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Emphases in recent JT-60 experiments are placed on 1) improvements
in plasma confimnement with profile control and 2) steady state operation
study. Two equipments were installed: a four-barrel pneumatic pellet
injector with speed of 2.3 km/s and sizes of 3 mm and 4 mm, and a new
multijunqtionutype lower hybrid launcher with sharp power spectra of
ANy ~0.5 and high directivity. Experiments have been carried out in
the wide range of parameters: 0.5%x101% m™3< ﬁe < 1.8x1020 p=3, 0.3 MA
< Ip < 3.1 MA, By < 4.8 T, Pyg < 23 MW, Ppg < 7 MW and Py¢ < 2.5 MW.
Both limiter and lower X-point divertor configurations were employed.
The operating gas was hydrogen and, in some cases, helium.

Improvements in confinement were demonstrated with pellet injection,
LH current drive, high-Ti mode operation or ICRF. Peaked density pro-
files of ng(0)/<ng> < 4.5 were produced with successive three or four
pellets injection. The sawtooth period was prolonged up to 1 sec by the
pellet injection. Both density and pressure profiles were peaked inside
the q=1 surface. The electron density and the total pressure at the
plasma center reached 3x1029 m~3 and 2 atms, respectively. The energy
confinement time was improved by 30-40 % relative to gas fuelled dis-
charges for NB heating of 5-15 MW. The achieved ny(0)TgTi(0) is L.2x
1020 p=3gkeV at Ip=3.1 MA, which is twice that of gas fuelled discharges.
The maximum value of the local pressure gradient inside g=1 surface and
the onset condition of the fast crash are consistent with ideal MHED

ballooning and low-n kink stability analysis.
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Current profile controllability with energetic electrons has been
improved by the new LH launcher. A broad hard X-ray profile was obtained
with high Nj injection. On the other hand, low Nj injection was effec-
tive for suppression of sawtooth activities. Low—N” LH pufrent driven
discharges with high power NB heating showed centrally peaked hard X-ray
and ion temperature profiles during the sawtooth free perieds of up to
1.8 sec. _

The H-mode was achieved in limiter discharges with LH current drive
for the first time. Simﬁltaneous application of RF powers at two dif-
ferent frequencies such as l.74 + 2,23 GHz or 1.74 + 2.0 GHz appeared to
be effective in the attainment of the H-mode. The threshold lower hybrid
power was as low as ohmic heating power with hydrogen plasmas. Nearly
steady-state ELM-free H-mode with durations up to 3.3 sec was established
without significant impurity accumulation.

High-Ti and high-8p discharges were obtained in high field (Bp=4.5T)
and low plasma current with JT-60's perpendicular injection. The dis-
charge was realized with ~20 MW NB injection into low density (~0.5x1013
m~3) lower X-point discharges. For the Ip regime of 0.5-0.7 MA (qeff
=8-13), the discharge showed no sawtcoth activity. This resulted in an
improved confinement, a peaked density profile of ne(0)~ 6x1019 m=3 and
high Ti(0) of 12 keV.

Effective acceleration of high energy ions was observed in the H-
minority He plasma by the combined heating of NB and ICRF with second to
fourth harmonics of hydrogen cycletron frequency. Giant sawteeth with a
maximum period of 410 ms were ohserved. The energy confinement time was
improved by a factor of 1.2 during the giant sawtooth period.

Major experimental issues for the steady-state operation research
were non-inductive current drive and He-ash exhaust. LH current drive
experiments were carried out for a wide range of N”(l.0—3.4). The cur-
rent drive efficienty ngp was proportional to the product of I/NH2 and
accessible power fraction, i.e. spectrum dependence of ngp showed a good
agreement with Fisch's theory. The maximum ngp of 3.4x101% m™2A/W has
been achieved with LH injection of 2-4.5 MW for lower X-point discharges
Wwith T up to 3.0x101% w3 and Ip=1-1.75 MA. The achieved value is well
approaching 5x1019% m~2A/W, which is the efficiency necessary for the
ITER steady-state operation.

The neoclassical bootstrap current was confirmed in the wide range

of fp. The ratio of bootstrap current to the total current increased in
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proportion to Bp and reached 80% at Bp ~3.2. The existence of the
bootstrap current was also demonstrated by keeping the primary OH current
constant and measuring the decay time of the total current. The result
is encouraging for the design of high-G(20-30) steady-spafe tokamak re-
actor.

To simulate the o-particle production in D-T plasmas, 30 keV helium
NB was injected into NB heated lower X-point discharges, which produced
centrally peaked birth profile of o-particles. Both the H; and helium
pressure in the divertorrregion increased in propotion te ﬁe . The
helium. pressure reached 0.02 Pa (10% of H, pressure) at ﬁe = 5x1019 m~3,
in which o-particle density is 10%Z of the main proton density. A simple
extension of the present result is promising for the helium exhaust in
future device; pump speed of several tens m3/s will be sufficient for
1000 MW fusion power reactor operating at Ee = 1x1020 p=3,
Keywords: Pellet, Sawtoecth, LH Current Drive, H-mode, High-Rp,

H-minority ICRF, Bootstrap Current, He Exhaust
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1. PELLET INJECTION EXPERIMENT

