode on JT-60U:

1) The persistence of locked modes should be verified somehow, both to ensure that a locked
mode originating in the current ramp-up does not exist, and to follow the low density locked
mode to its end (discharge termination, damping, etc.);

2) Care should be taken to detect the locked mode at its onset. Only then will thresholds be
clear. Measurements taken at the start of disruptive activity may not be so reproducible.

In summary, low density operation on JT-60U leads to disruptive activity.
Circumstantial evidence from the existence of thresholds in density and divertor coil current
suggests that a low density locked mode may be affecting confinement. A locked mode is
usually not detectable, however, and further improvements in measurement technique and

operation are required.
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FIG. 1: -Time evolution of a discharge with a locked mode cppearing at low density:

a) overview of plasma current Ip, one-lurn voltage Viosp. line-gvzraged electron density ne anvd Hey
emission from the divertor;

b) detail near the appearance of the mode, showing Ip, Vioop, Re. Hg, divertor coil current Ip and
magnetic field normal to the wall on the inboard midplane BNg;

¢) polar plet of the fluctuation in magnetic field tangential to the wall Bg at 451 s (referred 1o
*unperturbed” state at 450 5).
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7.3 Error Field Analysis of Magnetic Coils

S.Miura, R.Yoshino, H.Ninomiya and M.Matsukawa

1. Introduction
We describe basically the numerical solution for error fields in the presence of resonant

magnetic field perturbations. Although the tokamak is nominally an axisymmetric resonant
fields errors of order OB/B t=10'4, where Bt is the toroidal field. We will see that
perturbations of this magnitude can have a significant effect on the plasma equilibrium,
producing magnetic islands that short-circuit the confinement properties of the magnetic fields.
The poloidal and toroidal mode numbers(m,n) of a resonant perturbation satisfy the resonance
condition m=nq for a rational surface in the plasma with safety factor q. Such a perturbation
produccé islands whose width scales asYV_

2. Magnetic Field of JT-60U Device

The major elements device which produce the magnetic error fields of JT-60U are illustrated
in Fig.1. Plasma current up to about 6MA will be induced by the F-coil. An sector coil(DCW-
coil) produces helical magnetic fields of m/n=3/2, 2/1, 1/1. The plasma loop will be kept in
radial and vertical equilibrium initially by a conducting shell and later in time by a vertical
magnetic field and a horizontal magnetic field generated by the V-coil and the H-coil. Bending
a straight, helically symmetric system into a torus results in a system that is neither helical nor
axisymmetric. This, in general, leads to complicated and usually detrimental modifications of

the magnetic surfaces near the separatiix.

Fig.] The feeder diagram of the JT - 60U tokamak, showing all all poloidal field coils
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3. Magnetic Field Model and Field-line Tracing

The flux loops, poloidal flux data can be used as constraints for the MHD equilibrium
calculation. Accordingly results from a fast boundary identfication(¥Bl) code which
approximates the plasma current as six filaments are required to get the fixed boundary. The
Grad-Shafranov equation is solved using the fast Buneman method and Picard iteration

scheme. The plasma current density profile is assumed as (1).

o) =1+ ay + 197 - (J+o)y

i) = jol ByR/Ry+(1-Bp)R/RIEY)

V=(Y-Waxis) / (WsuriYaxis) - 1)
The axisymmetric magnetic field is given by the derivatives of poloidal flux function ¥ which
is obtained by FBEQU[1]. The purpose of our investigation was to study the magnetic error
fields effects in JT-60U, particularly the reduction in the obtainable pitch reversal compa:cd
with 1dcahzed stralght feeders system. The feeder current is assumed to be a filament current,
the field error is derived by the Biot-Savart law, usmg a second-order Runge-Kutta-Gill
method. The errors in magnetic fields which result from coil leads and coil feedpoints around
the tokamak are not so large. In simulations, a slight shift of one of the large outer field
shaping coils, however, would produce basicélly results to the mode locking phenomena
observed. |
Flcld line tracing is then used to producc a puncture plot of the various flux surface. The flux
surfaces predicted by this model are intended to represent a generic single-null of the actual JIT-
60U plasma used in the experiment. All poloidal modes presented in Fig.2 are less than about
1gauss by calculated the island width.

£01S676 TIRE = 11.000

rrreri ity

bl P Na w0 4 b LR 1 Ra Ry ke R Ba 4 e G A e R

Poloidal Angle

Fig.2 Non. axisymmaetric radical field specirum from a slightly shified , ellipticel polaidal coils in JT-60U.

The F-coil with -84 2KAlurn the Ve-coil with 13 5KAlurn, the H- coil with 2.6KAlturn, the D-coils with 19.6KAlturn
and DCW-cails with 13.6KAlurn, is given an ellipticity of 1.50. The spectrum is evalugted at a minor rodius of 1.01m
, a major radius of 324m and gsur{ = 3.24,
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4. Magnetic Field Error of Each “POLOIDAL ‘ANGLE

Coil '
The analysis by the field line tracing code
described by the section 3 (referee to

Fig.2) was carried by including the each

poloidal coils(Fig.3). Current of each T T T
: (¥ o le e L TT_.IZ=F-coil]

poloidal coils are the following. R e — — . RIS
T_hc F-coil with -84 2KA/tum the V-coil e Pt e o

with 13.5KA/turn, the H-coil with tomms
2.6KA/turn, the D-coils with e o T T —reeeeoioieoretesoi o s T - o

19.6KA/turn and DCW-coils with e
13.6KA/turn. It oo

An ellipticity of plasma is 1.50. The oIS
spectrum is evaluated at 2 minor radius of e
Lom. e
F-coil T

...... - . amam

The flux surface near the separatrix is P Bl '—::‘H:CE,)H.

ergodic.

H-coil and V-coil
The effect of the non-axisymmetric

magnetc field is very small.

D‘COﬂ : [ T EpE— — svnamamss
: : ST or I - = "=IpCw-col]
An island for mode m/n=1/1 is clearly (¥ oo ——

LR

appeared. -y
DCW-oil . L';"-:"" = e

Modes of m/n=3/2,4/3,4/2 dre ciear. The 5 _u:“-__—_t_:-_—ﬂ"r’ﬁ‘-—-—f'r—?“l-“.z:::;j‘:—"
flux surface inside the separatrix, shows AN eea

Toroidal field ripple TE Y/ ——— — ——]

The magnitude of Toroidal field ripple’ BN vt I

woae {— -

is typically much larger than the magnitude "o ...l — T Tl Dol

of the other magnetic fields. But it is non- ey T .

LN T ————

ant an ce islands. T - :
Ieson d does not produce i s ‘ Toroidal field ripple.

‘ T T T T

‘We can neglect this non-resonant part of - . T, . -
the non_aXiSymmCUic magnCtic field. Figd Fiux surfaces with islands due to the non-
axisymmetric field by each poloidal fields.
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Another effect of the

magnetic perturbation caused
by F-coil is revealed in the
expanded view shown in
Fig.4, depicting the ergodic
region which appears 200 -
300 degrees. For clarity, the
scparatﬁx has been deleted;
only the surfaces outside the
separatrix are shown. The

island calculated inside here
are a result of D-coil or
DCW-coil fields error.The
analysis by the field line

tracing code described above

was carried by including all 1.001
poloidal coils. The line
.. 1.0005
tracing is calculated 0 - 360 i o
degrees of the poloidal angle, | : _ y GRS 10
200 100 0 300

which is near the divertor x- the separatrix.

. Poloidal Angle{degree)
point steeped by Imm. o

The calculated flux surface near Fig4 Expanded view of flux swfaces outside near the separalrix.
the separatrix is shifted about 1mm and the modulated number of the flux surface has a relation

of gsurf.

5. Summary
Magnetic islands(m 2 1/n=1) result from resonant fields errors caused by small irregularities in

feeders or leads of the poloidal coils. The DCW-coil produces m/n=3/2 islands and the ergotic
region near the flux surface. The Runge-Kutta-Gill analysis and field line tracing with
perturbations caused by both D-coil and F-coil suggests to set an optimum coil currents for the
minimization of magnetc islands widths for the given flux function. Further experimentation is
necessary to determine if reducing the resonant field errors with each poloidal coil can also

affect confinement and the high beta plasma of JT-60U.

6. Reference

[1] TSUJLS., et al., JAERI-M 92-073 (1992) Sec.4.2
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7.4 DCW Effect on Density Limit

Y. Neyatani, R. Yoshino

1. Introduction
At density limit disruptions, tearing types of fluctuations were observed before current

quench in some tokamaks [1,2]. The theory predicts that the tearing type of m/n=2/1 mode
couples with 3/2 mode and it triggers to the current quench [3]. In order to improve density
limit, additional external fields were utilized to suppress the 2/1 and 3/2 mode. Experiments
with additonal 2/1 external field experiment were performed by DITE et al.[4], and obtained
increasing density limit. However, the effect of 3/2 external field was not clear. In JT-60U, as
DCW (Disruption Control Winding) coil can be excited a principal 3/2 component, we check the

effect of the 3/2 mode to density limit.

2. MHD Behavior in High Density Region

Density Iimit experiments were {p WQ_%iETchigCSSSGBS
performed in OH phase with Ip=2MA,
BT1=2.8T,qeff=3.3. These parameters were
determined by the DCW effective region of
0.2£rinv/apSO.3 [5], where rijpy is the

2‘5 EBl62e? : 25

Io (MA)
Vi (V)

RO
‘ \
ORI S

s St 10

sawtooth inversion radius. Internal EI;
_ 3¢
inductance (i) is round 1.2 which is almost <3 : A i
high 1i limit in qefr-1i diagram. Helium and ¢ P e B
. s . T TR J
deuterium were utilized for operational gas. o [ . .
. U ) 4B e ———
Density limit of He discharge (~8.1x101°m- < ey
82
3) was twice larger than that of Dy discharge =< N T\
(~4.1x1019m-3), which will be caused by g 5| m=4/n= 1 m=2/n=1 {
difference of the operational gas. 3;:: g U.W@J\Hﬁ‘ @ﬂ' 1| i %i“ﬂ | |
In He discharges, periodical m/n=4/1 3 J ”
o

PO S rE S e UL

m('n

mode was observed when electron density

- m»3/n=2
exceeded the critical value of 5.5x101%m-3. % ) fﬂﬁ ;1,;,' K‘
This mode wds not correlated by sawtooth g é ° m‘r“i ﬂ}“ H’}L % ﬂ :
period, hence, may be attributed to surface  © s 1l
mode. In D2 diSCharge, no 4/1 mode 10.4 I 105 10.6 10.7 10.75
Time (sec)

appeared, it may be caused by lower

density. The 4/1 mode continues until 2/1
. Fig.l Time evolution of the density limit discharge with
mode turns on. A n=2 mode appears with He gas operation.

exciting the 4/1 mode [Fig.1]
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IDCW=0 kA

Fig.2 Time evolution of the power spectrum of the
magnetic fluctuation near the density limit (a) without
DCW, (b} with Ipcw=-10KA and (c} with IDCw=-

14KA.
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A m/n=2/1 mode correlating disruption became unstable before 200~250 ms of a current
quench. This 2/1 mode was observed in all density limit discharges. After the 2/1 mode grew,
m23/n=2 mode was increased. The 2/1 mode locked after 25 to 60 ms of the fluctuation
increased. After that, plasma energy exhausted stepwise with n=1 burst. Finally, plasma current

terminated.

3. DCW Effect
A helical field produced by DCW was added with density limit discharge, and coil current
was scanned from 14KA to -14KA. With/without DCW coil exciting, no difference of density
limit was observed [Fig.1]. The m=2/n=1 and m23/n=2 mode was still observed. The intensity
of m=3/n=2 mode, coupled to 2/1 mode, reaches 28 gauss, in contrast, m/n=3/2 magnetic
fields produced by DCW is up to 4 gauss near the separatrix on the outer midplane. It suggests
that the DCW coil current is not enough to suppress the m>3/n=2 mode. However, some
interactions have been observed between DCW magnetic field and magnetic fluctuations.

Figure 2 shows the time evolution of the power spectrum of the magnetic fluctuation. With
DCW discharge, an n=2 mode with frequency of ~6 kHz was observed in the case of
/Ipcw/=14kA. The frequency continuously decreased until the 2/1 mode increasing. The
amplitude of this mode is small and no difference of the density limit was observed
with/without this mode, so, the n=2 mode is not correlated the density limit.

The locking phase of the 2/1 mode is changed when Ipcw>0kA [Fig.3]. With Ipcw<0kA,
no change of locked phase observes. Since the error field without DCW is mainly originate by
D-coil feeder, we checked the location of DCW coils and D-coil feeder [Fig.4]. For the 2/1
mode, when a additional field excited by DCW shown by squares of closed line in Fig.4, has a
same sign of the error field produced by D-coil feeder, the error field caused by locking
increases, but the locking phase of 360

T o T T o ]
K; K h
WWMW ) ]

180 | 7 |

the mode is same compared the
case of D-coil error field (e.g. 2/1
mode locks when +line shown in
Fug.4 reaches at the location of the
D-coil feeder ). When the additional
field by DCW has a opposite sign
of the D-coil error field, the error
field caused by mode locking
reduces and locking phase of the i
mode changes, which depends on 0.3 '_'11[')‘ ‘ '“15' = 6 = 5l = HEO' Y

the currents of DCW and D coil. If I .y (KA)

[p]
-~J
O

Locked Phase (degree)
[<o]
[}
I
')
1

DCW current is large, locking
. . Fig.3 Locked phase of min=2/1 mode v.s. DCW coil
phan.‘. will change 180 degrees (in current. Time scale of the waveform is same.

this case, mode lock occurs when
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m/n=2M1 mode

+line reaches at the location of phase
Lo + = difference
DCW indicated by squares of Top p T T
dotted line in Fig.4). "%M 360
. < i r i 1
A mode locking of 4/1 mode £ O W 1 ] ]
S F DCW ceil 3
was observed in the case of g— : i 180
. ] ; Bottom i 3
Ipcw<-10kA [Fig.3]. With 3 : ]
= 0
Ipcw=-14kA and Ipcw=-10kA, 2 F
a Inside [
the 4/1 mode locks at t=10.46 sec -
with Btild~3 gauss and at Top £
= ; ild ~ - + -
t=9.46sec with Btild ~2.3 gauss, 0 90 180 270 160
respectively. In these twe cases, the Toroidal Angle {deg.)
m locks when Btil ~2.3, Fig4 Relation between 2/1 mode and DCW and D-ceil
ode loc tld/Ipcw feeder, which originates to error field caused by mode
and after 300 ms, rotates again. locking. Closed square shows the location of D-coil
) ] Jeeder, Squares of closed lines and dotted lines show
Locking phase is not changed by the DCW coils. Diagonal closed and hatched lines
I No locki . b di m:adel the min=211 magnetic islands. The number of
DCW. NO locking 1s observed 1n right hand side show the positional mode difference

the case of from an island.

Ipcw>0kA. It will be depend on the phase of the DCW error field. In the case of 4/1 mode,
closed and hatched lines expressed magnetic islands, as shown in Fig.4, have same islands
phases. So, when Ipcw<0kA, the error field increases by DCW. As a result, the locking phase
is the same with Ipcw=0kA. When Ipcw>0kA, the error fielsd reduesd by DCW, and in not
enough to lock the 4/1 mode.

4. Summary
With/without DCW, no difference of the density limit is obtained at density limit experiment.

The DCW coil current is not enough to suppress the n=2 mode correlated with the mode
coupling. It is necessary to the density limit experiment with lower plasma current and toroidal
field to obtain more investigation of DCW effect.

Mode locking phase of m/n=2/1 mode changed with Ipcw>0kA. No change was observed
at IDCW{OkA. Tt is consistent with the relation between two phases of the error fields produced

by DCW and D-coil feeder.
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7.5 Effects of DCW on Disruptions
R.Yoshino, Y.Neyatani

1. Introduction

The effects of the helical magnetic fields produced by DCW (Disruption Control
Winding)[1] on the density limit disruption and the locked mode disruption, and the
avoidance of the high 1; disruption during the plasma current ramp-down by the excitation
of DCW are presented in this paper. Principal mode of DCW is m/n=3/2, and broad band
modes are excited by this coil as presented in section 7.3. Then transport and MHD
stabilities in the plasma core region can be modified by the generation of magnetic islands,
and those in the plasma peripheral region can be changed by the ergodization. In this paper
confinement degradation during the detached plasma phase, modification of the m=1
erosion, softening of the plasma current decay, and broadening of the plasma current

profile during the plasma current ramp-down are presented.

2. Effect on the Density Limit Disruption
1) Confinement Degradation and Softening of the Current Quench

During the detached plasma phase in the density limit disruption, the plasma stored
energy decreases drastically as presented in section 7.7. This confinement degradation can
be enhanced by DCW as presented in Fig.1. Plasma stored energy just before the energy
quench can be lowered drastically from that at the start of the detachment by exciting DCW.
Low stored energy just before the energy quench is useful to decrease the rise in the
radiation loss at the energy quench in the density limit disruption and to reduce the plasma
current decay rate. Long current decay time (defined by Ip/(de/dt) ) of 65ms was obtained
for a 2MA divertor plasma with geff=3.2 by exciting DCW, in which the rise in the
radiation loss at the energy quench is lowered to 1~2MW. The maximum rise in the

radiation loss at the energy quench increases with the decrease in the effective safety factor
qeff as presented in Fig.2. However the rise in the radiation loss of 1~2MW is the

minimum rise at qeff=3.2. The heat flux to the divertor plate may become broader owing

to the ergodization of the plasma peripheral region by DCW, that will be measured by
IRTV with the short time resolution in the next experimental period. Another cause of the
low rise in the radiation loss is the low plasma temperature of 150eV at the start of the
éncrgy quench. The maximum plasma current decay time rises with lowering the plasma

temperature as presented in Fig.3. Here the plasma temperature is defined by
W ia/(3knVp). Wi is the plasma stored energy just before the energy quench, n is the
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electron density, and Vp is the plasma density. Physical sputtering yield of carbon by

deuterium ion decreases with lowering the energy at <500eV, then low plasmé termperature
can decrease the generation of impurities. Plasma current decay time of >30ms is obtained
only at the plasma temperature of <500eV as presented in Fig.3. Then both of the low
plasma temperature and the broadening of the heat flux by DCW may decrease the rise in
the radiation loss at the energy quench and soften the current quench, On the other hand
there are two shots with the short plasma current decay time of 10~20ms in spite of the
excitation of DCW as prsented in Fig.3. The cause of this fast plasma current decay is not
clear yet. The helical magnetic field may degrade the energy confinement after the enegy
quench. Then experiments with a little higher qeff of 4~6 is planned in the next
experimental period.