1.1 Improvement of Energy Confinement
in Pellet Fuelled Plasmas on JT-60

R.Yoshino, Y.Kamada, K.Shimizu, T.Hirayama,
T.Ozcki, T.Nishitani and M.Nagami

The experiments of pellet injection is cxpanded to high plasma

current of 2.8 and 3.IMA in the limiter configuration and the

improvement in cnergy confinement of ~30% is obtained with

10~15MW heating. Owing to the peaked density profile and the

improved cnergy confinement, ne(MTETH(M=12x1019m-3scckeV is

achieved with hydrogen plasmas.
1. Introduction

Pellet injection is the promising method to make a peaked density profile,
and is useful to examine the performance of plasmas with the pcaked pressure
profile.  In JT-60, high power heating of the pellet injected plasmas has been
studied, and the improvement in energy confinement of 30~40% comparcd with
gas fuelled plasmas is achicved with NB heating power of ~10MW at Ip<2 IMA[I].
The plasma stored energy rises largely during the sawtooth-free phasc just alter
thc pellet injection and the increase in the stored energy is terminated by large
sawtoolh crashes or large m=1 internal mode. When the enhancement ol the
energy confinement is large, the well peaked profile of soft X-ray emission, that
relates to the electron pressure profile, is always obscrved inside the g=1 rational
surface in thc pre-pellet phase.. The numerical simulation of the plasma current
profile suggests that q(0) is lower than 1.0 owing fo the [ast recovery of the
clecctron temperature after the pellet injection[2]. These experimental obscrvation
and the numerical investigation clarify that the improvement in the energy
confinement is due to the local improvement inside (he =1 rational surface.
Then pellet injection cxperiments with the higher plasma current of 2.8 and
3.IMA with larger q=1 radius of ~0.4m (gq(a)=~2.2, a~0.9m) arc performed.

The pellet injector is improved to 4 hydrogen pellcts with ~2.3km/s[3]. So the
optimization of the pellet injection is performed again to get the oplimum
penetration depth[4] according to the experience of the last cxperimental

period[5].
2. Improvement of the Energy Confinement

In Fig.1 the stored L B L L S B R
cnergy(WDPITAY measured by the - Fig.1 7
diamagnetic loop of pellet injected 30 [ ‘e

limiter plasmas is shown by closed L
points versus the absorbed heating
power{Pabs), and that of gas [fuclled 1
piasmas is presented by open points, r
The plasma current is scanned {rom
L5SMA to 3.IMA with NB heating power
of <25MW, ICRF power of <3MW. The
maximum increcasc in the stored
energy compared with the gas Fuelled
plasma vrises with the plasma current
almost linearly. At Ip=2.8 and 3.IMA,
the largest improvement in  energy L@

x4 :

PELLET GAS-PUFF

confinement ol ~30%  with the : IIMA @ o
increased stored cnergy of ~O.6MJ from & < 2BMA M g A
the gas fuclled plasmas is obtained at C SIMA @ o
Pabs=10~15MW and the improvement in B 1.5MA A VAN
the energy confinement degrades with Ol i b e L Laaa
the increcase in heating power at 0 3 10 15 20 25

>15MW. Pops [ MW)

20

WOIA (M)
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2.8MA 10MW<Pabs<12MW

0.26

The relation between the cnergy
confinement time and the density
peaking factor defined by ne(0)/<ne>v,
where <ng>vy is thc volume averaged .
density, is shown in Fig.2at Ip=2.8MA _ 545 %
and 10MW<Pabs<12MW. The stored ©
energy is clearly improved with the Fig.2
peaked density profile. No clear
relation is observed between the line 010, " > ' 3
averaged density and the stored
energy. ne(0)/<ne>,

(sec)
L ]

0.20 =

The local transport analysis is performed at the equilibrium state with the
maximum stored encrgy as shown in Fig.3 for two cases labeled {A) and (B) in
Fig.2(b). Where (A) is the pellet injected plasma with the highly peaked density
profile, and (B) is the gas fuclled plasma with the fiat density profile as shown in
Fig.3(a). In the case of (B) plasma core is well hcated by the NB heating. On the
other hand the penctration of NB into the plasma is not enough in the casc of (A)
owing to the high density as shown in Fig.3(b). - However heating of the plasma
core is achieved a little for the sake of the tangential injection of NB. The
effective heat diffusivity(Xeff)[6] of the combined ion and eleciron is shown in
Fig.3(c). Xeff of case (A) is smaller than that of case(B) at r<~0.5m, that is almost
same with the radius of g=1 rational surface of 0.4m. Furthermore Xc{f(0) of case
{A) is ~0.2 of case (B).

For the sake of the improvement in the energy confincment and the peaked
density profile, the fusion product defincd by ne(0)rgTi(0) rcaches 12x1049m -

3seckeV with Ti(0)=3.4keV in 3.1MA limiter hydrogen discharges as shown in
Fig.4. Where Ti(0) is measured by Doppler broadening of TiXX! Ka line. On the
other hand the maximum value obtained by the gas [uclled plasmas is 6.6x1019m-
3seckeV in 3.15MA limiter discharge.

207 Peller 30 & 1
—_ ] E
. . - E — 5 g
aad [~ b eIl v 3 \ A‘»

ST = w [} »

ool Gos Purt " =N ao o' I
-2 ‘e 4 A
= ~ e o A
I3 1 = & X
§ 75_’_---.__," - g iah b >g * -
= <\ =3 "3
@ e \ v
2 i ‘\: L \\"..A o 7 2*,0.?‘%

gg 1 1 — § 2 - = - “?QE k

- ellek a0 i
| ---—- Gos Puff = i On d-.. D
_ — pelet - P % %G00
7 . 2 i :fn N [YB‘-- -3
1T ear purt : "‘s-'s'tk'y
; Q :oszm oo D&]@]D‘b
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] 0
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Ti (0} [keV]

fg\’ Fig.4 Lawson diagram
E
- oot Fig.3 Transport analysis of pellet

A L |

00 525 05 075 injected plasm(A in Fig.2) and gas
fuelled plasma(B in Fig.2).
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3. The effect of MHD Activity on the 3.00 "i‘”“
Energy Confinement 250 Fig.5
The density profile becomes peaked . [

with the increase 1in the supply of
particles inside the =1 rational surface[4]. 1.80

()

The characteristic length of the density 23 44 e,
gradient(Ln=(dnc/nedr)‘I) at g=1 surface, 050 o
that is measured by Thomson scaltering at Yool
400~500 ms after the pellel injecti o

- i Y ~Injection, 0,00 1.00 2.00 3.00 4,00 500 €.00
naturally decreases with the increase in
the density peaking factor as shown in ne(@)f<nezy
Fig.5.

In the case of open points the sawlooth activily with the full rcconnection is
suppressed alter the pellet injection until the time point of the Thomson
scattering measurcment, In that case the partially reconnected sawtooth crashes
are sometimes observed, however that has no effect on the density prefile and the
energy confinement. In the case of the closed poinis the sawtoeth activities with
full reconncction are observed,

There are a few shots, in which no change is observed in the stored encrgy
at the large sawtooth crash as shown in Fig.6. Four pellets arec injected from 5.98 s
to 6.02 s under 6MW NB hecating. The stored energy riscs just after the pellet
injection with the abrupt increase in the onecturn loop vaoltage{V ), and that
subsequently rises from 2.05MJ to 2.8MJ within a short time period of 0.3 s (1=6.05s
1o 6.35s) duc to the increasc in the NB heating power from 6MW to 14MW. Then the
stored energy gradually riscs from 6.4 to 7.1sec. The sawtooth activities at 1=6.85 s
and 7.0 s have no effect on the stored cnergy. The investigations of soft X-ray
array signals indicates that the plasma core behaves as a rigid body without the
full reconnection at the sawtooth crashes[7]. The stored energy starts dccreasing
from 7.05s with the occurrence of m=1 internal mede, that is the another cause of
the reduction in the energy confinement[1]. So that it is rcconfirmed from Fig.5
aud 6 that the stabilization of the sawtooth activity with full reconnection and the
large m=1 internal mode arc essential for getting the peaked density profile and
improved energy confinement.

E10814 31MA . 48T = The profiles of electron density
g o202 and temperature during the rise of the
‘E‘ 2 Ie Pra 1 @ stored energy are measurcd by
5 qf | ‘10‘;} Thomson scattering at 500 ms (1=6.5s)
- | PIC 1 o & and 800 ms (1=6.8s) after thc last pellet
— 2 injection as shown in Fig.7 The
f’f peaked density profile is kept for about
S 1.0scc. a0 . '

" Alter Pyl .
™ —d— %00m
(_p——- \ ——t——  B00m
— ——oem 1300mT
C% e 201 ﬁ\
o) b ‘}
< ol .
=
270
ot L
Dg 2,0_ o 0% 10
1.5 | NS | 1 1 s ] — T
— 4} Rliee Fefiet Io],
3 0 : S om ]
% 4 ;| ]
= (9] B S ) S SRS [ TS S S N S JJ —
85 6.0 6.5 7.0 N TR . . 1
TIME ( SEC)
Fig. 6 Typical time evolution of the
peilet injected plasma. SX0 is the soft % o o
X-ray signal of the central cord. Tel rotml
is the central electron temperature Fig.7 Profiles of electron density and temperature
measued by ECE. 500ms and 800ms after the pellet injection in Fig.0,

_3__
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To investigate the cffect ol these MIID activitics on the particle and cnergy
confincment, numerical simulation of cnergy and particle transport has been
performed to reproduce the case of Fig.6 and 7. Fully reconnccted sawtooth is
stimulated by Kadomstev's model, and is suppresscd after the pellet injection. The
profiles of the particle diffusivity(DD) is assumecd to bec a tailorcd step function with
the lowered value inside the the g~1 radius(q=1 radius is 0.4m) as shown in Fig.8.
The profile of clectron thermal diffusivity Xc is sct to be [lat within 0.9 ol the
minor radius, and is cnlarged at the edge region. Absolute value of Xe is assumed
1o be degraded with the increase in the additional heating power 10 fit the
measured total stored cncrgy. Xi is assumcd to be xiCH4xian and Xi?M is sct (o be
cqual to Xe. Particle inward pinch velocity is assumed (o be zero, elfect of that on
the densily profile will be discussed in clsewhere.