Degradation of the confinement is also observed in the the normal plasma
discharge. Plasma density decreases by the excitation of DCW with the decrease in the
stored energy. The drop in the plasma density becomes large with lowering Qeff from 4.2
to 2.7. The investigations of the decay rate of the plasma density after the intense gas

puffing with and without DCW suggest 20% degradation of the particle confinement at
Jeff=3.35 by the 14kA excitation of DCW.

2) Modification of m=1 Erosion

Location of m=1 erosion shifts to the plasma center by the positive excitation of
DCW with 10~14kA as presented in Fig.4, that may be same with the cold bubble
observed in TFTR[2]. However this location shift of the m=1 erosion is not observed with
the negative excitation of DCW coil, that is consistent with the no change in the phase of
the m/n=2/1 mode lock with the negative excitation of DCW coil as presented in section
7.4. The plasma current decay rate at the current quench was not reduced by the shift in the
location of the m=1 erosion. Long duration of the m=1 erosion of 6~8ms was obtained
with the long plasma current decay time of 60~65ms. However the plasma current decay
rate was not reduced after the same long duration of the m=1 erosion without exciting
DCW. Then the the long current decay time may be obtained by the ergodization of the
plasma periphery with the excitation of DCW as discussed above,

Modification of the sawtooth activity by the excitation of DCW was obtained in the
normal discharge with gefe<3, in which lock of m=1 activity and m=1 shift were observed.

3. Effect on the Low Density Locked Mode
Low density locked mode is observed with the excitation of divertor coil at qeff of

<3.7 and plasma density of <0.8x1019m3 as presented in section 7.1, and is avoided
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without the excitation of the divertor coil. However low density locked mode can be excited
by DCW. Furthermore disruptive plasma termination can be obtained at geff<3 by the

excitation of DCW after the degradation of the plasma confinement with the increase in the
heat flux to the inboard divertor plate. The threshold on the plasma density at geff<3 has

not been obtained yet.
The reduction of the plasma current decay rate by the excitation of DCW is small in
these locked mode disruptions with large rise in the radiation loss at the energy quench.

4. Avoidance of High li Disruption during the Plasma Current Ramp-down
High 1; disruption during the plasma current ramp-down was avoided by the

decrease in ; caused by the MHD activity after the excitation of DCW as presented in
Fig.5. The radial field component of m/n=3/2 is 7 Gauss at the plasma center with a coil

current of 14kA., Typical case is shown in Fig.6(b), in which helical field degrades the
energy confinement gradually at t=13.15~13.4s (qefp=6~7) with MHD activities outside of

the sawtooth inversion radius observed by a soft X-ray array. The obtained }; is 0.2 lower
than the higher 1j limit at q.£r>7 (see Fig.6(a) A ). On the other hand current quench is
observed in a shot without the drop in 1 (see Fig.6(a) X, (b)). This broadening of the
current profile by the excitation of DCW was obtained for 0.2<ripy/ap<0.3 as presented in
Fig.7, where tjpy is the sawtooth inversion radius. However this helical field had no effect
on plasmas with ripy/ap<0.2, and caused a current quench at Tiny/ap>0.3. Where current
profile is not a strong function of qeff during the plasma current ramp-down, so that

Tinv/ap cannot be presented by qeff.

5. Conclusions

Effects of DCW on the density limit disruption are observed in the energy
confinement degradation during the detached plasma phase, modification of the location of
the m=1 erosion (cold bubble), and softening of the plasma current decay. Especially
softening of the current decay at the current quench was obtained at qeff=3.2. Particle and
energy confinement confinement degradation is observed by the excitation of DCW at low
qeff of <4.2. Plasma current ramp-down was stabilized by the broadening of the current

profile owing to MHD activities triggered by DCW.
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7.6 MARFE Limit of Ohmic Divertor Discharges

N.Hosogane, N.Asakura, H.Kubo, K.Itami, K.Shimizu,
S.Tsuji, T.Sugie, A.Sakasai and M.Shimada

1. Introduction

MAREE is a kind of thermal instability generated at the inboard side of the wall or in the
divertor region, and usually appears as a precursor before density limit of tokamak discharges.
The critical density for the onset of MARFE( MARFE limit ) is very important not only from
operational limit, but also from divertor study, because the MARFE limits high density
operations necessary for establishing a sufficient remote radiative cooling effect in the divertor
region. In case of beam heated discharges, the MARFE often occurs just after the sudden drops
in neutral beam(NB) power due to the breakdowns, which makes it difficult to study the
critical phenomena near the MARFE limit. At this point, ohmic plasmas are favorable because
the ochmic power moderately varies during the discharges. This paper presents the results of
investigations on the MARFE limit in ohmic discharges from the standpoint of divertor studies.

2. MARFE Limit in the Hugill Diagram

The Hugill diagram for the ohmic discharges investigated is shown in Fig.1. The
discharge parameters scanned are Ip=1.2-3 MA, Br=2 -4 T and Xp(height of X-point)=-5
(touching at the bottom wall) - 14 cm. It is seen in this figure that most of the MARFEs occur
in the narrow range of a parameter neManRqer/B1. These results indicate that in the
approximate sense, neMaNRqes/BT is a good index composed of global parameters for the
MARFE limit. Since the electron density continued to be increased by the gas puff afier the
onset of MARFE, some discharges became to be detached as shown by symbols , which
formed the boundary for density limit disruptions in this experiment.

3. Characteristics of Radiation Losses and Divertor Parameters

In divertor discharges, the MARFE is generated in the divertor region when the
radiation loss increases up to a critical level. The onset of the MARFE should be closely related
with divertor electron density, electron temperature and the radiation loss. Therefore, the
relationships among these parameters are investigated for divertor discharges with Xp=4-8 cm.

3.1 Radiation Losses
As shown in Fig.2, the total radiation loss increases with the increase in main electron

density. The dominant portion is the divertor radiation loss, which increases in the weak non-
linear manner, compared with the divertor electron density. The fraction of the total radiation
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loss against the ohmic heating power also increases with the main electron density, and the
MARFESs occur when the total radiation loss increases up to 40-50% of the ohmic heating
power. The total radiation loss during the MARFE increases along the same curve of the
radiation loss. This is because the radiation loss changes its profile when the MARFE occurs,
but the total amount does not increase so much due to the MARFE.

3.2 Divertor Electron Densities and Temperatures

Figures 3(a),(b),(c) and (d) show the divertor electron densities and temperatures at the
inside and outside separatrix strike zones as a function of main electron density. Here, these
values plotted are those at the peak of the divertor electron density profiles. As shown in Fig.3
() and (c), both divertor electron densities at the inside and outside separatrix strike zones
non-linearly increase with the increase in main electron density for discharges with Ip=1.2-3
MA. For each plasma current, there is an upper limit in electron density determined by the onset
of the MARFE. A strong in-out asymmetry is seen in divertor electron density in the stable
phase, and the electron densities at the inside separatrix strike zone is two times or more larger
than those at the outside one. However, the in-out asymmetry disappears during the MARFE.
At the onset of the MARFE, the outside electron density increases at a jump up to the level of
the inside electron density, and both electron densities begin to decrease in the symmetric
manner as shown in Fig.4.

There is also a strong in-out asymmetry in behavior of divertor electron temperatures.
The inside divertor electron temperature is insensitive to the change in main electron
temperature, and remains to be 10-30 eV. The changes in inside electron temperatures before
and after the onset of the MARFE are small. On the other hand, the outside divertor electron
temperature varies with the change in main electron density ne™Main in the manner stronger than
the rate of l/nemai“, and when it decreases down to a level of 20 eV, the MARFE is generated.
The outside divertor electron temperature during the MARFE phase remains to be at the same
level as the inside one, 5-20 eV. From the temperature dependence of the radiative cooling rate
L, the radiation loss is more sensitive to the electron temperature than the electron density, so
that the outside electron temperature rather than the inside one should be responsible for the

onset of the MARFE.

4. Relationship between MARFE Limit and Divertor Electron Temperatures

In order to understand the MARFE limit shown in Fig.1, the outside divertor electron
temperatures are plotted as a function of neMaNRqe /Bt in Fig.5. In this case, nMaNRQeri/BT
shows the variation of ngMain/Pay(Poy: ohmic heating power), since the plasma cross-section
is not scanned in these discharges and Pop is approximately proportional to Ip as shown in

Fig.2. From this figure, it is understood that the outside divertor electron temperature
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apparently changes as a function of neMan/Poy, and when it decreases to a level of 20 eV, the
MAREFE is generated. Actually, the divertor electron temperature depends on the impurity
contents, maybe, height of X-point, in-out asymmetries etc., which affect the MARFE limit. To
discuss the behavior of the divertor electron temperature, it is necessary to use a local
parameter of divertor electron density, rather than a global parameter of main electron density,
and to take other effects into consideration. Here, taking the effect of the radiation losses, the
outside divertor electron temperature is investigated as a function of (Poi1-Pragt©!)/nediv
(outside). As shown in Fig.6, the outside divertor electron temperature is found to decrease as
the heating power per unit divertor electron density decreases. This temperature remains at a
level of lower than 20 eV during the MARFE due to the increase in divertor electron density as

seen in Fig.2(c).

5. Summary

The MARFE limit for ohmic discharges is investigated. It is found that the MARFE
occurs when the outside divertor electron temperature decreases to a level of 20 eV and the
radiation loss increases up to 40-50% of the ohmic heating power. The outside divertor
electron temperature appears to decrease as a function of neMainRger/B, s0 that this parameter
is a good index for the MARFE limit for ohmic discharges as long as impurity levels are not
significantly changed. This comes from that the divertor electron temperature is approximately a
function of (Pon-Prad®2h)/nedv. To discuss the MARFE limit in detail, it is important to

investigate the effects of impurities, height of X-point, in-out asymmetries, etc..
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7.7 The Current Quench
in the Disruptive Termination

R.Yoshino, Y.Neyatani

1. Introduction

To raise the reliability of the tokamak fusion reactors, both of fast plasma current
decay and generation of the runaway electrons in the disruptive plasma termination must be
avoided. Fast quench of the plasma current induces high eddy currents in the vacuum
vessel[1], and makes the positional control of the plasma hard. An uncontrolled plasma
‘taches the unexpected first wall with an intensive plasma wall interaction, that decreases the
life time of the first wall material drastically. Furthermore the halo current induced by this
attachment flows in the plasma periphery and the vessel components raising the stress on the
vacuum vessel extremely. Runaway electrons generated during the current quench decreases
the life time of the first wall material drastically. From the design of fusion reactors, the
development of control methods to slow the plasma current decay rate without generating
runaway electrons is one of urgent issues. In this paper, the current quench in disruptions in
JT-60U divertor plasma are investigated. They are density limit disruptions, locked mode
disruptions, high j disruptions during the current ramp-down with low density[2]. Various
methods tried in JT-60U to reduce the current decay rate are presented in section 7.8. Then
conditions required to suppress the generation of runaway electrons during the current

quench is investigated in section 7.9.

2. Current Decay in the Density Limit Disruption
For density limit disruptions of OH divertor plasmas with Ip>1.5MA, the piasma

current decay time defined by Ip/(dIp/dt),, increases with the decrease in the stored energy
just before the energy quench as presented in Fig.1. Here (dIp/di),y is the time averaged
current decay rate between the flattop plasma current and the 50% of it. Circle points are
current quenches without runaway electrons at Ip of >0.5MA, and cross points are those
with generating runaway electrons at Ip of >0.5MA. The current decay time is determined by
the electron temperature. So Fig.1 suggests that slow current decay with higher electron
temperature is obtained for low stored energy just before the energy quench. This result is
surprising. Because higher stored energy was expected better to get the slow current decay
with higher electron temperature at the curreni quench. Then another process of the
confinement degradation enhanced at high stored energy should be considered. The stored
energies and current decay times for high I; disruptions are on the same scaling with the

density limit disruptions as presented in Fig.1.
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Ore of possible mechanisms of the confinement degradation is the sudden influx of
impurities, that is measured by the soft X-ray spike{3] after the m=1 erosion as presented in
Fig.2. After this spike, one-turn voltage drops to negative, and plasma current rises a little.
This delay of the negative voltage spike from the energy quench observed by soft X-ray
spike may be same with that in JET[4]. The time resolution of the spectrometer is poor, and it
is hard to get the information of impurities. On the other hand the bolometric measurement 1s
performed each 4ms. So the increase in the radiation loss during the energy quench was
investigated as the first step. Nearly linear relation is obtained between the plasma stored
energy just before the energy quench and the rise in the radiation.loss at the energy quench as
presented in Fig.3. If the dropped electron temperature just after the energy quench is almost
same for each stored energy just before the energy quench, the rise in the radiation loss does
not depend on the stored energy. Then it may be possible to assume that the plasimna stored
energy flows to the divertor region at the energy quench and impurities (maybe mainly
carbon) are generated by this hi gh heat flux. Here the heat flux to the divértor plate must be
measured to get the countability of the energy balance. In JT-60 the plasma energy, that
flowed to the divertor plate at the energy quench, was almost same with the stored energy
just before the energy quench[5]. 7

The current decay time increases with the decrease in the rise in the total radiation loss
at the energy quench as presented in Fig.4. Runaway electrons are observed at higher
radiation rise of >~4MW. Figure 4 shows that the reduction of the increase in the radiation
loss is necessary to get slow plasma current quench. In the detached plasma state observed
prior to the energy quench, the input power is almost equal to the radiation power. So the
additional radiation loss during the energy quench is owing to the dropped electron
temperature by the energy quench and the sudden influx of the impurities. The current decay
time is determined by the electron temperature. So it is reasonable that the slower current
decay with higher electron temperature is obtained for smaller rise in the radiation loss at the
energy quench, This relation can be obtained for all three type of disruptions as presented in

Fig.5.

3. Current Decay in the locked Mode Disruption

Current decay rate of locked mode disruptions for OH divertor plasmas is fast in spite
of the low plasma stored energy of 0.1~0.2MJ just before the energy quench as presented in
Fig.6 by triangle and star points. Runaway electrons are not generated in the triangle points,
but are generated in star points. Here the relation between the plasma current decay time and
the tise in the radiation loss at the energy quench is same with those of the density limit
disruption as presented in Fig.4. Then in the locked mode disruptions the rise in the radiation
loss is larger than those with the same stored energy in the density limit disruptions. One of
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the possible reasons of this higher rise in the locked mode disruption may be the low plasma
density of <1~2x1019m-3 just before the energy quench. Because in the steady state the
influx of impurity generated at the divertor plate to the main plasma increases with the
decrease in the main plasma density[6] owing to the loss of the impurity influx shielding with
low plasma density. However no clear dependence on the plasma density is observed in the
density limit disruption. So low plasma density is not the cause. Another possibilities are the
localization of the heat flux to the divertor plate as observed in TFTR limiter plasma([7], the
higher degradation of the stored energy at the energy quench, or the low qefr of 2.5~3.5. The
second is expected from the decease in the soft X-ray emissions as presented in Fig.6, in

which all channel decrease at the same time without m=1 erosion.

4. Conclusions

Plasma current quench in the disruptive termination was investigated for various
types of disruptions in JT-60U divertor plasmas to reduce the current decay rate. The
reduction of the impurity effect is essential to slow the current decay in the current quench,
that is confirmed by the following experimental results. 1)The current decay rate decreased
with lowering the rise in the radiation loss at the energy quench for all types of disruptions.
2)Slow plasma current decay were obtained with low stored energy just before the energy
quench in the density limit disruption. 3) In the locked mode disruptions the current decay
rate is fast in spite of the low stored energy just before the energy quench. The reason of this

fast current decay is not clear yet.
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7.8 Softening of the Current Quench
in the Disruptive Termination

R.Yoshino

1. Introduction

~ An investigation in JET comparing wall materials made of carbon and beryllium
shows that the plasma current decay rate in the current quench can be decreased with
beryilium wall drastically with reducing the drop in the electron temperature at the energy
quench[1]. In JT-60U with carbon wall, the maximum plasma current decay time at the early
phase of the current quench is 5ms as presented in section 7.11. Here disruptions with slow
current decay rate (or long decay time) must be investigated to develop methods for softening
the current quench. Experimental results presented in section 7.7 suggests that the reduction
of the impurity influx caused by the energy quench is essential to reduce the drop in the
electron temperature and the current decay rate for the density limit disruption of OH divertor
plasmas. In this paper the reduction of the current decay rate is investigated.