The time ecvolutions of the stored cnergy mecasured by a diamagnctic loop,
line integrated density at a hall radius measured by FIR and the central clectron
temperature measurcd by ECE are compared with the simulated result as shown in
Fig.9, where solid lincs arc the measured values. Nice agrecment is obtained in the
case of sawtooth-frce. The pecaked density profile is also reproduced as shown in
Fig.10. Both of improvement of the storcd encrgy and peaked profile arc not
obtained in the case of sawtooth with 80ms interval. The -same bchavior is also
simulated with a flat profile of D. Then three ilems arc necessary 1o get the peaked
density profile 1)the suppression of the fully reconnected sawtooth 2)the
reduction of D inside g=1 radius 3)thc supply of of many particles inside the g=i
radius[4]. The recovery of the eclectron temperature in the gore rcgion is almost

reproduced as shown in Fig.9. 0
Ty T
— - WO )
w DA o -
% sl x W Sawlcoth ; f‘é . 2 Py =SMW
L | - - Ae
=1 { =g ] u
z i ®oz v
paiioll Pum i 1
- 15 i R B UU GNP B 10-5 x
E pellat . F_ 8 [ D
2 20 + Fig.9 1g.
% i 102 bt ten
= 0.0 1.0
o L ria
o
= -* l. { T T T T
gg L 1 1 L L L L ! T Allsr peftetl Inj.
o 100my © pooms
'—; {cnch' u:om}
] 3
" i
3 o'é wig Sawiooth
o 5 ir
= ' .
= 0.0 1 1 i : L FIUN | - 1 L s | P e
: 6.0 £.5 7.0 1|
TIME  (sec) [
o
. (X K]
4.Conclusion v e

The improvement in Lhe cnergy confincment of 30% from the gas fucllcd
plasmas is obtained at 2.8 and 3.IMA limiter plasmas with 10~15MW NB heating.
The cncrgy confinement is improved with the peaked density. The suppression
of the sawtooth aclivity with [ull reconnection is essential o get this
improvement, and the numerical simulation suggests that the improved
particle diffusivity inside the g=1 radius is necessary to reproducc the
experimental  observalions.
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1.2 Optimization of the Pellet Injection

R.Yoshino, T.Hirayama, K.Shimizu, Y.Kamada , T.Nishitani,

The ablation of pellet measured by the Ho
compared with the numerical simulation result adopting the ncutral gas
shielding model, and rcasonable agreement is obtained beiween them.
The injection order of pellets in the multi-pellet injection is optimized
according to the simulation results, and well peaked density profile is
obtained by the suppression of sawtooth

reconnection.

1. Pellet Injector and Diagnostics

emission profile is

activities with full

Pellet injector is the pneumatic gan type with four hydrogen pcllicts of
3.0mm®x3.0hmm (two small pellets) and 4.0mm®x4.0Tm (two large pellet). Pellets
are injected with an angle of 47 degree from the midplane as shown in Fig.1l of the
The injection line is off-axis and
the separation width between the pellet injection line and the plasma center is
~0.1m. Ablation profile of the pellet is monitored by the detector array of Ho
emission  as presented in Fig.l of the ref.[1], where the sct-up of the other

ref.[1]. The velocity of pellets is  ~2300m/sec[2].

diagnostics are alse presented.

2, One Pellet Injection

In  joule plasmas without runaway
clectrons, the electron temperaturc profile is
cssential to decide the penetration depth of
the pellet into a plasma, and the optimum
temperature profiles are strictly limited for
getting the nice penetration of the pellet.
Because the pellet cannot penctrate into the
plasma corc at high electron {emperature,
but  passes through at low electron
temperature, NB heating is adopted to avoid
the disruption caused by the passing through
of the pellet, that triggers the enhanced
plasma-wall interaction{3].

The ablation profile of a pellet injected
into a NB heated plasma is investigated to
check the availability of the pellet ablation
code[4], that equips Milora's neutral gas
shicld model[5] with self-limiting ablation
model proposed by Houlberg et al[6]. Where in
OH plasmas nice agreement is obtained
between the measured profiles of the ablation
and the simulated results by using the neutral
gas shicld model[7].

Figurel shows an profile of the ablation
of one large pellet injected into a 2Z.1MA
limiter plasma under the condition of 5MW NB
heating. The comparison of the measured Ho
emission profile (solid line) and the
calculated ablation profile (broken line} is
shown in Fig.1{a}.
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The profiles of electron density and temperature measured by Thomson scatlering
5 ms becfore and after the pellet injection arc shown in Fig.1(b)(c). The broken
lines are the calculated profiles just after the pellet injection. Good agrcement is
obtained between the measurcd and simulated profiles. Figurel suggests that the
ncutral gas shicld model is reasonable to predict the operational scenario in the
multi-pellet injection.

3. Simulation of Multi-Pellet Injection

To increase the supply of the particles in the plasma core, the pellet should
penetrate to the another sidec of a plasma(beyond the plasma center) without the
passing through. Furthermore many pellets should be injected in a short time
period (e.g. ~50 ms). The constraint to this operation is the disruption mainly
caused by the passing through of the pellet. NB heating is the powerful method to
avoid the disruption. Where fast ions accelerale the ablation of the pellet, the
control of which by adjusting the NB hecating power makes it possible to control
the penetration depth of the pellet.