2. Softening of the Current Quench
1} Reduction of Heat Flux to the Divertor Plate

Figures 1 in section 7.7 suggests the necessity of the low stored energy just before
the energy quench to decrease the current decay rate for the density limit disruption. In the
density limit disruption, a detached plasma contracting from the outermost magnetic flux
surface is observed after a MARFE. After 100~600ms from the start of the detachment, a
plasma is terminated by the energy quench and the current quench. During this short time
period of detachment confinement degradation occurs by the enhancement of the radiation
loss, MHD activities, and the shrinkage of the plasma core. The comparison of the stored
energy at the start of the detachment and just before the energy quench is presented in Fig.1.
Large decrease in the stored energy can be obtained during the detached plasma phase both
for joule and NB heated plasmas. The detachment is produced by the power balance at the
plasma pei'iphery. So the detached plasma can be produced under high power NB heating
with the intense gas puffing or the impurity injection. However Fig. 1 shows that the stored
energy just before the energy quench increases with that at the start of the detachment. So
more intense degradation of the stored energy is required. DCW(Disruption Control
Winding) has the possibility of this degradation as presented in section 7.5.

2)Suppression of the Impurity Influxes at the Energy Quench
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No current quench is observed for divertor plasmas with geff>7 in spite of many
minor disruptions as presented in Fig.5 in section 7.1. Here qefy is the effective safety factor.
However disruptive plasma terminations are still observed in limiter plasmas at Qeff>7.

Comparison of the density limit phenomena at gegp=~9 for the divertor plasma and Hmiter

plasma is presented in Fig.2. Density limit disruption is observed after the change in the
plasma configuration from a divertor plasma with the null point height XpFIT of 8.5cmtoa
lrmiter plasma (see Fig.2(a)). XpFB is the null point height from the divertor plate calculated
in the real time feedback control, and Xptl1 is obtained by a magnetic equilibrium code. The
configuration change at 5.5 s is caused by the miss calculation of XpFB caused by the drop
in shafranov lamda. XpEFB becomes much higher than the reference value of Ocm, so that the
divertor coil current is dropped to zero with becoming the limiter configuration. On the other
hand no current quench is observed in the divertor configuration with XpFIT of 23cm (see
Fig.2(b)). Higher impurity shielding can be obtained in the divertor plasma with higher qeff

due to the longer connection length from the divertor plate to the main plasma. This suggests
higher null point height enables no current quench for divertor plasmas with lower geff of

<7, that will be studied in the next experimental period. Broadening of the heat flux with
higher qefr observed in the steady state[2] may occur at the energy current quench , and
decrease the generation of impurities from the divertor plate.

In the density limit disruptions for OH and NB heated divertor plasmas with

I,>1.5MA, longer current decay time was obtained at qoff of 5~6.5 as presented in Fig.3 by
square points. Here plasma current decay time is estimated from 50% drop of the plasma
current, and current quenches with runaway electrons are included. Because no generation of

runaway electrons is observed in current quenches with long plasma current decay time of
>20ms as presented in Fig.4 in section 7.2. According to Fig.3 high geff is not a decisive

cause of long current decay time, because short current decays exist still at high geff. Then
high qeff may be one of necessary conditions. Same behavior is observed in the the locked
mode disruption presented by triangle points in Fig.3. Current decay times of them are short
with ~10ms at geff of ~3, but increases to 30ms at qesf of ~5. However more data points are

required to mention about the effect of Geff.

3) Additional Heating of the Main Plasma Core

The direct heating of the plasma core is another way to avoid the drop in the electron
temperature during the current quench. Plasma was heated by NB during the energy quench
phasc in the density limit disruptions. The effect of NB heating is presented in Fig.4. The
current decay rate decreases drastically from 150MA/s with joule heating alone to 25MA/s
with 8MW NB heating. The command value of the plasma current is decreased with the drop
in the measured plasma current. With this reduction of the command, the generation of
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runaway electrons can be avoided. With 8MW NB heating, a hot plasma core is observed
during the current quench phase, that is measured by visible light TV with 1ms time
resolution. The electron temperature at the plasma core may be kept much higher than 10eV.
The plasma core is detached from the outermost flux surface, and its shape changes largely
for each 1ms during the current quénch. In the detached plasma state the degraded plasma
stored energy can be also obtained with NB heating as presented in Fig.5. The plasma stored
energies are 0.1~0.5M7 just before the energy quench, and the current decay time increases
with NB heating power as presented in Fig.6 by closed points. NB heating power higher
than 8MW is not tried yet. The direct NB heating of the locked mode disruption was also
tried upto 25MW for qeff=4~5 as presented in Fig.6 by open points. Reduction of the
plasma current decay rate was obtained, but a little small at high power NB heating. The
reason of this weaker NB heating effect may be same with the locked mode disruption for

OH plasmas as presented in section 7.2.

3. Conclusions _
In the density limit disruption small rise in the radiation loss was necessary to get
slow plasma current decay, and was obtained with low stored energy just before the energy

quench. Low stored energy can be obtained by fast degradation of the confinement during the
detached plasma state. Slower plasma current decay was obtained with higher gegf of 4~6 for

divertor plasmas, and no current quench at qefr>7. However current quenches were
observed for limiter plasmas at gefp>7. Divertor plasmas with higher qeff may have the
shielding effect of the impurity influx owing to the longer connection length. Direct NB
heating of the core plasma detached from the outermost flux surface was also useful to reduce
the drop in the electron temperature caused by the intensive impurity influx just after the
energy quench. In the locked mode disruptions NB heating had weak effect to reduce the

current decay rate, reason of that is not clear yet.
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7.9 Suppression of Runaway Electrons
R.Yoshino

1. Introduction
Runaway electrons generated during the current quench in the disruptive termination
decreases the life time of the first wall material drastically. Thus the suppression of runaway

electrons is one of urgent issues for the design of fusion reactors. Dreicer field for the
generation of runaway electrons is proportional to ne/Te. Then the runaway parameter can be

presented by ETe/na=njTe/nac< 1/(TCO~5nc)[1]. This suggests high plasma density with high
electron temperature is necessary to avoid the generation of runaway electrons. In this paper
parameter regions of the generation of runaway electrons for the density limit disruption and
the locked mode disruption are investigated, and preliminary study on the suppression of
runaway electrons by NB heating is presented.

Typical case of the generation of runaway electrons in the density limit disruption 1s
presented in Fig.1. Dy emission from the divertor plasma drops 230ms before the current
guench owing to the plasma detachment. Plasma current has a tail. Runaway electrons
measured by hard X-ray emission are generated just after the start of the plasma current

quench, and are observed until the plasma current termination. The maximum difference
between the command value of the plasma current (I,°0™) and the real plasma current value

(Ip) is 1.2MA, and one turn-voltage rises to 214V,

In this paper density limit disruptions and locked mode disruptions for divertor plasmas

with Ip>1.5MA are investigated. Current quenches with runaway electrons at Ip>0.5MA are

recognized as those with the generation of runaway electrons.

2. Region of the Generation of Runaway Electrons

Plasma density and electron temperature during the current quench are important
parameters to investigate the generation of runaway electrons. However measurements of the
plasma density by the interferometer during the current quench are hard owing to the fringe
losses, and that of electron temperature by ECE polycrometer has large ambiguity owing to the
drastic change in the poloidal magnetic field. Thomson scattering measurement is a powerful
method to measure them. However 2 timing system triggered by a negative one-turn voltage
spike is required and is not established yet. From the stand point to suppress runaway
electrons, the plasma density just before the energy quench is useful to search the operational
space to avoid runaway electrons, and the plasma current decay time is useful to assume the
electron temperature during the current quench. Then these are investigated to clarify the
threshold required to suppress the generation of runway electrons for the density lmit
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disruptions for OH divertor plasmas as presented in Fig.2 a). Closed circle points are
distuptions without runaway electrons, open circle points are with runaway electrons at
Ip<0.5MA, and cross points are with runaway electrons at Ip>0.5MA, In this figure current
quenches with runaway electrons are limited at low plasma densities of <3x1019m-3 and at
short current decay time of <20ms. Runway electrons are still observed at long plasma current
decay time of 40ms, if plasma density is <3x1019m-3. Data points are not enough yet, but no
runaway electron is observed for nc>3x1019m'3 at the minimum current decay time of Sms.
This result suggests intense gas puffing or pellet injection is beneficial to avoid runaway
electrons with high density.

Threshold value cannot be obtained in locked mode disruptions for OH plasmas as
presented in Fig.2 b). Because current quenches without runaway electrons are obtained at low
plasma densities of <1x1019m-3 and short plasma current decay time. Plasma movement
during the current quench is very fast at plasma current decay time of <10ms. Interactions
between plasmas and the first wall may be much larger than those in density limit disruptions,
that can be assumed from the larger rise in the radiation loss at the energy quench as presented

in section 7.7.

3. Suppression of Runaway Electrons by NB heating

NB heating during the energy quench and the current quench is useful to raise both of
the plasma density and the electron temperature, and to suppress runaway electrons. Plasma
density and plasma current decay time are larger than the threshold values for OH plasmas as
presented in Fig.3 a). In locked mode disruptions effect of NB heating is not clear as presented
in Fig.3 b). However no runaway electron is observed at plasma densities of >3x1019m-3 for
OH and NB heated plasmas as presented in Fig.2 and 3. Then much higher rise in the plasma
density may be required to suppress runaway electrons perfectly. Pellet injection will be tried in

the next experiments.

4. Conclusions
To suppress runaway electrons in the density limit disruption and locked mode

disruptions, higher plasma density of >3x1019/m3 may be required. Pellet injection just
before the energy quench will be tried in the next experimental period.

References
[1] WESSON,J.A., et al., Nuclear Fusion 29 (1989) 641
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7.10 Stable Fast Plasma Shutdown

R.Yoshino

1. Introduction
Fast plasma shutdown of 5~10MA/s without disruptive termination and runaway

electrons is required in tokamak fusion reactors to raise the reliability and safeness of the
plant as discussed in ITER-CDA[1], however no systematic study has been performed yet.
The controlled plasma termination without the energy quench was limited to be -4MA/s in
JT-60U owing to the increase in 1; as presented in section 7.1. Then the development of 2
new method was required to get the plasma current ramp-down of <-5MA/s.

The avoidance of the current quench after the energy quench was observed in about
20 shots. So the required condition to avoid the current quench was investigated in these
shots. According to this analysis, fast controlled plasma shutdown with the energy quench
and without the current quench was tried by the intense helium gas puffing, and plasma
current ramp-down of -6MA/s was demonstrated successfully from 2MA to OMA as

presented in this paper.

2. Disruptions during Plasma Current Ramp-down

In JT-60U, two types of disruptions were observed mainly during the plasma
current ramp-down. They are the density limit disruption at high plasma density and the
high 1; disruption at low plasma density as presented in section 7.1. Both of these

disruptions may be caused by the tearing instability owing to the current profile peaking.
Furthermore in these disruptions the plasma current decay time defined by Ip/(Ip/dt)
increases with the decrease in the stored energy just before the energy quench. The
reduction in the impurity generation at the divertor plate is obtained by small heat flux for
the low stored energy, so that the electron temperature during the current quench may be
kept much higher than ~10eV. Here the devertor plasma configuration is maintained at the
energy quench in a disruption of the divertor plasma. On the other hand runaway electrons
are generated in high 1; disruptions owing to low plasma density as presented in section
7.9. These results suggest the usage of the density limit disruption to get fast controlled
plasma plasma shutdown without generating runaway electrons.

3. Avoidance of the Current Quench

If intense helium gas puffing is performed at the plasma current flattop, plasmas are
disruptively terminated with the current guench. On the other hand the plasma current decay
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rate in the current quench decreases with lowering the rise in the radiation loss at the energy
quench as presented in section 7.7. Furthermore the current quench was avoided for the
small rise in the radiation loss at the energy quench as presented in Fig.1. The energy
quench, soft X-ray spike, small rise in the plasma current with the negative one-turn
voltage spike, and the decay of the plasma current are observed, but the plasma current
returns to the pre-energy-quench value at t=7.58 s. The same avoidance of the current
quench were observed in about 20 shots for qesf of 2.5~6 as presented in Fig.2. The
threshold value of <~1MW on the rise in the total radiation loss at the energy quench to

avoid the current quench can be obtained from Fig.3, in which inverse of the plasma
current decay times are presented for all types of disruptions in OH plasmas at Ip>1.5MA.

4. Fast Plasma Shutdown with -6MA/S

In the density limit disruption, low rise in the radiation loss can be obtained at low
plasma stored energy just before the energy quench as presented in section 7.7. Then that
fast degradation of the energy confinement is indispensable to avoid the current quench,
that can be obtained during both of the detached plasma phase and the energy quench
phase.

According to these investigations, plasma shutdown of -6MA/s from 2MA to OMA
was tried with intense helium gas of 30Pam3/s during the plasma current ramp-down as
presented in Fig.4. The pre-programmed plasma current decay rate is -6MA/s. Higher
decay rate than <-6MA/s cannot be obtained owing to the voltage-limit on a power supply.
The effective safety factor gefy at the plasma current flattop is 3.4, and is 4.1 at t=12.1s.
The detached plasma was produced by this intense helium gas puffing, and fast degradation
of the stored energy was obtained during the detached plasma phase from 0.6MJ to 0.4MJ
and the following slow energy quench with 8ms. Plasma detachment and slow energy
quench were measured by soft X-ray emission as presented in Fig.5. The start of the
current quench is observed at t=12.098s with the negative spike of the one-turn voltage and
the small rise in the plasma current. However the current quench is returned to the
controlled plasma current ramp-down as presented in Fig.4. Hot plasma core was observed
by TV measurement during the plasma current decay, that suggests high electron
temperature of >10eV was obtained. The small rise in the radiation loss of 0.8MW at the

energy quench suggests that the large impurity influx was successfully suppressed.
5. Conclusions

Small rise in the radiation loss of <~1MW at the energy quench is required to avoid
the following current quench. Fast degradation of the energy confinement with lowering
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the stored energy just before the energy quench is necessary to get this small rise in the
radiation. This degradation was demonstrated in the fast plasma shutdown of -6MA/s from
2MA to OMA without the current quench, in which the detached plasma state was actively
produced by the intense helium gas puffing. The stored energy was degraded from 0.6MJ
to nearly zero within the detached plasma phase of 15ms and energy quench phase with the
m=1 erosion of 7ms. The start of the current quench was observed, but the plasma current
decay returned to the programed one. The small rise in the radiation loss of 0.8MW
obtained at the energy quench suggests the suppression of the impurity influx and the

reduction of the drop in the electron temperature.
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7.11 Statistical Analysis of Disruptions
Y. Neyatani, R. Yoshino and N. Hosogane

1. Imntroduction

From the beginning of JT-60U experiment, the statistical analysis of disruption is
continued to evaluate the frequency and the discharge phase of the disruptions in order to
continue the plasma operations without catastrophic damages. In 1992, we separate the three
periods to this year's experiment by an one month shut down in May for a regular examination
and the boronization in July, i.e. January to April, May to July and August to October. In the
next section, the frequency of the disruptions is described for each operational period. The rate
of disruption for some operational phases is also discussed. The decay rate of the plasma
current is discussed in the following section including boronization effect. The summary is

described in the last section:

2. Frequency of the Disruptions
In 1992, the total shots of 1866 were

discharged during January to October.

The first and second boronization were

performed in July and August in order to
reduced oxygen. The average frequency
of the disruptions of this year is 17.7%

of total discharge during the operation as : : .
shown in Fig.1(a), which is 2% less than (@) g2' total (b) January to April

the result of the last year experiment [1]. Total 1866 shats Total 664 shots
Where the disruption is defined as follow /R S0S0T (14416-15141)
ere the disruption is defined as follo SRUPTION
e : ; ' B NOBULD
conditions; 1) plasma current just prior to 1.7% . 505, 0-5%
disruption is larger than 0.5 MA; 2) 11.0% s
plasma current terminate before 14 sec of \‘ci%‘;
discharge. The frequencies of disruptions 15.4%

of three periods described above are R14-3% \§ R \\\\\\\\\\:
NS .

22.7%, 14.3% and 15.4% respectively | '

(Fig.1(b)-1(d)). The last period is after

boronization. The effect of boronization

is not so cflcar because the disruption () May to July (d) August to October
frequency is not so change before and After Boronization

76.1%

after boronization. Fig.] Histogram of the discharge in 1992
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The disruption frequency of
the current ramp up phase of
1992 is drastically reduced
about one third than that of
1991. The disruption in ramp
up phase are only 13.6% of all
disruption shots (31% in 1991)
(Fig.2). Most of the ramp up
disruption is occurred in the NB
port aging phase just after the
vacuum vent (Fig.3) to
withdraw metal impurities on
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Total 252 shots M Ramp Up Total 330 shots

Fiat Top
"Bl Ramp Down

Fig2 Comparison disruption rate between 1991 and 1992

discharges for each phases.

the carbon tiles. Another disruptions during ramp up phase are also observed large impurity
content from the plasma initiation. The reduction of frequency of the current ramp up phase is
mainly due to improvement plasma build up process including growing plasma method [2].
The current ramp down disruption has a major part of disruptions of 51.2% of total
disruptions. The large fraction of the current ramp down disruption causes by the stable and
fast plasma shut down experiment vsing current ramp down phase in large part of shots. A half
of disruption in this phase occurred t > 13 sec and plasma current < 2MA. The disruptions are
mainly caused by high li or density limit. These types of disruptions can be avoided by a careful
plasma position and current profile control, for example using dwindling plasma method, DCW
coil, gas puffing to make a detached plasma etc [2].
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3. Decay Rate of Plasma Current

The electromagnetic force
induced by the disruptions is
increased with the decay rate of
plasma current. Hence, it is
important to estimate the decay rate
for the design of the next generation
devices. Figure 4{a) shows the
maximum decay rate of the
disruptions with the flat top, Ip
ramp up and down phases. The
fastest decay has Ip/(dIp/dt)max ~
5ms, which is the same result of
last year, No difference of the decay
rate is also obtained for each
discharge phases. The 50% decay
rate (Ip/(dlp/dt)50%), which was
defined as the time when the plasma
current decay until 50% of plasma
current before disruption, is
approximately 20% greater than the
- maximum decay rate (Fig.4(b)).

In the belirium bounded
disruption in JET, the current decay
rate is about 6 times greater than
that carbon bounded disruptions
[3]. Hence, as the wall material may
attributes the current decay rate,
reducing the decay rate was
expected by boronization. Figure 5
shows the 50% decay rate of
density limit disruptions before and
after boronization. After the
boronization, the 50% decay rate
became slightly large, but no clear
difference was observed. Two
reasons are considered. One is that
at the boronization in this year, the
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boron layer was not made enough 0.050 : — | l l

thickness and was Iocalized : @ Before Bocnization ]
toroidally {4]. Another reason is 0.040 - O Atter Boronizaiion Boronizaticn ‘E
that if the current decay time can be @ (( I
assumed to be characterized by athe  § gap o .
spitzer resistive time, which ¥ E ¢ Yo¥ ]
correlated the radiative cooling rate § 0.020 :— . o © ‘:
by a impurity during the energy o 3 . o o é) E
quench, the effect of boronization is & g.g10 [ ®  © . 8 LS 8 o
not so expected because the = Z ' -
radiative cooling rate of boron is  g.0po - 1 - L - = =
almost as large as that of carbon § § § E § § §
[5]. As the improvement - . - Sho:No. " i "
boronization system will be able to
make the uniform and thick boron Fig5 The 50% of currens decay time of density limit

. disruptions which is the same before and afier

~ layer next year, it should be a future boronization.

work after the next boronization.

4. Summary
The average frequency of the disruptions of 17.7% is surveyed at the JT-60U experiment
in 1992. Disruption in current ramp up phase reduced about one third by the improvement
plasma operations. A half of disruptions occurred in current ramp down phase. They are mainly
caused by high 1i and high density. These types of disruption can be avoided by a careful
plasma position and current profile control. The most fraction of the other disruption except low
density locked mode has correlation to impurity influx produced at plasma initiation, and agings
of NB,IC and LH.
The maximum decay rate of disruption is 5 ms which is the same results in 1991. The
boronization effect is not so clear. It may be caused by an ununiformity of the boron layer

and/or the less difference of the radiative cooling rate of boron and carbon.
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7.12 A Possibility Study of High Triangularity Operation
M.Matsukawa, T.Taylor, R.Yoshino, Y.Kamada, M.Kikuchi, H.Ninomiya

1. Introduction
VH-mode discharge, which has much enhanced energy confinement time rather than H-

mode, was observed in DIII-D{1]. It was observed that the confinement time of VH-mode has
tend to increase with the triangularity. However, it is not still confirmed clearly in other
tokamaks. JT-60U has introduced the boronization system using decaborane gas in 1992.
Therefore, it is very important to compare the confinement with DIII-D plasmas under the
closed operational condition. This is a short report regarding to the high triangularity operation

in JT-60U.

2. High Triangularity Plasma Configuration.

The vertical field coil (V-coil) of JT-60U are divided to four coil blocks and could be
reconnected according to the various experimental requirements using the connection changer
located in the torus hall. Figure 1 shows the poloidal field coil configuration of JT-60U. The V-
coil block near the outboard, V1 and V7, has a basic function of plasma radial position conirol.
Also, upper and lower blocks, V2, V3 and V6, could control the elongation. To control the
triangularity, we need principally the independent current control for each coil blocks.
However, it is very difficult to feed the electrical power into the torus hall. Therefore, we have
to compromise with the two power supplies.

Figure 2 shows the new V-coil connection (hybrid connection 4) for high triangularity
operation. Here, the present V-coil power supply has divided to two parts and those are
controlled independently. The rating of PSV1 1s 3kV/60kA and PSV2 is 2kV/60kA. It has been
possible from the experimental results of plasma initiation in JT-60U which indicated that 3kV
of V-coil power supply is enough for stable plasma initiation. The power transmission feeder is
planned to use the present DCW-coil feeder. It does not have large rating so that the operation
may be limited by the thermal increase.

A typical equilibrium of the high triangularity operation is shown in Fig.1 The major
parameters are plasma current of 2MA, volume of 70m3, elongation of 1.4 and triangularity of
0.38. The triangularity of ~0.7 is required to study the VH-mode, but it is very difficult .

3.Summary
The hybrid connection of V-coil can expand the operational regime of JT-60U. It could be

done by minimum cost because the control system modification is only required to the present
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existing power supply. The boronization and high triangularity operation enable to study VH-
mode.

REFERENCES
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Fig.1 Poloidal field coil configuration and a typical equilibrium
with the high triangularity.
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Fig.2 Reconnection of the vertical field coil (hybrid connection 4)
and the modification design of V-coil power supply.
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7.13 Plasma Behavior During the Plasma Termination and Initiation
Procedure Observed by the Density Measurement

T. Fukuda, R. Yoshino, Y. Kamada, S. Miura, K. Ushigusa

1. Introduction

As an alternative to the RF or beam induced current sustainment, AC i. e.
alternating plasma current operation has recently been recognized as one of the effective
techniques to realize the steady state operation of the tokamak discharge. Eight years
after the first demonstration of the AC operation on the STOR - 1M tokamak in 1984 [1],

much larger scale & 2 MA AC operation has been accomplished at JET [2]. The residual
component of the plasma density is indispensable for the plasma re-startup. An inductive
current drive by the ohmic transformer has the highest efficiency and it is most reliable
among other various current drive schemes. In addition, it is practically independent of
the plasma density. Inductively driven higher density operation in tokamak reactors
relaxes the thermal loading of divertors and reduces impurity content. The potential
problems associated with the mechanical fatigue of the toroidal coil, however, still
remains to be controversial. This paper addresses the existence of the residual density
after the plasma termination and the possibility of AC operation on JT-60 Upgrade.

2. Operation Method

In the AC operation, the plasma current is ramped down and then up in the opposite
polarity during the current reversal phase. Even if the plasma current is extinct during the
current reversal phase, the subsequent negative plasma current can evolve as
demonstrated in JET. However, the plasma current ramp-up is facilitated only when the
plasma is not completely lost and the high purity level is maintained. This is significant,
since the radiation barrier can affect the subsequent current evolution. Therefore, non-
disruptive plasma current termination is indispensable for the smooth current restart.
This endeavor has been successfully carried on JT-60 in 1992 [3]. The residual plasma
will remove the voltage spike for break down, which saves the volt-second consumption.

Operation scheme employed at JET was, in principle, constant-q operation; the
plasma major radius was continuously increased as the minor radius monotonously
decreased. Practically the plasma was attached to the outer limiter all the time during the
current ramp phase. Presumably, most of the plasma current was carried in the surface
area of the plasma. The important point is that the residual density should remain in the

area where the minimum magnetic field exists in order to reduce the voltage required for
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the breakdown of the succeeding plasma. Actually, in the case of JET, the loop voltage
of - 10 V was accompanied by small scale disruptions. The minimum dwelling time
which was actually ahieved was 0.5 s. The dwelling time is dependent on the capability

of the vertical field coil.

3. Residual Density Measurement

In order to find the possibility of the AC operation on JT-60, we focused on how
long the density remains after the plasma termination. For the density measurement,
reflectometric technique was employed. When the reflectometer loses the reflection layer
in the plasma, it tums out to be a Michelson type interferometer for the JT-60
reflectometric system [4]. Since the absolute value of electron density can be detected by
finding the intensity loss which is apparently observed as the fringe counting error, we
can easily find the line integrated electron density in the termination phase. Since the
diagnostic chord was situated only on the midplane, vertical interferometer chords at R=
2.68 and 3.55 were also utilized to understand where the plasma is situated in the
horizontal direction. These two cjords are denominated as Ul and U2 here, respectively.

Fig. 1 shows the evolution of the line integrated electron density measured by the
interferometer at the initiating phase and the terminating phase. The plasma dealt with
here is a 2 MA ohmic discharge with the central toroidal magnetic field strength of 4 T.
7 Pa helium gas was injected during the current ramp down to reduce the electron
temperature, which presumably enable the non-disruptive plasma termination. The
plasma size was also dwindled, shifting the plasma down toward the divertor to eliminate
the disruption. It is clearly documented that the plasma initiates in the inbound side of
the vacuum vessel, where the minimum magnetic field exists [5]. The estimated
magnetic field strength at this position is 0.005 T. The plasma then flows outward as the
plasma evolves to enlarge the line density at U2 over Ul. The plasma current completely
diminish at 13.82 s. However, the density remains for 180 ms after the current
termination, which is of the order of the classical estimate. The robust positional

fluctuation is observed in the termination phase. The phase difference of 1t between two
interferometer chords indicates the horizontal shift of the plasma. The magnetic probe
and the soft X-ray measurement also reveal the concomitant vertical oscillation. In the
terminating stage, the plasma shifts inward to retain the residual density component. This
is clearly shown in the figure, where the decay of density at Ul occurs after that at U2.
This feature is due to the vertical field configuration. The fact that the region where the
plasma terminates coincides with that of termination is utterly favorable to eliminate the
voltage spike. The abrupt density increase seen in the U1 chord is due to the increase of
the electron density in the divertor region as Fig. 2 indicates that the diagnostic chord
does not intersect with the main plasma but with the inner leg of the divertor.
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Fig. 3 is the result of the reflectometric line density measurement, which depicts the
decay of the density after the loss of the reflection layer. As was observed in the
boundary fitting code and the visible TV picture, the plasma disappears from the line of
sight at around 13.75 s. Accordingly, the line density observed in the reflectometer
vanishes. If we assume the sight length of the reflectometer over the plasma cross section
to be 0.9 m, which is consistent with the result of the boundary code, the line density
reasonably returns to zero at 14 s. .

The Hugill diagram which documents the ratio of the current density to the electron
density is shown in Fig. 4. The previous density limit obtained in JT-60 Upgrade before
the boronization in July is also depicted in the figure. The data points plotted in the
termination phase clearly well exceeds the limit, which documents the sustainment of the
electron density while the current density is scarce. The modified boundary code which
includes the eddy current effect indicates the reduction in the electron density of
approximately 25 to 30 %. Since negative loop voltage was observed in the terminating
phase, we can deduce the reason of exceeding the density limit as the transient

rearrangement of the current density profile; i.e., negative j (r) at the edge plasma region.

4, Possibility of the AC operation on JT-60

The results described above indicates the favorable prospect of the AC operation on
JT-60. In the tecent survey, it has been found that the AC operation can also be
performed on JT-60 without any nontrivial modifications in the circuits including those
of ohmic heating primary, vertical magnetic field, and” position control system. Actually
on JT-60, since vertical field coil current ranges from + 50 kA to - 8 kA, the inverse
plasma current of 500 kA can possibly achieved. However, in order to establish the
negative current, the control programme has to be modified. Even without this
modification, the investigation of the plasma break down and the current build up process

can be pursued with the second pulse having the same positive plasma current.
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8. MHD
8.1 Overview of The Study on MHD Activities

Y.Kamada, R.Yoshino, H.Ninomiya, S.Ishida, Y.Neyatani, T.Ozeki, M.Azumi,
S.W.Wolfe, T.S.Taylor, D.J.Campbell and MHD group

1. Introduction

To demonstrate the attractiveness of the tokamak fusion reactor, the following conditions
should be satisfied steadily at the same time; high-3 , high bootstrap current Igg fraction, long
g, short Tp, disruption-free and a realistic divertor condition. Since MHD activities play
important roles for all of these conditions, the final goal of MHD research is to optimize the
above performance by control of MHD activities. In particular from the view point of steady
state, active control of the instabilities (viz. frequency, perturbed area etc.) is necessary rather
than suppression of the instabilities. Many types of MHD instabilities were reported in the
history of the tokamak research [1] and recent studies in many tokamaks reported that the
highest fusion parameters and sustainment of good performance was almost always limited by
MHD instabilities [2]. However, it has not been completed to construct the systematic
foundation of MHD activities including the relation to global/local confinement. Therefore the
objectives of the MHD studies in JT-60U are i) identification of the characterisic MHD activities
in the discharge regions and ii) clarification of the relationship between MHD activities and
confinement. In this section, we report the outline of the MHD research in JT-60U until 1992.
From 1993, the main work is to expand the systematic MHD study toward the high-p region
with high Igs and to optimize the reactor relevant steady condition with active MHD control by
p(r) and j(r) control (NBCD, LHCD, sawteeth and ELM control etc.).

2. Regions of MHD Activities Related to gerr, l;and f

For the overview of MHD activities, we start from a simple categorization of discharge
regions using the fundamental parameters for the MHD research, namely geff [4], | and B. At
first, MHD regimes in the low-p region is presented in Fig.1 on the geff-1j plane which treats
OH and NB-heated L-mode discharges at low B (Bp<1 and Bn<1.5). This figure summarizes
the current driven type instabilities and does not express high B conditions where pressure
driven instabilities and Igs play crucial roles in determining stability [3]. Regions of plasma
parameters are: Ip=1-5MA, Bi=1.7-4T, geff=2-15, plasma volume Vp=45-90m3, £~0.23-0.3,
k~1.4-1.8 and triangularity 8~0.05-0.2. Since locked modes tend to appear when geff becomes
integer, gefr is a good measure of safety factor at the edge for MHD instabilities. The safety
factor at 95% of the outermost flux surface qgs is given by qg9s~0.8qefr in JT-60U. In Fig.1,
closed squares indicate the high-J; (including high ng) disruptions which are observed usually
during I ramp down in the final phase of the discharge and can be triggered even at low
density, if I; is higher than a threshold value for a given Qefr. In case of high ne disruptions, the
dominant MHD modes (mainly 2/1, 3/1) also grows when J; is increased above the same
threshold value by quench of the current channel. Therefore, these disruptions can be included
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Fig.2: (a) Troyon diagram and (b) By-iN diagram for JT-60U discharges.

in the same category 'high-; disruptions'. Sometimes high ne disruptions can be observed in the
region below the boundary. In those cases, strong detachment of plasma column is observed
before the dominant MHD mode evolves. These data are not plotted in Fig.1 because precise
calculation of qefr and 1; for the detached plasmas has not been established. Open and closed
circles correspond to sawtoothing discharges and sawtooth free discharges, respectively. The
dotted line indicates the boundary of 1j below which sawtooth-free discharges appear. The open
squares correspond to low-1j locked modes ( major and minor disruptions). Generally, high-}j
disruption is believed to be caused by tearing modes, and low-]; locked modes are related to
external kink activities or double tearing modes. In the low-qeff region (ger<4), locked modes

or QSM (quasi stationary modes) are excited at low ne even when the lj-value is inside the stable
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region. This type of instability can be related to the error magnetic fields (Sec.7.2). In the
sawtoothing region, we can observe the boundary of 1; corresponding to the quasi stationary
state given by the dashed line (Sec.1.9). If Iy is kept constant stably (except active current
drive), the value of 1; increases asymptoticalty toward this boundary and does not increase
beyond this line (Sec.8.5). In some experiments, by rapid current ramp down or rapid increase
in plasma minor radius, 1; was increased above the dashed line and decreased asymptotically
toward the boundary. The empirical expressions for the dashed and dotted lines are given in
Sec.8.5. In H-mode discharges, 1 is smaller than the dashed line in Fig.1, which may be
because of the edge pedestal of eleciron temperature and pressure.

Figure 2 shows the discharge regions of JT-60U on the Iy/aB-B; plane (a) and on the
Bp-Pn plane (b). The closed circles in Fig.2(b) correspond to the Bp-collapse in the high Bp-
mode ([5], Secs.2.1-2.5) . The squares correspond to the high-fn experiments where BN=3.5,
Bp=3 and H-factor=2 was obtained in a 0.6MA ELMy H-mode discharge and the sudden Bp-
collapse was suppressed by relatively broad pressure profiles p(r) and peaked current profiles
j() (Sec.2.6). However, the steady state in high-Bp and high-Pn regions has not been obtained

because of appearance of pressure driven medium m/n modcs_(Scc.S.Z-‘8.4).

3. Outline of MHD effects on Confinement in JT-60 and JT-60U

There are two types of effects of MHD instabilities on confinement. The first type is the
disruptive phenomena which play fatal roles in the energy and particle transport. The second
type is the gradual enhancement in diffusivity or repetitive release of kinetic energy. Typical
disruptive events observed in JT-60 and JT-60U are major and minor disruptions (triggered at
high I;, low 1j , low ne , Qerr=2) and Pp-collapse [5] (The important aspect is that the Bp-
collapse is generally not followed by major disruption except a few cases.) The non-disruptive
degradation is, in many cases, caused by sawteeth and m/n=1/1 activities [6-9] , medium m/n
activities, ELMs [7] and ballooning modes [6,7,10]. The result of the ballooning analyses {10}
suggests that the ideal high-n ballooning limit is the soft limit which saturates pressure gradient.
The effects of the central MHD activities are particularly apparent when the discharge has a
peaked pressure profile (e.g. in pellet injected discharges [6,7] and high-Tj discharges [11]).
For the achievement of high-T; and/or high-Bp discharges [11], avoidance of the central MHD 1s
indispensable. According to refs.[6,71 which reported characteristics of the central MHD
activities for pellet fuelled plasmas, reduction in the sawtooth frequency resulted in enhanced
confinement, where the effects of sawteeth on 1g increased systematically with decreasing qefr.