The simulation study to decide the order of the pellet injection is performed
with scanning NB heating power, where two cases of the injection order arc
compared;1)two gmall pellets are injected before two large pellets(SSLL), 2Z)two
small pellets are injected after two large pellets(LLSS).  The time interval of the
injection of two large pellets is 20 ms, and the other time intervals are set 10 ms.
The increase in the particle number inside the g=1 radius of 40cm (q(a)=2.2 with
Ip=3.1MA) just after the last pellet from that just before the first pellet injection
(AN) is shown in Fig.2. AN decreases with the increase in NB heating power, and
AN of LLSS is almost same with that of SSLL at the same NB hcaling power. The
decpest penetration-point of the last pellet (..Qp) is also presented in Fig.2. Where
p=0.0m is the ncarest point to the plasma center on the injection line, and pellet
penetrates to the another side of plasma atfp>0.0m, AN rises with the deceper
penctration of the pellet. However the pellet passes through the plasma,when.ﬁp is
longer than 0.9m. Then fp~0.5m is considered to be the optimum penectration
depth to get the large increase in the particle number inside the g=1 radias with
keeping the operational margin to avoid the passing through of the pellet. SMW
of NB heating power is nccessary in the case of LLSS, and 8MW is necessary in
the case of SSLL. At these NB heating power, AN of LLSS is ~30% higher than that
of SSLL. This suggests that LLSS is better than SSLL to raise the particle supply in
the plasma core. This difference comes from the difference in the minimum
central electron temperature to avoid the passing through. In the case of a large
pellet Te(0)=~1.5keV is necessary, on the order hand ~0.6keV is enough for a small
pellet. Then two large pellets must be injected before two small pellcts at low NB
heating power of ~5MW. After the injection of two large pellets, small pcllets can
ablate ncar the plasma cenler.
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The following are confirmed in the experiments. In the case of SSLL, NB
heating of >10MW is necessary to avoid the disruption, and no peaked density
profilc is obtained. In the case of LLSS with NB heating of 6MW, a peaked density
profile of ne(0)/<ne>y=~3.0 with ne(0)=3.0x1021 /m3 is obtained at 500 ms after the
last pellel injection as shown in Fig.3. Where NB heating power is raised from
6MW to 14MW at 50 ms afler the last peilet injection, and plasma current is 3.1MA.
ne(0) is the central clectron density and <ng>y is the volume averaged electron
density. '

Figurc 4 presents the density peaking factor at 400~500 ms after the pcllet
injection versus the deepest penctration depth of the last pellet¢( . p) measured by
the Ha emission profile in Ip=3.1MA. Peaked density profile of ~3.0 is obtained at
J p~0.5m. Where J p is almost propotional to the particle number supplied in the
plasma core as shown in Fig.2.

No sawtooth activity with full reconncction is observed during the ramp-up
of the stored encrgy after the pellet injection, when a well peaked density profile
is measured[8]. The start time of the full rcconnccted sawtooth alter the pellet
injection is shown_ in Fig.5. A long time period of the sawtooth-free phase is
obtained only atjp=0.3~0.6m. This suggests that the increase in the supply of
particles inside the g=1 rational surface may be the causec of the suppression of
the fully reconnected sawtooth, The suppression of the MHD activities is cssential
to improve the energy confinement[8], and the deep penetration of the pellet into
a plasma is onec of the method to study the mechanism of the sawtooth activity.
References
[1JKAMADA Y, ct al.,, Nucl. Fusicn 29 (1989) 1785 [2]HIRATSUKA,H, et al.,, see
seclion 1.8 and 1.9 [3]YOSHINO,R., et al., JAERI-M 88-246 (1988) [4]HIRAYAMAT.,
ct al., JAERI-M 86-170(1986) [5]MILORA,S.L., ORNL/TM-8616(1983)
[6JHOULBERG,W.A., rt al,, ORNL/TM-6549(1979) [7]NISITANLT., et al., JAERI-M 89-
033 120-123 [8]YOSHINO,R., sce section 1.1 [9] KAMADA,Y., et al., sce section 1.4
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1.3 ROLE OF THE q=1 SURFACE FOR IMPROVED CONFINEMENT
Y.KAMADA, R.YOSHINO, M.NAGAMI and T.OZEK!

Improved energy confinement for the pellet fuelled plasmas on JT-60 is mainly due to
the peaked density and pressure profiles inside the g=1 rational surface, where the confinement
characteristics appear to be better than those in the outer (g>1) region. In the well-center-fuelled
pellet injection discharges, the sawtooth activity can be suppressed completely during 0.4~1 sec
or the frequency of sawtecth are reduced by up to one order of magnitude during 0.5~1.5 sec

after the pellet injection. For high-current low-q (Ip=2.5~3.1MA; q(a)<3) discharges, reduction
in the sawtooth frequency has a strong relationship with enhanced confinement and peakedness
of the electron density profile. The contribution of the sawtooth activity to the global energy
confinement increases systematically with decreasing q(a).

1. q=1 Surface
In JT-60, hydrogen pellets were injected into hydrogen discharges heated by OH, NB

[1,2], LIIRF [3] and/or ICRF. Energy confinement time (1F) was enhanced up to 40% relative
to usual gas fuelled discharges at the medium NB or NB+ICRF heating power of ~10~15MW
for which the strongly peaked pressure profile was sustained within 0.5~1.0 sec after a series
of pellet injection [1,2]. One of the interesting characteristics for the improvement is its strong
dependence on the central MHD behavior, namely the sawtooth activity. This section
concentrates on the role of the g=1, q being the safety factor, rational surface for the
improvement in NB heated, pellet fuelled limiter discharges. The pellet injector was up-graded

to produce 4 pellets (3mmPx2 and 4mm¢><2) with velocities approaching 2.3km/sec {2,4]. The
basic scenario of peliet injection, the plasma equilibrium configuration and diagnostic systems
were presented in ref [1] and the global confinement properties for high current (Ip~3.1MA)
discharges was reported in Sec.I-1. In contrast to JET [5] where pellets were injected into
sawlooth-free (q(0)>1) discharges, we injected the pellets into discharges with q(0)<! and
obtained the following characteristics.