4. Summary of MHD-related works in JT-60U

1) sawteeth and m/n=1/1 mode
A scaling of 1ipy, parameter dependence of Tgw.and Temsh was reported.  {8,9] [Sec.8.5,1.17]

Monster sawteeth (Tgw~2s) were studied by ICRH experiment. [Sec.6.1, 6.2]
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Behavior of fishbone activity was given. : [12]
2) medium m/n modes

Systematic works of minor and major disruptions were reportéd. [13] [Secs.7.1-7.13, 8.1}

Disruptive regions were categorized on the g-1j plane. [8,9,13] [Sec.8.1]

High-1; and low-]j disruptions were avoided by growing and dwindling ap,. [13] [Secs.7.1]

Locked modes and QSM at low n, were studied including error field effects. [Secs.7.1-7.3]

Effects of DCW coil excitation were given. (Secs.7.4, 7.5]
Pressure driven type medium m/n modes were studied. [Secs.2.5,8.2-8.4]
3) ELMs

ELM frequency and ne (or W)-threshold for ELM-on condition were related to the ballooning
[9] [Secs.1.4, 1.11]

parameter.
4) B-limit; (BN=3.5, ﬁp:S; H-factor=2; ELMy H-mode} [Sec.2.6]
The B-limit was increased by broad p(r) and peaked j{r) (increase in ). [Secs.2.2, 2.6]
Confinement was limited by pressure driven medium m/n modes. [Sec.8.2]
5) high-Bp mode; (Bp=3, gBp<0.7, bootstrap fraction (~58%)) [11] [Secs.2-1,2-2]
Achievable Bp was limited by the Bp-collapsc under peaked p(r) with broad j(r) , (11]
which is caused by kink-balloon type medium m/n modes [Secs. 2.5, 8.3, 8.4]
Sawtooth-free target is required. {11} [Sec.2-1, 2-2]
An MHD design for optimized high B, reactors was calculated, [14]

6) L-mode and H-mode
A systematic study of I; and sawteeth effects on T was given (L-mode), [8] [Sec.1.9, 1.10]

and the study was expanded to H-mode including ELM effects. [9], [Sec.1.11]
Effects of sawteeth on Te-profiles was reported. [Sec.1.17}
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8.2 Magnetic Fluctuation in High Troyon Factor Discharges

Y. Neyatani, Y.Kamada, $.Ishida and T.Ozeki

1.Introduction

In high performance plasmas, parameters such as stored energy, beta, neutron yields, are
limited by MHD phenomena in several operational regimes. Hence, identifying MHD modes is
important to improve plasma parameters and to extend operational regions. In this paper, the
characteristics of two types magnetic fluctuations which restrict the stored energy in high
Troyon factor discharges are described. One is the continuous mode in the range of 4<qef<6
and the other is a precursor to the neutron yield collapse observed in the maximum Troyon

factor discharge (gefr=7.8).

2.Characteristics of Magnetic Fluctuations

The operational region with high Troyon factor (g=Br(%)a(m)BT(T)/Ip(MA}) is shown in
Fig.1. The internal inductance measured just before additional heating is 1.3 to 1.6, higher than
high Bp discharges, and the toroidal magnetic field is 1.5 Tesla. The range of plasma current is

0.6to 0.9 MA [1]. Figure 1 shows the data at the start of n=1 or n=2 modes. When 4<qeff<6, a
large amplitude m/n=2/1 mode (~20 gauss on the outside midplane) restricts the stored energy
(Fig.2). The mode rotational frequency increases from 0 to 3 kHz. The location of the rational
surface was determined to be r/a~0.66 by soft X-ray signals (Fig.3(a)). The central ion
temperature continuously decreases to one half of its maximum during the 2/1 mode, while Tj at
1/a>0.6 does not change so much. After t=6.14 sec, the mode rational surface moves inward to
A:n=1{highg) ©:n=1 (high Bp )
Fine2(ishg) x:n-2 (high Pe ) Fig qeffvs. Ii {target) diagram at the
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1/a~0.5 (Fig.3(b)), while the central ion temperature decreases more rapidly. The 2/1 mode has
poloidal asymmetry, suggesting it may be associated with a pressure driven mode. Its growth
time is of the order of 1 ms, which is ~10%14 (ta is Alfven time) [2]. Since the growth time of
the ideal kink-ballooning mode is 10-1~10-374, the observed mode is probably not of this type.
After the 2/1 mode locks at t=6.3sec, the Tj profile becomes more flat at r/a<0.5 (closed circles
in Fig.4). After the stored energy drops with an Hot burst at t~6.5sec, Tj at middle r/a decreases
and changes the profile as shown by 6.7s curve in Fig.4. The stored energy increases again
since additional heating still continues and an other type of n=1 and n=2 mode becomes
unstable (Fig.2). The mode rational surfaces of these mode cannot be identified because of the
low amplitude SX signal from the low Teedge. The n=1 mode is more symmetric suggesting it
may not be attributed to a pressure driven mode.
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stored energy and min=41/1 mode restricts the neutron emission rate.

In the hot ion H-mode with the maximum g, a kind of beta collapse is observed (Fig.5).
The discharge parameters are Ip=0.6 MA, BT=1.5 Tesla, qefr=7.8 with 18MW of NBI heating.
In this discharge, the stored energy starts to drop as an n=1 locked mode grows to ~10 gauss
over an interval of 40ms. After that, a rotating m/n=4/1 mode glows to a maximum amplitude of

10 gauss at a frequency of 8 kiHz. The neutron emission rate drops even as Ti(0) is increasing,

Figure 6 shows the radial distribution of SX emission. As the 4/1 mode grows, the edge
temperature decreases at first, and then, a reduction of central temperature was observed. The
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mode rational surface exists at r/a~0.7. This mode also has strong poloidal asymmetry,
suggesting a pressure driven mode. The growth time is three order magnitude larger than 14, so
the ideal kink-ballooning mode is not associated with this mode.

The ion temperature gradient at the 2/1
rational surface is ~20KeV/m, which is twice
as large as that at the 4/1 surface. Although
the density profile is unknown, the pressure

gradient at the 2/1 surface is certainly larger
than at the 4/1 surface. However, the
normalized pressure gradient parameter o
defined by -(21oRq2/B2)(dp/dr), which is
related to ballooning stability, has a g
- dependence so that, it is not inconsistent that 0.0
both modes may be attributed to the resistive

ballooning mode. channel

Fig.6 Spatial distribution of the 5X signals before
(1=5.595s) and after (1=5.6053.610s) the m/n=4/]
3.Summary mode unstable in maximum g discharge.

In high Troyon factor discharges with low BT (1.5 Tesla) and high li (1.3<litarger<1.6),
magnetic fluctuations were observed near the maxima in stored energy and neutron yield. A
pressure driven type m/n=2/1 mode restricts the stored energy in the range of 4<gefi<6. In the
high q region (qesr=7.8) with maximum g in a hot ion H-mode, a pressure driven 4/1 mode (not
ideal mode) restricts the neutron emission rate. Neither mode is considered to be ideal because
of the large growth time. The most likely candidate for these modes is the resistive ballooning

mode.
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8.3 MHD Stability Analyses for 3, Collapse
T. Ozeki, M. Azumi, and S. Ishida

1. Introduction

In high 8, experiments of JT-60U, 3, collapses were observed [1] same as in JT-60.
The results of the stability analysis using the equilibria of JT-60 high £, experiments
show that the value of 8, observed[2] in the 3, collapse is consistent with the criti-
cal B, of the n=1 kink mode, where the stability boundary is reduced by the hollow
g—profile[3]. In JT-60U, however, the g—profile seems to be rather flat than hollow
because the temperature of the heated plasma is about two times higher than that
of JT-60 so that the current decay time is longer. Therefore, we re-analyze the ideal
MHD stability of high B, plasmas in JT-60U assuming the flat g-profile and discuss the
stabilization. The plausible candidates for the 3, collapse of JT-80U high 5, plasmas

are the ideal ballooning, kink and infernal modes.

2. Ballooning and Low-nn Mode Stability Analyses

Our procedure is to reconstruct the MHD equilibrium of the experimental dis-
charge from the experimentally measured data using the assumption of g-profile and
then analyze them for the stabilities. We choose the typical high 5, discharge of £15014
in which the S, collapse occurred at §,=1.44. The equilibrium is made by the MEU-
DAS code from the geometric date and two profiles parameter of < J, > and dp/di.
Here, we assume the up-down symmetry because of the restriction of the stability code.
The high 8, discharges were carried out in a highly elongated configuration shifted
inward. The pressure profile is estimated from the ion temperature of CXRS, the
electron temperature of ECE and the ion density. The ion density 1s estimated as
n; = nip|0.83(1— p?)%1% +0.17] from a kinetic analysis of line-density, neutron rate and

stored energy. To determine the pressure profile, we employ the following function.

dP (1)

where ¢ = (¥ — Yazi)/(¥sun — Yazi) is the normalized poloidal flux to 0 < ¥ < 1. In
the typical high 8, plasma of E15014, a, of 5.0 well expresses the measured pressure
profile.

Since the ¢ profile is not measured directly in JT-60U, we assume the flat g-profile

and adjust to the estimated ¢; and ¢,. Here, we employ the following function which
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well expresses the flat profile with the high value of ¢;.
< Iy B sa { (1- P HL+ aseap (-2, (2)
4

In the following calculation, we use a3 of 2.5 az of 5.0, a3 of -0.05 and a4 of 0.01,
corresponding to E15014 with £,=1.5 and gp=1.2. The resultant ¢ and P profiles are
shown in Fig. 1. The generated equilibria are checked for the ideal infinite-n ballooning
code by the BETA code[4] and for the kink and infernal modes by the ERATO-J code[5].

The results of the analyses of the infinite-n ballooning mode and low-n modes are
shown in Fig. 2 and Fig. 3, respectively. As shown in Fig. 2, the ballooning mode is
locally unstable at the region of the large pressure gradient in the plasma with gg=1.2.
Since gy was not measured, we investigate the dependence of go using the o—scaling
techniques. In this scaling, ¢ scales approximately ¢/c and the 8, and the shear is almost
remained fixed. When ¢, rises above 1.3, the ballooning mode becomes stabilized in
whole plasma region. Figure 3 shows the growth rate of the low n kink modes with
various toroidal mode numbers as a function of ¢g. Almost region from go=1.0 to 2.0
is unstable for low-n modes. The number of the most unstable mode is changed by
gs. These modes are called the infernal mode, in which the displacement is spatially
localized in the resonance surface. In the measured fluctuation from ECE and FIR,
the dominant mode is m/n = 3/2 or 4/3 on the collapse[1]. Thus, the most plausible

candidate for the 3, collapse is the infernal mode due to the large pressure gradient on

the low shear region.

1.0 2.0
] Iy |
o
o® | 8 £5F
o. R < ;
+46 ©
0.5 - S 1.0
I 4 "'>-'<l ------- \\
— SIS 05+
- 2 i .
0 : 0 |
0 0.5 1.0 0 0.5 1.0
r/d r/a
Fig. 2 Marginal pressure gradient ( bro-
Fig. 1 Estimated P and q profiles of the ken line ) and pressure gradient
typical high 8, discharge with the of the equilibrium ( solid line }
collapse of E15014. as a function of the minor radius

for the plasma in Fig. 1.
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3. Stabilization of the Infernal Mode

Because the infernal mode is induced as a result of the large pressure gradient in the
low shear region, we try to decrease the pressure gradient and increase the shear fixing
the other parameter, artificially. Here, we focused on the plasma with go=1.4 which
is unstable for m/n = 3/2. First we investigate the effect of the pressure gradient.
Figure 5 plofs the growth rate as a function of n, treating n as a continuous real
variable. Fig. 5(a) shows the nature of the infernal mode which has the alternating
stable and unstable band in n. As the pressure gradient decreases from a,=5 to a,=3,
as shown in Fig. 4, the growth rate of the infernal mode decreased and stabilized in

Fig. 5.(c). The ballooning mode is also stable in all plasma of Fig. 5.

Next, to stabilize the infernal mode, we try to increase the shear near the plasma
center fixing the values of go and ¢,, as shown in Fig. 6. As the shear increases, the
ballooning mode becomes unstable in the plasma with go < 2 due to the decrease of the
local shear. The oscillatory nature of the growth rate due to the infernal mode becomes
weak, but the value of the growth rate increases and the mode structure is changed
from the infernal mode to the kink-ballooning mode where various poloidal modes are
induced and the displacement is broad in its radial extent. This is because the decrease
of the shear in the outer region ( /a > 0.5 ). Consequently, the increase of the shear

near the plasma axis destabilizes both the ballooning mode and the infernal mode.

x10 ? (a}
4. Conclusion , 10F =l
S
The most plausible candidate of the 3, 5L \m=|

collapse in JT-60U is the infernal mode. The ne2
decrease of the pressure gradient can easily 0 r L
stabilize both the ballooning mode and the §|63 (b) n=2
infernal mode. But, the increase of the shear ¥ 5 [M~ 2
near the plasma center destabilizes both of 3

. . /\ 4
the ballooning and kink modes, because the 9 " : : : e

a c ]

shear near the plasma surface decreases. In ;:O h=3
this study the scanning of ¢ arc carried out ¥ 9 ffm=3
fixing go. If go decreases fixing g,, the shear /\4 5
increases in the whole region of the plasma OI.O |_12 I.T I_16 {.18 50
and the low-n mode may be stabilized when a,
go > 1. Thus, the further investigation is Fig. 3 Growthrate of the infernal modes
necessary for the optimization of ¢g-profile. with various toroidal mode num-

bers ({ =1,2,3 ) as a function of qo.
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8.4 Magnetic Fluctuation in High Bp Plasma
Y. Neyatani, S. Ishida, Y.Kamada and T.Ozeki

1. Introduction

With increasing plasma performance, many kinds of instabilities have been observed to
restrict the plasma parameters. In the high poloidal beta region, ballooning type instabilities
have restricted the poloidal beta in the form of a rapid Pp collapse at relatively low plasma
~ currents (up to 1MA) in some tokamaks [1,2,3]. In this paper, the characteristics of fluctuations
in high poloidal beta discharges with larger plasma currents (1.1MA <Jp<1.9MA) are reviewed

2. Characteristics of Magnetic Fluctuations

The high beta experiments were
performed in the range of relatively large [ ;
plasma current (1.1 to 1.9 MA) at Br=4.4T. 2.50 _ B collpse Bp collapse with n=2
The internal inductance (li) was kept low 200 :
(li<1.2) to avoid of sawteeth. The magnetic . g_g: ?aii'{?é’ﬁe
fluctuations can be separated into three = by =2
groups in the space of Pp and qeg Figure 1 .00 -

shows the range of the fluctuation in Qefr-Bp .50

3.00 T T )

C n=1 mode

Ty

® n=2 mode '5

diagram. The open and close circles show the 0.00 Fso
data of n=1 and n=2 modes start. In high q 4 qett
(Qefr>7) region, a rapid Bp collapse (~100us)
was observed. An n=2 mode appeared at
several tens milli seconds before the Pp

Figl qegv.s. fp diagram at the siart of n=1 or n=2 modes
in high fp discharges in JT-60U.

collapse. At
lower qeff (6<qeff<7), no n=2 mode was observed, but a rapid Bp collapse still occurred. The

poloidal beta just before the Bp collapse decreased with decreasing gefr. With Qefr<6, no Bp
collapse was observed. In this region, the n=2 mode may be limiting the central ion
temperature (Ti(0)). After T;(0) decayed, the DD neutron yield and stored energy saturated.

In the high q region, three types of modes were observed around the Bp collapse (Fig.2).

First, an n=2 mode is seen before the beta collapse and disappears after the Bp collapse. This
mode has a small amplitude of 0.3 Gauss on the outer midplane and a high frequency of 21
kHz. The same frequency is observed in the electron temperature fluctuation measured at
1/a~0.5 by the polychromator (Fig.3). The growth time of this mode is typically of the order of
10ms. The fluctuation amplitudes at the inner and outer midplane are almost the same in spite of
more than 2 times different distance from r/a=0.5 surface (Fig.4). It implies a strong in-out
asymmetry. Hence, the n=2 mode is consistent with a pressure driven resistive instability, as is
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also concluded for DII-D [2]. Just before the Bp collapse (~100 ps), a second type of mode
grows with the short growth time of the order of 10 ps. The ideal low n kink-ballooning mode
can be unstable in this region [4] and is the most likely candidate for explaining this activity.
After the Bp collapse, a large amplitude m/n=2/1 mode (18 gauss on the inner midplane) grows.
The mode rational surface changes to 1/a~0.2 (q=2 surface), which supposed by a current and
pressure profile before Bp collapse (Fig.3). The toroidal velocity corresponding to the mode
frequency of 3 to 4 kHz has the same value and time dependence as the ion toroidal rotational
velocity at 1/2~0.2 (Fig.5). Since the amplitude has no in-out asymmetry, and the Te fluctuation
at 1/a~0.35 is out of phase with that at r/a~0.2, this mode could be caused by a tearing

PNBI (MW)

instability. ,
. _ Ip=1.45MA, qeff=6.9
. = = . . 4 . - 6 £Q16382 ve S , 25,
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oL 2.5
x~ S~
o= L8
s s 2
L L LI
>
= ‘ )
3 .8
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Fig.6 Waveform for the high Bp discharge with
Ip=145MA , qefr =69.
_ )
. E=
In the range of 6<qeff<7, no n=2 mode =g
S~
was observed before the Bp collapse. The fp 2

collapse still occurred due to an ideal
ballooning type mode (Fig.6). After the fBp
collapse, the same mode as described above
appeared. This mode continued until the neutral

beams were turned off.
* For qeff<6, no Pp collapse was observed. Fig.5s Time evolution of the mode frequency and the

; L ) liapse.
T;(0) decreased after the n=2 mode grew. After toroidal velocity at ria~0.2 after fp collapse
that, the DD neutron yield and poloidal beta saturated (Fig.7). Hence, the n=2 mode may limit
the poloidal beta in this region. This mode also has strong in-out asymmetries, so it may arise

from a pressure driven type instability.
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Figure 8 shows the ion temperature gradient (dTi/dr) at the mode rational surface versus geff
for the n=2 mode. The n=2 mode would appear to be unstable when dTi/dr exceeds a
threshold. The data of density profile was not obtained, however, it may be one of the evidence

that the n=2 mode attributes pressure gradient.