Figure 1 shows clectron pressure {electron density ne x electron temperature Te) profiles
for pellet fuelled discharges ( plasma current 15=2.8, 2.1 and 1.5MA, safety factors at the
plasma surface q(a)=2.3, 3.3 and 4.2), gas fuelled reference data (Ip=2.8 and 2.1MA) and
positions of the q=1 rational surfaces (rg) detenmined with the sawtooth inversion radii. About

50~70% of the enhancement in the stored energy measured with a diamagnetic loop (AW) 1s

based on the peaked portion of the pressure
profile inside rg.The electron pressure
profiles were constructed with combinations
of Thomson scatiering, ECE and soft-X ray
emission (SX) data. The availability of §X
measurements to evaluate the electron
pressure profile was discussed inref.[1].
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We scanned Ip (0.5~3.1MA)and the toroidal magnetic field By (3.5~4.8T) to survey the
dependence of the width of the peaked portion of the electron pressure (rp) on g(a) (Fig.2). The
solid line in Fig.2(a) indicating rg for gas fueiled discharges is written by rg=a/q(a) ( a is the
plasma minor radius, ~0.9m in limiter discharges). The width (rp) increases linearly with 1/q(a)
and the values agree systematically with the q=1 surface (rp=rg). In the well-center-fuelled
discharges, the sawtooth activity can be suppressed completely during 0.4~1 sec after the pellet
injection and then a large sawtooth recovers or the frequency of sawteeth are reduced during
0.5~1.5 sec after the pellet injection. These sawteeth have the same inversion radii of rg~a/q(a).
Therefore it is concluded that the pressure profile produced by the pellet injection peaks inside
the g=1 surface. Since the electron temperature in the central region is cooled adiabatically after
the pellet injection, the central current density profile, therefore the magnetic shear, can be
modified because of the ohmic dissipation and the penetration of the poloidal magnetic field. For
the NB-heated JT-60 plasmas, a calculation of the current re-distribution shows that the safety
factor at the plasma center dose not change drastically after the pellet injection because the re-
heating time is short enough to keep the central q below unity [6].

After the injection for most of the discharges, the electron pressure rises gradually inside rg
until a sawtooth reappears. However, in well-center fuelled and NB heated discharges, the
pressure gradient saturates at a certain value belore the strong sawtooth reappears. Figure 3 gives
the time evolution for the profile of electron pressure gradient estimated with SX signals for a
2. IMA limiter discharge heated by NB (Pyps=13MW). The pellets were injected at t=6.0sec. At
first, the saturation occurs outer portion, then the pressure gradient reaches the limiting value in
the whole region inside rs. The saturated value scales roughly with B2 and reaches the critical
value determined by the high-n (n being the toroidal mode number) ideal ballooning instability
[7]. In Figure 3, the calculated balloon-limits are drawn for two cases with assumed q(0) of 0.98
and 0.90. In the former case, the pressure gradient reaches the balloon-limit at r<23cm. When
the sawtooth activity is not suppressed 0.5 e '
completely, the pressur gradient dose not reach |1=6.20~6.50sec balloon
the balloon limit and the central pressure is [ (qo:ﬂlfénolg'(ggl;o.ga)
released gradually due to the sawteeth crashes. ‘ '

The upper limit of the poloidal B value for
destabilization of the balloon and the internal
kink modes is discussed in Sec 1.5 and the
feature of sawtooth activity is stated in Sec. 1.4.

Fig. 3

Time cvolution for the profile of clectron pressure
gradicnt estimated with SX signals for a 2.1MA
limiter discharge healed by NB (Papg=13MW). The
solid and dashed bold lines indicale the calculated
high-n ideal balloening limils for assumed g(0) of
0.98 and 0.90, respectively,

dp/dr (106 Pa/m)
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The peaking of the pressure profile is due Ip=2.8MA, B1=4.5T, pellet, E10243
to the peaked electron density profile. Figure B SR B B S S
4 shows the ne(r) for 0.02 and 0.4 sec after 0.4 sec after pellet Inj.
the peliet injection and that for the gas fuelling
(before the injection). Since, after the
injection, ne in the outer (r>rg) region
decreases faster than that in the inner {r<rg)
region, the particle confinement inside 15 is
better than that in the outer region. The figure
also suggests the inward pinch of the plasma
particle. The details for the transport
characteristics will be discussed elsewhere I
[4]. Plasma equilibrium may be modified in (SRR et
the core regime of r<rg and the confinement 0 20 40 60 80 100
property is improved. The evidence, r (cm)
however, has not been observed so far. Fig. 4

ne(r) for 0.02 and 0.4 sec aficr the pellet

injection and that for the gas fuclling
{before the injection).

o H\O\ 0.02 sec alter A

gas puff

ne (1020 m-3 )
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2.Sawtooth Frequency and Confinement