3. Summary
Various kinds of instabilities have been observed in JT60U discharges at high Bp. In the

qQeff>6 region, the poloidal beta is limited by a Bp collapse associated with the ideal low n kink-
ballooning mode. When qeff<6, an n=2 pressure driven resistive mode, correlated with Bp
saturation, decreases T;j(0) which limits the DD neutron and the Bp . In this region, the heating

power would not be enough to reach the ideal ballooning limit.
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8.5 Characteristics of Sawteeth

Y.Kamada

1. Introduction

The sawtooth activity releases energy and particles from the plasma center and, then,
limits the fusion reaction rate. However this activity may be useful for the helium ash exhaust
from the center. Therefore the purpose of the sawtooth study is to clarify the sawtooth
characteristics for a precise control (not suppression) of this activity in the fusion plasma core.
This section gives the basic database for the study on 'sawtooth effects on confinement (Secs.
1.9 -1.11)' and for the achievement of high performance in H-mode (Secs.1.3,1.4) and in high-
Bp mode (Secs.2.1, 2.2). The summary of the sawtooth study was also reported in refs.[1,2].

2. Sawtoothing and Sawtooth-free Regions on the qes-1; Plane
As presented in Sec.8.1, discharges can be clearly categorized by qeff and ¥ in the low B

region (note qgs~0.8qegr in JT-60U). In Fig.1, the characteristic MHD regions are categornized
where open and closed circles correspond to sawtoothing discharges and sawtooth free
discharges, respectively. The dotted line indicates the boundary of 1; below which sawtooth-free
discharges appear. In the sawtoothing region, we can observe the boundary of I; corresponding
to the quasi stationary state given by the dashed line. In usual experimental conditions except
active current drive experiments, if Ipis kept constant stably, the value of |; increases
asymptotically toward this boundary and does not increase beyond this line (see Fig.2). In JT-
60U, the boundaries of quasi-stationary state (dashed line) and disappearance of sawtooth

(do'tted line) are empirically given by

1;=1.4+0.005qefs-0.9exp(-0.6(qefs-1.5)] (1
and

1;=1.22+0.006qes¢- 1.0exp[-0.6(qegr-1.5)], 2

= high I, disruption e sawtooth-free

o sawtoothing g low ! locked

2_'"T'-"'.'-"T"‘\"‘ll"'_

r 1-5MA,1.7-4T,45-90m", 1

£z0.2-0,3,x=1.4-1.8, ]

8=0-0.2, Bp<1 ;

1.5 0] o

Fig.l: Discharge regions characterized by
MHD aclivities on the qeff-li plane for

Bp<i deuterium discharges. Dashed and
dotted curves correspond 10 rthe quasi- 6.5 PR SN SN S
stationary current distribution and the :

sawiooth boundary, respectively. 10 12 14
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respectively. In the experiments of high-f, mode, the necessary condition to achieve the high
fusion product is to avoid the sawtooth activity from the target OH plasma before NB injection,
for which the l-value of the target plasma should be lower than the l;-boundary given by eq.(2).

3, Sawtooth Inversion Radius

This section treats sawtooth inversion radius ripy and mixing radius rpjx. We do not treat
the compound type sawteeth [3] or non reconnecting type sawteeth [4]. To express the sawtooth
inversion radius, we use (fjv/a)sx evaluated by the line-integrated soft X ray emission (5X)
profites measured with a 64 channel PIN diode array with the typical spatial resolution of 3cm
and the time resolution of 40us. Since the SX signal is line integrated, (rinv/@)sx is smaller than
the real inversion radius. Based on a calculation to estimate the effect of line integration,
(rinv/a)sx 15 about 80% of the real inversion radius for usual L-mode discharges. The more
detailed discussion about the effect of line integration on the evaluation of rijyy is given in
ref.[5]. In turn, the value of ryix determined by the line integrated SX signal is almost the same
as the real mixing radius.

Figure 2 shows time evolution of 1; and (rjpv/a)sx during the flat top of I, for a OH plasma
at qesr=5.1. Internal inductance |; increases asymptotically toward the final value of 1.35 which
comresponds to the }j value in the quasi stationary state given by the dashed line in Fig.1. The
sawtooth activity starts from t=5.9s when the value of ]; exceeds the threshold value given by
the dotted line in Fig.1, then (rjnv/a)sx also increases asymptotically toward the final value of
0.23 which is on the dotted line shown later in Fig.3. From these traces, it can be expected that
(rinv/a)sx is correlated with 1; (see Fig.5). In Fig.2, rapid change in (rinv/a)sx 18 observed in the
very transient phase just after the start of sawteeth (between two dashed lines) when k is just
around the threshold value for appearance of sawteeth. In t his portion, change in (rinv/a)sx
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: : I
1.2 £ I ]
= E 0.3 . B
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& 2 L ’ ‘d .
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Fig2: Time evolution of I; and (ripyla)sy during Fig.3: Normalized inversion radius (ripyia)sx vs.i.’qeff
the flat top of plasma current at Gefp=3.1. Jor Ip=1-SMA, Bi=174T, fp<l and By<!.5. The

dotied line indicates (’inv"ﬂ)sx‘—‘fi"qeff-
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Sor fixed qgﬁvalges. eq.(5).

cannot be expressed by change in I;. We do not treat the data in this very transient phase in the
following discussions. Concerning the 1;-boundary for the appearance of sawteeth, the scatter of
1; values for a given qeff is about Alj~0.1 in our data set. These results mean the limit of
applicability of the internal inductance as the measure of the central current density profile.
Figure 3 shows (rinv/a)sx versus 1/qerr which covers wide ranges of plasma parameters: Ip=1-
5MA, Bi=1.7-4T, By<1 and Bn<1.5. The maximum value of (rinv/a)sx is almost proportional to
1/qefr as given by the dotted line. This proportionality has been reported from many tokamaks
[5-7]. Here, the important observation is that the dotted line almost corresponds to the dashed
line in Fig.1, which means that (tjnv/a)sx is proportional to 1/qesr in the steady state. This clear
proportionality of maximum (rinv/a)sx 10 1/qefr suggests that there exists a strong restriction of
current density distribution in the tokamak system. In the low q region where the sawtooth
mixing region is large, sawtooth activity itself may be the reason of this restriction. In Fig.3,
there are many data points below the dotted line. These sawteeth correspond to data where the
current profile has not been fully penetrated as shown in Fig.2. In Fig.4, (rjpv/a)sx and
(rmix/a)sx is plotted against §j for fixed qefs-values. It is observed that (tiny/a)sx and (rmix/a)sx
increase with increasing lj for a given qefr. It should be noticed that the saturated rpyix reaches
about half the minor radius at qer=4 (1/qc1=0.24-0.20).

To describe 1j5./a, we made an empirical scaling based on the above results, which
consists of 2 term proportional to 1/qer, an additional term for the li-dependence and a
correction coefficient for the effect of line integration as given by

(finv/2)sc= (Tinv/a)5x/0.8=3.5(1/qcrr)(1,0-6-0.5-0.18(qerr-2)13), (3)
The results of the fit to the data in Fig.4 is plotted in Fig.5. Equation (3) satisfies that
(Tinv/2)5x/0.8 is almost proportional to 1/qgrrin the steady state given by eq.(1). Equation (3)
also expresses that ripy/a becomes zero at a certain positive value of 1;. However, from eq.(3),

the value of I; at (riny/a)s.=0 does not satisfy eq.(2). This is because (rigv/a)sx decreases rapidly
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with decreasing 1; around the li-boundary for the appearance of sawteeth ( between two dashed
lines in Fig.2) and (rj5v/2)sx cannot be expressed by li. The scatter of data in Fig.5 may be
caused by that the |; value does not completely reflect the information of the inner current
density profile. From the above results, in the quasi steady state,

(Tinv/2)=(rinv/a)sx/0.8=1.5/qerr  (=1.2/q95) 4)
This result is also supported by the ECE measurements (Sec.1.17)

4. Sawtooth Period
Figure 6 shows the observed sawtooth period Ty against Wgia/MVp which is nearly

proportional to the volume averaged electron temperature <Te> for the data with Ip=2-3MA,
Bt=3.5-4T, Vp=70-76m3 and Zegr=2-3. The line averaged electron density 7. is measured by a
FIR interferometer having a line of sight slightly off axis (~1/3a ). The different symbols
correspond to different gefr. The dependence of the sawtooth period increases with (Wgia/fle Vp)
and seems to be Tgy~(Waia/Me V)32 (solid line). This dependence is almost the same as that
obtained in ref.[8] and as predicted theoretically [9] which suggests that the sawtooth period is

explained by the resistive diffusion time of the current profile.

0.5 t ——r— T T
[ O Qett~6 .
F e dett~4 ]
g.4r ]
A gett=3.3 ond 3

Fig.b: Ty and WMI)Te(1019m3)V (7 ) for
Gefr~33, 4 and 6. (Ip=2-3MA, B1=3.5-4T,
V=70-76m7 and Zgg=2-3 ). WiV, is nearly
proporiional to <Te>.

0 0.004 0.008 0.012 0.016
W/{HeVp) (MJAD T2 )
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9. Diagnostics
9.1 Absolute Sensitivity Calibration of VUV Spectrometers
T. Sugie, H. Kubo, 8. Numazawa and A. Sakasai

Spectroscopic measurements of divertor plasmas are useful to make clear the
characteristics and the mechanism of the remote radiative cooling. We have a grazing
incidence and a normal incidence spectrometer looking at the divertor region [1]). Here, we
describe the method and the results of the absolute sensitivity-calibrations of these

spectrometers.

1. Grazing Incidence Spectrometer

We have measured spectral lines radiated from the divertor plasmas with a module-type
flat- field grazing incidence spectrometer [2] in the wavelength range 300 A0 1250 A. The
spectral lines are dispersed with a holographic grating (300 1 /mm ) and measured with a
multichannel detector.

The absolute sensitivity of the spectrometer had been calibrated with a storage ring [3].
After that, the detector was broken before the measurements of divertor plasmas. We
exchanged the detector for a same type one and assumed that the relative sensitivity did not
change after the exchange. The absolute value was determined by the branching ratio method
at two wavelength points with a calibrated visible spectrometer looking at the same area [1]
as the grazing incidence spectrometer. We measured two line pairs of CIII (574 A and 5696
A) and DI (1025 A and 6561 A).

The calibration result is shown in Fig. 1. The reciprocals (photon flux / detector response)
of the sensitivity are plotted as a function of wavelength. Here, the relative values shown by
the doted line were converted into the absolute ones using the result of the branching ratio
method at 574 A and 1025 A.

2. Normal Incidence Spectrometer

We have also measured spectral lines radiated from the divertor plasmas with a2 module-
type normal incidence spectrometer in the wavelength range 970 A to 1560 A.

We calibrated the absolute sensitivity of this spectrometer with an argon mini-arc light
source [4] which spectral radiance was calibrated in the wavelength range 1235 At03335A
by National Institute of Standards and Technology in US. Figure 2 shows an experimental
arrangement for the sensitivity calibration. The argon mini-arc was connected with a vacuum
vessel at position 1. The light radiated from the arc emerged through a MgF2 window, and
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was focused on the entrance slit of the spectrometer with a concave mirror (mirror 1: f = 400
mm, Al coated with MgF3). The distances between the arc and the mirror 1, and the mirror 1
and the entrance slit were 600 mm and 1200 mm, respectively. Since the spectral radiance of
the arc had been calibrated in a central region ( ~ 0.3 mm ¢ ) of the arc chamber, we limited
the viewing area to 0.05 mm by 0.3 mm in the central region of the arc by setting the width
and the height of the entrance slit at 0.1 mm and 0.6 mm. Moreover, we attached a 6.3 mm-
diameter aperture to the mirror 1 so that the influence of astigmatism was less than 0.1 mm at
the arc chamber.

The intensity I(A) of the light incident to the spectrometer through the entrance slit is

I(A)=R(A) LA - A-Q, (1)
where R(Q) is the reflectivity of mirror 1, L(X) is the spectral radiance of the arc with the
MgF, window, A is the viewing area of the light source and € is the solid angle determined
by the aperture. The signal voltage V(A) of a channel corresponding to a wavelength Ais
written by the sensitivity K(A), the wavelength width AA of the detector channel and I(A) as
follows.

V(&) =K®A) - I(A) - AL ' ' 2)

Next, we moved the arc from position 1 to 2 and mounted another mirror (mirror 2: plane
mirror, Al coated with MgF7) as shown in Fig. 2. We got the reflectivity of the mirror 2,
comparing the signals with those of the previous arrangement. Here, we assumed the
reflectivity R(A) of the mirror 1 was same as that of the mirror 2.

From the equation (2), we derived the sensitivity K(A) in the wavelength range 1235 At
1550 A. In consideration of the viewing area, the solid angle and other condition of the
spectrometer installed in JT-60U, we finally derived the sensitivity. Figure 3 shows the
reciprocals (photon flux / detector response) of the sensitivity as a function of wavelength. In
the wavelength range shorter than 1235 A, we estimated the sensitivity by comparing the
signals with those of the calibrated grazing incidence spectrometer mentioned in the previous

section.
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9.2 First Operation Result of CO; Laser Interferometer
Y. Kawano, T. Hatae, A. Nagashima, T. Fukuda and T. Matoba

1. Introduction
A CO,, laser interferometer has been developed on the JT-60U tokamak. This section

describes an outline of the interferometer and the first operation result obtained from August to
October 1992.

The main purpose of the interferometer is t0 measure line electron density at the center of
JT-60U. Since the CO7 laser ( A = 10.6 um ) has a short wavelength compared with the
CH3OH laser (A = 119 um ) of the present interferometer system, the CO laser interferometer

improves operation limits such as the beam refraction due to a graded density profile in

a tokamak plasma.
The interferometer is useful for the high beta poloidal (Bp) experiment on JT-60U since

it is able to observe just the plasma center region where is interested in.  Also it is expected to
be useful for the pellet injected plasma which has a large density gradient.

2. Outline of Interferometer

The CO» laser interferometer has three major features summarized as follows [1]:

(1) From a viewpoint of advantages of a long path length in a plasma and a setting
of a reflection mirror at the outside of the vacuum vessel, a toroidally tangential line of sight
was selected for the plasma center measurement. Figure 1 shows a CO; laser path in the
vacuum vessel. The laser beam is launched into the vacuum vessel through a ZnSe window at
an equatorial port and it is reflected by a comner cube reflector ( CCR ) set at an another
port. Figure 1 (b) shows cross sectional view in the case of a high Bp plasma configuration on
JT-60U. The laser beam is passing through the vicinity of the magnetic axis of the plasma.

(2) An IR-HeNe laser (A =3.39 um ) interferometer is introduced to compensate the
mechanical mirror vibration. In comparison with the visible HeNe laser ( A =0.633 pm), the
IR-HeNe laser is expected to have a better transmission coefficient of a damaged surface of the
vacuum window and a measurable vibration speed of mirrors. Figure 2 shows a schematic
layout of optics on a vibration isolation bench ( 3 m x 1.5 m size ). The CO; laser
interferometer and the IR-HeNe laser interferometer are arranged so that both laser beams are
coaxially propagated to the plasma.

(3) Beams of the CO», the IR-HeNe and the visible HeNe lasers propagate one way path
length of about 50 m in a similar Gaussian form using a same relay optics( See Fig.3. Note
there are two telescopes ). Though each laser beam has each propagation mode due to
a different beam divergence and diameter at the origin, this similar form propagation is simply

achieved by the mode matching technique in a common path [1].
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3. Opération Results
A typical interferometer data for the NB heated plasma is shown in Fig.4. Figure 4 (a)

and (b) are fringe shift data of the CO7 and the IR-HeNe laser interferometers, respectively.
Vibrations with a frequency of about 10 Hz and an amplitude of 0.05 mm ~ 0.1 mm are
observed in both fringe data. This is caused by the motion of mirrors near the vacuum vessel.
The drift like change of fringe data seen in Fig.4 (a) and (b) is supposed to be caused by
a mechanical displacement of mirror mount structures due to poloidal magnetic fields.

Figure 4 (c) shows the line integrated electron density for one way path length of 6 m in
the plasma, which is calculated from Fig.4 (a) and (b), where the fringe shift due to the mirror
motion is compensated. A peak value is about 2 X 1020 m-2 at t = 6.5 sec, which corresponds
to two fringes of the CO; laser interferometer. An oscillation with a frequency of about
200 Hz and an amplitude of 2 ~ 3 x 1019 m-2 is superimposed on the density trace. In this
case, a density resolution is determined by the amplitude mentioned above and it is about ten
times larger than the ideal value of 3.1 x 1018 m-2{1]. An origin of this oscillation is not clear
yet, but there are some candidates such as an electrical induced noise from a power supply of
the CO, laser and a fluctuation of frequencies of the CO7 laser and/or IR-HeNe laser.

One of the data obtained in the high Bp experiment ( SN16040, I, = 1.9MA,B(=4.0T,
Wia = 6.1 MJ and Sp, = 2.6 X 1016 neutron/sec at t = 5.44 sec ) is shown in Fig.5. Because
the tuning of the whole interferometer system was not finished yet at the time of this experiment
in August, the obtained line density data has large fluctuations and it is not obtained before
t = 2.5 sec ( a change of a line density before and after the NB injection can be known ).
The bottom column of Fig.5 (a) is the line density by the CH3OH laser interferometer at the
vertical U1 chord ( see Fig.1 (b} ). An electron density profile of the high Bp plasma is
evaluated as shown in Fig.5 (b) by using of two interferometer data. Here the electron density
profile is assumed to have a parabolic function such as ne(r) = ne(0) [1-(r/a)2}M + ne(a).
And a line electron density at an ohmic heating phase in the CO; laser interferometer is
estimated by data of the CH30H laser interferometer. Though the error is large, the center
electron density ; ne(0) is about 5.5 x 1019 m-3 seen in Fig. 5 (b).

4. Discussion and Summary
A CO»5 laser interferometer on the JT-60U tokamak was successfully developed . A line
electron density at a center of a high Bp plasma on JT-60U was measured for the first time and

the electron density profile was evaluated. On the other hand, several problems are remained.

Two of them are discussed in following:
(1) In the case of high plasma current experiments ( Iy > 2 MA ), the displacement of
mirror mount structures become large, a fringe counting error is often occurred because the

laser beam axis is out of an initial alignment. To eliminate this problem, the material of mount
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structures was replaced from stainless steel to fiber-reinforced plastics (FRP). The FRP has
a low electric conductivity and little of the eddy current, it is hard to be affected by any magnetic
field . The new structures will be used from February in 1993.

(2) At the operation of the interferometer, a difference of the path length between
a probing laser beam and a reference laser beam was about 100 m in this period. In such
a large difference, a fluctuation and a drift of the laser frequency makes certain fringe shifts
which can not be eliminated. An optical delay line is conventionally used in order to solve this
problem. It isinserted into the reference laser path so as to match both path lengths, and no
frequency fluctuation can generate the fringe data error. A delay line for the COp laser
interferometer is planned to be installed in 1993.
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9.3 Motional Stark Effect Polarimeter
H. Kubo, T. Fujita, N. Isei, T. Sugie, S. Numazawa, and H. Takeuchi

1. Introduction
The motional electric field E = Vpeam X B, where Vpeam is the velocity of the

neutral beam and B is the tokamak magnetic field, produces a sirong Stark effect in
spectral lines emitted by hydrogenic neutral beams. The pitch angle of the magnetic field
is deduced from a measurement of the polarization direction of the Stark components. [1 -
2]. A motional Stark effect polarimeter in JT-60U is discussed in this paper.
2. Apparatus _

Schematic layout of the polarimeter on JT-60U is shown in Fig. 1. The
polarimeter viewed one of the deuterium neutral beams that was used for heating the
plasma. The neutral beam was named #4 beam and it was almost on the cross section
where the polarimeter was located. The beam energy was generally 90 keV in 1992. The
beam width was about 40 cm. The polarimeter was installed just outside of toroidal coils
in order to reduce the Faraday rotation effect which was induced by the magnetic field in
the optics. It was possible to change the sight line of the polarimeter by rotating a mirror.

The measurement technique was the same as in PBX [1]. A schematic diagram of
the system is shown in Fig. 2. Doppler-shifted Da lines emitted from the neutral beam
were transmitted through windows. The polarimeter observed the light reflected with Al
+ SiO? mirrors. The first lens of the polarimeter was 5 cm diameter. The light was
transmitted through two photoelastic modulators (PEM) with the frequencies of 42 and
47 kHz, which acted as waveplates with retardation oscillating between approximately -
A/2 and +A/2, where A was the wavelength. The light was focused through a polarizing
beamn splitter onto 20 optical fibers. The core of a fiber was 0.2 mm diameter and the
fibers was 1.5 mm diameter as a whole. The image size in the plasma was about 9 cm.
The numerical aperture of the fiber was 0.20. The fiber-optic bundie was about 250 m in
length. The optic material of the windows , polarimeter, and optical fiber was fused silica
to minimize the radiation darking. The ends of the fibers were arrayed on the entrance slit
of 2 0.25-m Czemy-Turner monochromator. The detector was a photomultiplier with the
quantum efficiency of ~ 5 % for Da line. The photomultiplier output was split into two
lock-in amplifiers for demodulation at the two reference frequencies from the PEMs. The
angle of the polarization was calculated from the lock-in amplifier outputs.
3. Results and Discussion

Fig. 3 shows a spectrum observed with a multichannel spectrometer in stead of
the monochromator shown in Fig. 1. The spectrum was obtained in a discharge with the
toroidal field of 4 T and the neutral beam energy of 90 keV. The sight line and the neutral
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beam crossed each other at R = 3.75 m. The sight line is indicated as a solid line in Fig.
1. Tt was expected that Da and C II lines were emitted from plasmas without the neutral
beam injection (Fig. 3 (a)). During the neutral beam injection, Da, emission from the
neutra) beam was observed as unresolved lines around the C II lines (Fig. 3 (b)). The
Stark pattern was expected to be complex as shown in Fig. 3 (c), because there were two
neutral beams and three ion sources for each beam. Fig. 3 (d) shows a spectrum expected
on the assumption that the wavelength resolution of the spectrometer was 2 A. Because
the Stark pattern was complex, it was difficult to identify the Stark components in detail.
Moreover, the signal was so small that the identification was difficult. Although the
identification of the spectrum is important to measure the polarization angle efficiently, it
is possible to measure the polarization angle without the detailed identification.
Comparison between the polarization angle measured experimentally and that calculated
with a magnetic equilibrium code [3] is shown in Fig. 4. In the calculation, q(0) was
assumed to be unity. The measured polarization angle agreed with the calculated angles
within ~ 3 °. The scattering of the data could be attributed to the statistical error in the
measurement. The experimental data were obtained with the averaging time longer than 1
s. Much larger signal is needed for current profile measurements.

The polarimeter was originally designed to measure the polarization angle with the
statistical uncertainty of ~ 0.2 © and the time resolution of ~ 50 ms. The measured signal
was 3 orders of magnitude smaller than the expected one. Coating on the window surface
was one of the reason for the discrepancy between the observation and the expectation.
Transmittance of the window decreased down to 13 % of the original transmittance after
the experimental campaign in 1992. The other reason was that setting of the
momochromator, detector, and lock-in amplifiers was not optimized. Further examination
and optimization of the system have been needed. Experience in the examination and the
optimization will come in useful for designing the next step system: a multichannel
polarimeter.
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9.4 Development of Fourier Transform

Spectrometer System

M. Sato, N. Isei and S. Ishida
1. Introduction
The electron temperature in tokamaks has been measured using the electron
cyclotron emission (ECE)[1,2]. The electron temperature from ECE in JT-60U plasma
has been measured by a Fourier transform spectrometer system (FTS)[3]. In order to
obtain the electron temperature with good accuracy, calibrations of sensitivity and
frequency are needed. An absolute sensitivity calibration is made every winter. A

relative sensitivity calibration is made normally bi-weekly.

2. Calibration of FTS
2.1 Sensitivity Calibration

The schematic diagram of absolute and relative calibration is shown in Fig.1.
For the absolute calibration of FTS, the bellows between the vacuum vessel and
window is removed and a mirror is located at the position of the bellows[3]. The
calibration source is Eccosorb used at liquid nitrogen temperature and at room
temperature. The absolute calibration may be made any time there is a break of vacuum
of the vessel. This timing is normally November and December in JT-60U. In order to
get sensitivity with good accuracy, relative calibrations in diagnostic room were made
more frequently.

The sensitivity was found to be reduced by about 35% in summer 1992. The time
history of the sensitivity at 220GHz is shown in Fig.2. Candidates for the cause of the
change are as follows: 1) Change of absorption of vapor in the waveguide. 2) Change
of the temperature of InSb element. 3) Change in transmission of the window. 4) A
looseness of InSb element.

Summers are very humid in Japan. According to our estimation, the decrease of
the sensitivity due to this change of humidity is about 7%. The 35% decrease of the
sensitivity is therefore not explained by absorption. The temperature of the 4K stage,
where the element is set, has been measured. The change of the temperature was about
0.1K, which does not explained the 35% decrease of the sensitivity either. The

_transmittance of the window, which was also used in JT-60 and was found to be
visibly opaque, was measured. It was found to be the same as that of a new window.
The opacity is therefore not the cause. The setting of the element was checked, and
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was found to be tight, so this was not the cause. The cause has not yet been found. In
any case FTS data have been corrected by the following method.

Two different correction methods for FTS data have been made. One method is
based on comparison between FTS data and the grating polychromator system(GPS){4]
data assuming the sensitivity of GPS is unchanged. Another method is that the FTS
data are nc;;rmaliicd by the comparison between measured resistive loop voltage and
calculated neoclassical voltage using FTS data. The difference between the two
methods is about 1%.

2.1 Frequency Calibration
" In ECE measurements, there is correspondence between the frequency of ECE

and the position of the electron temperature. It is important for the determination of the
position to calibrate the frequency of the FTS. The frequency of the FTS system is
calibrated using a monochromatic millimeter source[5]. The results are shown in
Fig.3. The agreement between the injected and the measured frequency is good. The

frequency difference corresponds to 8% of the frequency resolution.

3. Typical Electron Temperature Profiles
The electron temperature profile is obtained from the second harmonic X mode

ECE in JT-60U. The position of the electron temperature profile has been obtained
with the internal fields correction[3)]. Typical electron temperature profiles in the hot
jon H-mode{6] and ICRF heated plasma[7] are shown in Fig.4. The peaking factors

are 1.5 and 2.7, respectively.

4, Development of the Calibration Method
The absolute calibration in winter 1991 was not enough for the measurement in

low toroidal field discharges. Most of the noise originated from the refrigerator used
for cooling the InSb element. The refrigerator was replaced by a cryostat in November
1992. A new pre-amplifier introduced in November 1992 is the same type as the pre-
amplifier for the GPS[4]. The relative sensitivity in the cases using the cryostat and
new pre-amplifier and using the refrigerator is shown in Fig.5. The signal/noise ratio
using the cryostat and new pre-amplifier is better than that using the refrigerator. The
absolute sensitivity in the cases using the cryostat and new pre-amplifier and using the

refrigerator is shown in Fig.6.
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9.5 Low-Noise Preamplifier System for the 20-Channel Grating
Polychromator and Application to ECE Image Reconstruction

S. Ishida, M. Sato, N. Isei, N. Iwama and M. Teranishi

1. Prologue

A 20-channel grating polychromator diagnostic system (GPS) for electron cyclotron
emission (ECE) measurements was originally built for JT-60 in 1989 [1]. As an engineering
distinction of the GPS, a cryogenic refrigerator was adopted for cooling the 20-channel indium
antimonide (InSb) detectors around 4.3 K near the liquid helium temperature. The use of the
refrigerator allows the apparatus to operate continuously under the maintenance work and the
helium consumption very much reduced than generally required for a conventional liquid
helium cryostat. However, a variety of noises such as pump noises and electrical noises arising
from the use of the refrigerator, degrading noise immunity for the ECE measurement. To
improve the noise immunity, a new preamplifier system has been developed by the use of
low-noise differential preamplifiers during the shutdown period in 1991-1992 for the modification
from JT-60 to JT-60U, and was installed in 1992 for the GPS in JT-60U. Operational capability
of the present GPS was recently reported in Ref. of [2]. In this paper, noise problems arising
from the use of the refrigerator and the development of the new preamplifier system are
described. The improvement of the noise immunity in the GPS allows us to study the image
reconstruction of ECE signals as discussed later.

2. Cryogenic Refrigerator

The 4 K refrigerator used here is a type of 4 K Gifford-McMahon (GM) /Joule-Thomson
(JT) cryocooler which has been developed by Daikin Industries, LTD [3]. The refrigeration
capacity rating is 2.5 W at 4.3 K with input power of 5.1 kW for 50 Hz power source. The
vibration characteristics at the 4 K stage were measured by the laser Doppler vibrometer. The
displacement amplitude of the 4 K stage vibration, caused by pressure change and displacer
reciprocating motion (2 Hz) in the expander, was measured to be ~6-11 um for X, Y and Z
directions. Reliability for the long term operation was quite well; the maintenance interval of the
refrigerator is mainly determined by that of the expander which needs the maintenance after
10,000 hours of operation.

In spite of the above advantages of the cryogenic refrigerator, it has not been generally
utilized for ECE measurements in fusion research, perhaps because noise problems are believed
to be serous. In JT-60, noises arising from the use of the refrigerator were distinguished in the
initial operation of the GPS as follows; 1) "2 Hz" noise and drift noise due to temperature
fluctuations at the detector (pump noise), 2) Microphonic noise (~100 kHz) due to the fast
mechanical vibration of the detector, 3) Electrical pickup noises ( >10 kHz) through transmission
lines of signals, and 4) 50 Hz noise: picked up probably through electrostatic coupling between
the detector and the 4 K stage. Especially, the 2 Hz noise was a dominant component of the
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noises. As the non-differential preamplifier system initially installed was tuned supposing the
detectors cooled in a conventional cryostat, so simple modification of the preamplifier system
would not be workable for the GPS. Thus, we have newly developed the following preamplifier
system to eliminate or reduce these noises.

3. Low Noise Preamplifier System

The new preamplifier system has a function of extracting the 2 Hz noise from the signal.
A block diagram of the preamplifier system is shown in Fig.1. The 2 Hz noise signals are
measured at two or three ‘reference’ channels, selected from the 20 channels, with closed exit
apertures and are distributed to other channels for extraction. While the temperature fluctuations
with 2 Hz are roughly same for all the detectors due to high heat conductivity of the 4 K stage,
the regulation function for amplitude and phase of the measured 2 Hz noise is equipped with
the cancel circuit in the preamplifier system for each channel to minimize the 2 Hz noise level
for each signal. The cancelation of the 2 Hz noise was also effective to suppress the drift noise.

By using FET-input differential amplifiers, the developed preamplifier system realized a
very-low input-voltage-noise level of ~1.2 nV/Hz'? with input short (almost constant for a
wide band of 80-200 kHz) and a high common mode rejection rate above 60 dB (measured at 1
Hz-10 kHz). Note that the input current noise level was negligibly small. In order to suppress
the pickup noise in the transmission lines, double shielding BNC cables were used for the
transmission lines with a length of ~8 m from the preamplifier system to the 20-channel
isolation amplifier system installed in an EMI (Electro Magnetic Isolation) locker.

Total input voltage noise level is measured to be ~3 nV/Hz ' at the output of the isolation
amplifier system, in which the thermal noise from bias resistance at room temperature and the
detector noise are estimated to be ~2.5 nV/Hz'? and ~1 nV/Hz'?, respectively. If the bias
resistance was cooled around ~4 K, the total input noise level would be reduced, in principle,
down to ~2 nV/Hz'2. A root-mean-square value of the input voltage noise level, measured at
input to A/D convertor, is V_ ~1 WV for a band width of 100 Hz-100 kHz. In a typical case of
Ch.12, the measured responsivity is ~8 x 10" V/eV from cross-calibration with a Michelson
interferometer in the case of B~4 T, so that the noise equivalent temperature can be estimated to
be T/™~13 eV for f =100 kHz and T,"™~4 eV for f=10 kHz. While the preamplifier system
has a high frequency response up to ~300 kHz, electrical low-pass filters with a cut-off
frequency (f,) of 10 kHz or 100 kHz were normally applied to reduce high frequency noises.
The ECE signals were recorded with a digitizing time of 20 ps over a discharge period of 15 s.

4. Image Reconstruction

Typical ECE signals with precursor oscillations before a sawtooth collapse during
neutral beam heating are shown in Fig.2(a). As the ECE signals were not calibrated, the
relative shape of the T, profile within the mixing region was inferred assuming that the T,
profile is fairly flattened in that region just after the sawtooth collapse. Based on the normalized
T, profile, the ECE reconstruction technique was applied. A typical spatial resolution is 34cm
at the center of the vacuum vessel and a poloidal resolution determined by the antenna pattern is
~16 deg. at g=1 surface for the present discharge with [ =4 MA and B~4 T.
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With the 20-channe! polychromator output, the spatial distribution of electron temperature
in the poloidal plane is mapped as follows. The mean radii p of the magnetic surfaces from
which the multi-channel ECE signals are originated are determined from the MHD equilibrium
calculation. We use the 8 channels as indicated in Fig.2(a) corresponding to the low field side
of the magnetic axis near the midplane. Assuming the rigid poloidal rotation of the plasma
around the magnetic axis, the time sequences acquired over one rotation period with the
sampling interval of 20 ps are located in the two-dimensional p space. Locating positions are
as shown in Fig.2(b). The periods and directions of the rotation are assumed to be equal and
anti-clockwise, respectively, on all the magnetic surfaces in neglecting the differences not so
as At. The origin (p=0) is given a time-averaged value of the innermost channel signal (Ch.12)
during one rotation period. Based on the ECE signal values so-located, interpolations are made
linearly to obtain values at additional points many enough. Figure 2(c) shows the interpolation
procedure for determining the value z at point P from the values at the neighboring 4 points of
P, P, P_and P, The whole region in Fig.2(b) is partitioned to 100 x 100 square pixels, and
the interpolation is made at each pixel center within the circle of the outermost Ch.20. The
centers of the outside pixels are practically given the minimum value of ECE signals. Here, the
contour is plotted every one 16th of the difference of the maximurm and minimum values.

A reconstructed image of the ECE signals for an oscillation from 8.5273 s t0 8.5282 5 in
Fig.2(a) is shown in Fig.2(d), in which a fine structure in the g=1 surface is visually manifested
to consist of a hot spot, an m=1 island and a cold region. The lower temperature region like a
‘groove between the island and the hot spot indicates a cold region corresponding to the dips in
the ECE signals in Fig.2(a) (see Ch. 17 and Ch.18).