With the pellet injection, the frequency of sawteeth are reduced by up to one order of
magnitude compared to gas fuelled discharges. Since the sawtooth activity flattens the peaked
pressure profile, the occurrence of the mode has a direct influence on the global ceonfinement
especially for low-q (q(a)<3) discharges. Figure 5 shows the relationships among AW
(improvement in the stored energy compared to the gas fuelled data), peaking factors of the ne
profiles and the sawteeth periods Tst for 2.8MA limiter discharges. The peaking factor of ne
(Fnp) is defined by the ratio of the off-axial (r=0.5m) line averaged pe and ne at r=0.2m (at the
inner-most measurable position of the Thomson scattering system). Figure 5(a) indicates that

" AW increases linearly with Fnp. Figure5(b) shows the relationship between Fnp and the
enhancement of the sawtooth period Fsy; Fst=(tst for a pellet injected discharge) / (tst for a gas
fuelled discharge having the same absorbed power with the pellet case).  Fnp (or AW)
increases linearly with Fgt for Fg<3 and saturates for Fgi>3. The meaning of the saturation can
be clarified when the sawtooth period tgt is normalized by TE. In Fig.6(a), the saturation occurs
at Tgi~1E and further improvement cannot be obtained for T5(>1E. For these discharges
(Ip=2.8MA), the pressure gradient dose not reach the ballooning limit.

Figure 6(b) corresponds to the data with Ip=2.1MA (q(a)=3.3). In this case, the
saturation occurs at Tgp/1E ~2 and the {evel is limited by the baflooning instability. Figure 6(c}

gives the relationship between q(a) and tg/TE at the saturation point, (Tst/TE)strt, obtained in
some data sets with different Ip. The contribution of the sawtooth activity on the global
confinement becomes larger for lower ¢(a) discharges. Basically, the saturation may occur at
Tst ~ TE(q=1) » the energy confinement time representing the transport properly inside rs.
Thereforequg.G(c) implies the relationship between the energy confinement at r=a and r=rg. For
the two cases of q(a)=2.35 and 2.8 in Fig.6(c), the plasma dose not reach the balloon-limit
and the saturation is determined by the transport properties independent of the MHD modes
considered so far. While, in the other cases of q(a)=3.3 and 4.1, the saturation occurs due to
the balloon-limit. The values of (Ts/TE)strt for the two cases could be higher than the obtained
values, if the plasma had not reach the balloon-limit.
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1.4 SAWTOOTH AND m=1 ACTIVITIES
FOR PELLET FUELLED PLASMAS

Y.KAMADA, T.OZEKI, R.YOSHINO and M.AZUMI

In the well-center-fuelled pellet injection discharges, the sawtooth activity can be suppressed
completely or the frequency of sawteeth are reduced. At the sawtooth emerging after the pellet
injection, only small amount of the central kinetic energy is released and the sawtooth dose not
follow the fully reconnecting style.

With deepening of the pellet penetration and peaking of the electron pressure profile, the
following tendency of the central MHD behavior is observed;
i) Sawtooth frequency is reduced. Amplitude of the m=1 continuous oscillation and number of
sawtooth with post-cursor oscillation increase.
ii) Sawtooth activity is suppressed for a long time (<1 sec) and the enhanced m=1 mode
continues. ,
iii) Both sawteeth and m=1 modes are suppressed completely within ~1~1.5 sec.
Even in the case iii), the g(0) is considered to be below unity (1,2 and Sec. 1.3].

For the low-current (<2.1MA) discharges, the centrally peaked pressure profile was
flattened and the total stored energy was reduced at the first large sawtooth emerging after the
pellet injection [1,3]. For the high-current (Ip=2.5~3.1MA; q(a)<3) discharges, only small
amount of the central kinetic energy is released at the sawtooth, and the sawtooth activity
dose not follow the fully reconnecting style [4]. Figure 1 shows time evolutions of WPIA,
nel (r~0.5m), soft-X ray intensity (central chord) for a pellet fuelled 3.IMA limiter
discharge. Pellets were injected at t~6.0 sec. At the first and the second sawteeth at t=0,82
see and 7.05 sec, the total stored energy is not affected by the sawteeth crashes. This
observation suggests that the energy confined inside the q=1 surface is not released. This
section discusses the behavior of sawteeth for the pellet fuelled high-current discharges.
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Figure 2,3 and 4 give the behavior of SX emission for a 2.8MA (q(a)=2.34) discharge
(E10324) where the sawtooth activity is not suppressed completely. The high frequency
oscillation in Fig.2(b} is the (m,n)=(1,1) oscillation and the mode appears continuously before
(precursor) and after (postcursor) the sawtooth crash. The similar behavior of the m=1
continuous mode was also observed on JET [5]. Figure 2(c) shows the evolution of the profile
of §X/5X (fluctuating part/averaged part) for the m=1 oscillation during the sawtooth period.
The peak radius of the continuous mode, rm=1, is small (~14cm) after the sawtooth crash,
increases gradually and reaches 35cm (~a/q(a)) before the next crash. The time evolution of
I'm=1 is given in Fig.2(d). After the crash at t=6.4115sec, rm=1 moves inward with a time

scale of ~10msec which is much slower the crash time (~400psec). These observations give
the fact that the q=1 rational surface survives during the sawtooth crash and the central kinetic
energy is not released completely due to the crash. The SX-emission profiles just before and
after the sawtooth at t=6.4115sec are shown in Fig.3. Figures 3(a) and (b) gives the profiles
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Fig. 2 Behavior of SX emission for a 2.8MA (q(a)=2.34) discharge. (c) and (d) show the
evolution of the profile of SX/SX for the m=1 oscillation and rm=1during the sawteeth,
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for the lower and upper PIN-diode arrays. The central core shifts (m=1 displacement) and 18
not flattened completely. The sawtooth crash time is typically about 300~600usec, which is