5. Conclusion

The low-noise preamplifier system has been developed in JT-60U for the GPS operating
with the cryogenic refrigerator. The installation of the preamplifier system in the GPS lead to
sufficient improvement of the noise immunity for the ECE measurements in JT-60U, as the
noises arising from the use of the refrigerator were significantly reduced. ECE reconstruction
techniques were applied to the ECE signals with sawtooth precursor oscillations, representing a
fine structure composing of an m=1 island and a hot spot parted by a narrow cold region.
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10. Heating and Current Drive Machine Status

10.1 Port Aging and Capability of High Energy and Power in NB System

Masaaki Kuriyama and JT-60 NBI group

1. Port Aging

Since beam drift ducts both the quasi-perpendicular and the tangential beamlines were
newly fabricated with the JT-60U vacuum vessel, the duct conditioning to decease a re-
ionization loss of neutral beam was required by injecting short pulse beams under a stray
magnetic field from JT-60U in advance of deuterium beam injected plasma heating.
In the case of perpendicular beamline, a integrated beam pulse length for the duct

conditioning was in need of almost 50sec to be a re-ionization loss of below 10% as shown in

Fig.1, which is more than three times
compared with the former JT-60 duct
with hydrogen beam. The reasons why
the conditioning needs a long time in
finishing are that the duct cross-section is
smaller size than the former and the
deuterium gas conductance is lower the
But in the second duct
that

hydrogen.
conditioning was done in
February,1992, just after two months
vacuum break, the required integrated
beam pulse length decreased to less than
one third, about 15sec as shown in Fig. 2.
It implies that once the port aging has
finished, the aging effect maintains even
The

duct conditioning time, furthermore,

in a few months of vacuum break.

seems to be able to shorten by a helium
glow discharge cleaning because the re-
ionization loss in the duct decrease just
after a few hours discharge cleaning in
the tokamak vacuum vessel, as shown in
Fig. 3.
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tangential be amline duct as Fig.4 Comparison of newly fabricated tangential NBI
port aging with perpendicular one

compared with the use of (47,8 and #9,10; tangential, #14; perpendicular)

use of molybdenum tiles in the perpendicular one. The graphite absorbs a large quantity of
gases which are hard to detached by the beam impingement. The re-ionization loss increased
remarkably with the alteration of the JT-60U plasma parameters such as plasma current and
toroidal field, since the impingement position of the re-ionized beam moves with the change
of those plasma parameters. The helium glow discharge cleaning seems to be effective also in
the tangential beam duct conditioning same as the perpendicular one because the duct (Co-
injection line) close to the glow discharge grid in the JT-60U vacuum vessel is shorter
conditioning time compared to the other side duct (Counter-injection line) which is
positioned at a distance from the anode. The glow discharge cleaning effect will be confirmed
in the beginning of 1993 operation with setting directly the newly fabricated glow discharge
anode in the tangential NBI ports.
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2. Capability of Higher Energy and Higher Power Beam

The ion source accelerator has been modified parts of grid gap spacings and ceramic
accelerator column for the purpose of higher energy beam operation up to 120keV. The grid
spacing were widened from 4mm/5mm to 4.5mm/10mm, for gap between plasma and gradient
grids/gap between gradient and suppression ones. The ceramic insulator column between
gradient and suppression grids, which is required more severe voltage holding up to 100kV,
altered the surface shape of the column to reduce the concentration of the electric field along
the outside of the column.

The operations using the modified accelerator started in spring of 1991 with hydrogen beam.
On a few months operations, the beam acceleration voltage rose with ease relatively unul
around 90kV without the serious voltage breakdown at the accelerator. In July of 1991, the
beam species was changed from hydrogen to deuterium. After a several months operation
with deuterium, however, the acceleration voltage did not only upward tendency, but rather
deterioration. We were identified the cause for the deterioration as the discharge traces on the
outside surface of the ceramic insulator column between plasma and gradient grid flanges,
which insulator has a voltage holding of about 60kV. Those traces, which causes the
discharge easily even in the lower voltage on the outside surface, grow out of numerous
surface breakdowns when the voltage applies more than 60kV. This excess voltage, that 1s
correspond to all of the beam acceleration voltage, seems to be applied to the insulator when
the gradient grid, which is applied an intermediate voltage of the acceleration, becomes almost
the ground by a internal breakdown between the gradient and suppression grids. As the traces
are growing up, the voltage holding becomes to be more deteriorated.

The countermeasures against the deterioration of the voltage holding in the accelerator are :
one is a cleaning on the insulator surface by a diamond emery paper, other is to set a sphere
gap between plasma and gradient grid flanges to make the discharge at the gap before the
breakdown on the insulator. The former was getting better the voltage holding just after the
cleaning, but the holding deteriorated again after a several days operation by re-creating the
discharge traces on the insulator. The later seems to be an effective measure. The spheres,
20mm in diameter, are made of brass. The relation of the sphere gap length and the
breakdown voltage was measured by using an accelerator model, and the result is shown in
Fig. 5. On the basis of the figure, at first, the gap length of the real accelerator was set at
14mm to be discharged at 40kV, since the maximum voltage between plasma and gradient
grids is 30kV in the beam operation. But in case of the gap length of 14mm, the voltage
holding in the accelerator has hardly recovered. After that, trying to make the most suitable
space of the gap, the optimum was identified as to be 22mm. The operation toward a full
performance up to 120keV will start in January of 1993.

Concerning the injection power with deuterium beams, the relation of the neutral beam
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power and beam energy has been acquired in the range of up-to 105keV as shown in Fi g. 6.
The acquired neutral power per injector, in maximum so far, is 2.8MW at the beam energy of
100keV. In the beam injected heating experiments in 1992, however, the beam energy could
scarcely been risen more than 95keV for the long pulse beam over one second by the ion
source breakdown. With the countermeasure against the ion source breakdown as mentioned
above, the beam energy will be able to rise over 100keV and the injection power will enhance

up to around 3MW per injector in the beam injected plasma heating.
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10.2 Power Injection Capability and Impedance Matching
of ICRF Antennas

S. Moriyama, T. Fujii, M. Saigusa, H. Kimura, K. Annoh,
K. Yokokura, K. Igarashi, M. Terakado, T. Yamamoto

1. Introduction

The modified ICRF heating system for JT-60 Upgrade has started its operation in January
of 1992. Though the generator output power of 6 MW and frequency range of 108 ~ 132 MHz
are the same as in JT-60, the number of antennas is increased from one to two. Design and size
of the antenna, an impedance matching system, transmission lines and a measurement/control
system are improved [1]. Performances of the new system such as processes of impedance

matching and antenna conditioning are presented.

2. Antenna Conditioning

Figure 1 shows the evolution of the coupled ICRF power to the plasma. The peak voltage
on the transmission line between the stub tuner and the antenna is plotted as well. The voltage is
only 29 kV for 3.6 MW because of the fairly high coupling resistance of the antenna as shown in
[2]. When antenna conditioning will proceed, the peak voltage of 45 kV, which was achieved
with the smaller JT-60 antenna, will enable coupled power of 8.7 MW with only two antennas.
About 70 shots including impedance matching shots in total for only about 10 days were needed
to get 3.6 MW. The number of the shots does not include conditioning shots in vacaum. We
repeat conditioning pulses of 200 - 500 kW and 10 - 100 ms width without plasma before
experiments and between the plasma shots.

After achievement of 3.6 MW, a gradient of the Pic vs. serial shot number is increasing as
the results of antenna conditioning as shown in Fig. 1, so that 3 MW can be coupled after
several shots. However experiment time for ICRH are not enough to get higher power so far.

3. Tmpedance Measurement

The complex antenna input impedance is calculated with forward and reflected power and phase
measurements shot by shot. Adequate positions of the stub tuner and the phase shifter for the
input impedance are calculated as well. The measured antenna input impedance for shots with
the same settings of the stub and the phase shifter are plotted in Fig. 2. The data for two current
straps of the antennas among eight are shown on an impedance plane. The calculated power
reflection coefficient on the transmission line between stub and amplifier for the stub and the

phase shifter positions is also shown as contour lines as a function of the antenna input
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impedance. The reflection coefficients are kept below several percent in these shots though
antenna-plasma distances are scattered by ~ 0.01 m. Numbers in open circles indicate measured
reflection coefficients. This plot shows that the stub and phase shifter positions can be calculated
with accuracy which is based on precise calibration on power, phase measurement and electrical

length between the antenna and the stub.

4. Frequency Feed-back Control

Frequency feed-back control (FFC) [1] is used to keep precise matching against change of
the antenna input impedance due to plasma parameter change during a shot and/or to compensate
inadequate stub or phase shifter setting. Figure 3 shows an example for the latter case. In a),
trips by the protection circuit occur because reflection coefficient is higher than the threshold,
without FFC. In b), the FFC keeps low reflection during the pulse. Frequency shift is about
-100 kHz in this case. Inc), the reflection is kept low with small frequency shift because the
length of the phase shifter is adjusted. Some trippings at low power level in this shot are
probably caused by multipactoring discharge or arcing in the antenna.

Scenario for automatic impedance matching is as follows. Length of the stub tuner is
scanned (5 cm/sec) during the pulse and is stopped automatically at the adequate length. Then
FFC works to keep reflection coefficient less than several percent during the pulse. The FFC is
useful for vacuum load as well because the step size of the frequency search can be selected.

5. Coupling to H-mode Plasma
It is not easy to couple ICRF power continuously in L-H transition because change of the

density profile with the transition influences coupling resistance or impedance of the antenna,
though we have only 5 shots to couple ICRF power to H-mode plasma. Figure 4 shows power
trips in H-mode by protection circuit for high reflection coefficient. The coupling resistance, the
voltage on the transmission line and the reflection coefficient shown in the figure are for a line
which has the highest voltage among eight. In this case, reflection coefficient as in steady state
is much lower than threshold of the protection circuit even in the period of H-mode. It shows
the change of the antenna impedance is smaller than the range covered by frequency feedback
control. In other hand, voltage on the transmission line is increased with decrease of the
coupling resistance, and probably arcing occurs because it reaches the voltage limit of the
antenna at that time. It seems that something makes the limit lower than usual. Usually we
cannot see increment of the reflection coefficient in trips by arcing, because response time of the
protection circuit (< 100 ps) is much shorter than data sampling time (~ 5 ms).

Though the reduction of the coupling resistance with L-H transition is refatively low (~ 10
%) because of low peak of ny spectrum of the antenna. [2]
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6. Summary and Future Plan

The modified ICRF heating system for JT-60 Upgrade has started its operaton in January
of 1992. RF power up to 3.6 MW for 1.4 sec at 116 MIHz has been coupled to the plasma in
~70 shots in total of only about 10 days. Relatively high coupling resistance [2] enables low
peak voltage on the transmission line between the stub and the antenna. For example, it is 29
kV for the power of 3.6 MW. When antenna conditioning will proceed, the peak voltage of 45
kV, which was achieved with smaller JT-60 antenna, will enable coupled power of 8.7 MW
with only two antennas.

The stub and phase shifter positions can be calculated with accuracy which is based on
precise calibration on power, phase measurement and electrical length between the antenna and
the stub. The Frequency feed-back control is useful to keep good matching during shot and/or to
compensate inadequate stub or phase shifter setting.

The amplifier output power will be increased to 8 MW shortly, by means of selecting
higher screen grid voltage and fine tuning of the final stage amplifiers. Moreover, we have a
plan to increase output power to 9.5 MW by means of replacing tetrodes of the final stage

amplifiers [3].
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10.3 Antenna Coupling and radiation Loss

During ICRF Power Injection

M.Saigusa, S.Moryama, T.Fujii, H.Kimura, K.Yokokura, M.Terakado,

K, Igarashi, N.Hosogane, T.Sugie, H. Kubo, T. Yamamoto

1. Introduction

The investigation of coupling properties of JCRF antenna is important for designing a
good coupling antenna in real fusion reactor. The heat load of the first wall from the main
plasma needs the long distance (15 cm in ITER) between the first wall and the plasma separatrix
[1]. The design of JT-60U ICRF antenna was optimized for high loading resistance of out-of
phase, [2] because the distance between separatrix and first wall for a realistic éonﬁguration
was predicted to be much longer than S5cm, and the heating effects for out-of-phase was higher
than that for in-phase in JT-60.

The increase of radiation loss and impurity generation during ICRF pulse has been
investigated in many tokamaks for the improvement of heating efficiency. For suppressing the
impurity generation from Faraday shield by RF sheath, Beryllium Faraday shield is adopted for
JET ICRF antenna, on the other hand, the JT-60U Faraday shield is made of the carbon coated
copper plated Inconel 625. However, the proof of the other mechanism for impurity generation
is observed in JT-60U.

2. Coupling Properties of ICRF Antenna

The loading resistance (Rc¢) is defined by Rc = 2P-(Zy/V max)z on each element, where
P, Vnax and Zg (50 Q at JIT-60U) are a through power into a stub tuner, the maximum voltage
and the characteristic impedance of transmission line connected to the antenna, respectively.
The demanded loading resistance for 9 MW heating by two launcher is over 2 ohm, on the
assumption that the stand-off voltage is over 50 kV along the transmission line. The actual
loading resistance of ICRF antenna is sufficiently high for any toroidal phasing in JT-60U.
This result indicates that our design is successful for high power heating experiments with wide
gap between separatrix and first wall.

The dependence of the averaged loading resistance of antenna on the averaged electron

density is shown in Fig.l. The open circle, open square and open triangle show the
experimental data of loading resistance for (m,0), (0,0) and (w2,0) phasing, respectively. The
solid line is the loading resistance for (;1,0) phasing by coupling code assuming that the
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separatrix electron density is one tenth of central electron density, and the electron density
increase in the distance of 21 cm to the central electron density . The loading resistance for any
phasing is over 4 Q in the wide averaged electron density range from 3x10!8 to 4.5x101? m-3.
The loading resistance increase with the averaged electron density in the range below 5x1018 mr-
3 due to the access of cut-off surface to antenna, where the cut-off density of Ny=3 spectrum,
which is the peak of coupled Ny spectrum for (,0) phasing, is about 1.5x10!% m-3 at the axial
toroidal magnetic field of 4T. On the other hand, the loading resistance decreases gradually
with increasing the electron density in the range above 5x1018 m-3 due to the steep gradient of
wave impedance caused by the steep electron density gradient in front of the antenna.

Figure 2 shows the loading resistance versus the distance between separatrix and first
wall for (m,0) phasing. The solid and dashed lines show the calculated loading resistances for
(m,0) phasing of JT-60U and JT-60 with the same plasma parameters, respectively. The
loading resistance is over 4 ohms at the separatrix-wall distance of about 10 cm in JT-60U.
However, the ICRH experiments could not be performed such a large gap in JT-60 because of
poor coupling. Therefore, such big improvement of coupling properties from JT-60 to JT-60U
is explained as the wider and longer current strap and the longer interval of the toroidal adjacent
straps.

The dependence of loading resistance on the toroidal phase difference is shown in
Fig.3. The closed circles show the averaged loading resistance of P-12 launcher on each
phasing. The open and closed triangles indicate the averaged loading resistances of right two
current straps (No.5 and No.6) and the left two (No.7 and No.8) current straps, respectively.
The solid, dashed and dotted lines show the fitted lines for each data by the cubic spline
functions. The averaged loading resistance decreases with increasing the toroidal .phase
difference from O to 180 degrees as observed in JT-60. However, It is strange that the left
side averaged loading resistance is minimum at the phase difference of 180 degrees, because
that the minimum coupling is usually around 90 degree phasing in JT-60. The phase difference
of minimum coupling is shifted to higher direction due to the dependence of total loading
resistance on the phase difference. Therefore, the very steep gradient of loading resistance on
the toroidal phasing may shift the phase difference of minimum loading point to 180 degrees.

3. Radiation Loss and Impurity during ICRH

Figure 4(a) and 4(b) show the dependence of the ratio of incremental radiation loss from
main plasma and the spectral intensity of Ni+24 on the incidental ICRF power for on-axis-
heating and off-axis-heating, respectively. The ratio of the incremental radiation loss to net
ICRF power (AP} mair/P1c ) was almost 30 percents in JT-60 limiter discharge with carbon wall
and carbon guard-limiter [3]. On the other hand, (AP, 4,;/Pic ) decreases with increasing

ICRF power in the range below 1.5 MW and saturates about 10 percents in the range above 1.5
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MW with the on-axis-heating in JT-60U. The reason of high AP, .. /P;c in low RF power is
thought as the multipactoring discharge or the weak single path absorption without high energy
ion tail, because the multipactoring discharge has been observed below the same power
threshold and a Fokker-Planck code predicts the weak single path absorption in low RF power
level. The dependence of incremental spectral intensity of Ni+24 on ICRF power is similar to
that of AP, ..i/Pic. The AP, .:../Pic in the off-axis heating regime is 10~40 percents, and the
power dependence of AP, .../P;c and the incremental spectral intensity of Ni+24 is not clear.
Therefore, the impurity generation is caused by the some mechanism concerned with the cavity
resonance in vacuum vessel due to the weak single path absorption. The increase of spectral
intensity of Ni+24 and Fe+22 could be observed during ICRF pulse. The Nickel ion is which
may be generated from Faraday shield made of carbon coated copper plated Inconel 625,
because the surface of several Faraday shield elements are damaged.

4. Summary

The loading resistance for any phasing is sufficiently high i.e., about 5 ohm at the
distance between separatrix and wall of about 10 cm in the wide electron density range from
3x1018 to 4.5x1019 m3. Especially, the loading resistance for (0,0) phasing is over 18 ohm.

The AP, i/ Pic decreases with RF power for on-axis-heating and saturates about 10 %
above RF power of 1.5 MW. The AP, .. /P;c does not depend on the RF power for off-axis-
heating regime. The increase of spectral intensity of Ni+24 during ICRH is observed, which
may be generated from Faraday shield made of Inconel 625.
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