Jonger than that (~100 ~200 psec) for gas fuelled discharges. Figure 4 indicates the time
histories of crash times and the mixing radii. After the pellets injected at t=6.0sec, the crash
time increases and the mixing radius dose not change. The latter observation means that the
global current distribution after the pellet injection is sirnilar to that in the gas fuelled portion of
the discharge. The central electron density before (t=5.9sec) and after (t=6.4sec) the injection

are 8 and 24x1019m~3 and, therefore, the Alfven transit time after the pellet injection is about
1.7 times longer than that for the gas fuelled portion. 1f the sawtooth crash is an ideal
instability, the increased crash time may be explained by the change in the Alfven time. On the
other hand, the magnetic Reynolds number (S) for pellet discharges is about 1/10 ~1/20 of that
for gas fuelled shots. If the sawtooth is due to the m=1 resistive instability, the growth rate
increases because of the reduction of S. Both the sawtooth crash time and the repetition time
for pellet fuelled discharges increase, the observation may mean the sawtooth appeared after
the injection is not the resistive mode. Conclusive results, however, cannot be presented
because we do not have the measured data of local shear around the rational surface.
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Figure 5 shows an example where the sawtooth activity is suppressed within ~1sec after the
pellet injection. The small oscillations observed at t=6.5~6.8sec are partial sawteeth originated
at r~0.1m during which the central SX emission remains almost unchanged and the release of
the central energy is small. The appearance of the partial crash implies the g-profile in the core
region is flat. In this particular discharge, the plasma dose not rotate in the decay phase
(t=7.2~7.7sec) of the central SX emission. Figure 5(b) indicates the time history for the
contour lines of SX emission rate in the central region (r<50cm) from t=7.2 to 7.37 sec. The
position of the q=1 surface is ~35cm. The hot and dense core shifts following the m=1

displacement, but behaves as a rigid body during the sawteeth (crash time~300tsec). The
released kinetic energy is also small for the sawteeth. Figure 5(¢) shows two profiles of the SX
emission for t=7.3344sec (just before the crash) and 7.3347sec (just after the crash) and a
plasma displacement in the radial direction estimated simply with the two SX-profiles. The
shape of the displacement seems to be similar to that for the conventional ideal m=1 mode [6]
rather than that for the quasi-interchange mode [7].
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1.5 IDEAL MHD STABILITY IN PELLET FUELLED PLASMAS

T. Ozeki, M. Azumi, Y. Kamada, R. Yoshino, 5. Tokuda
T. Tsunematsu, K. Nagashima, H. Yoshida and M. Nagami

1. INTRODUCTION

Pellet injections are useful method to produce the center peaked profile plasma,
which provide us the enhanced central values, Tio, neo, and rz. In pellet fuelled exper-
iments in JT-60 [1], the energy confinement time was enhanced up to 40% relative to
usual gas fuelled discharges with NB heating. A strongly peaked pressure profile was
produced in the area inside a inversion radius of m=1 sawteeth activity, when the pellets
well penetrated near the plasma center. However, the stored energy inside the g=1 sur-
face could not increase over a certain values even though the NB input power increased.
The high pressure gradients ( dP/dr is about 5 x 10°Pa/m ) formed in a low shear region
near the g=1 surface, so that the confinement within the g=1 surface may be restricted
by the ideal infinite n ballooning or low n kink modes ( where n is a toroidal mode
number ). Therefore, it is important to investigate the MHD stabilities of these modes
for peaked profile plasmas in the JT-60 operation regime, and discuss the restriction of
the peakedness within the g=1 surface.

2. FEATURE OF PELLET FUELLED PLASMA IN JT-60
AND RECONSTRUCTION OF EQUILIBRIUM

Strongly peaked pressure profiles were obtained in all operation regimes, when the
pellets penetrated to the plasma center. However, 5, inside the ¢ = 1 surface, which
well reflects to the pressure peakedness, was saturated even though the input NB power
increased. Here, §,; is defined as

b= s [ (D (=i, )

B; (7‘1) ri

where r; is the minor radius of the g=1 surface [2]. To analyse this phenomena, first,
we summarize the characteristics of the pellet fuelled plasmas in JT-60, as follows; 1)
the high pressure gradient exists inside of the inversion radius of sawteeth, being q=1
surface, 21)) the electron temperature profile is broad, so that g-profile is seems to be flat,
and 3) the center q is probably under unity.

The MHD equilibria used in the following stability calculations are reconstructed
by solving the Grad-Shafranov equation iteratively using all characteristics described
previously. The two free functions, the plasma pressure dFP/dy and the toroidal field
function F(4), are obtained by the kinetic data and the surface averaged paralle] current
< J, > (=< J,;-B> [ < B >), respectively.

The pressure profile is determined by the n,,7, data from Thomson scattering mea-
surements and the SX emission rate. As shown in Fig. 1, the SX emission rate is roughly
proportional to n3T*3-29 in the pellet fuelled plasma in JT-60. The ion pressure profile
is assumed to equal to the electron pressure profile because of the high density, and the
total pressure is adjusted by the stored energy from a diamagnetic measurement. The
surface averaged parallel current is assumed as a following function in this study,

1 -
<JpB o o {(1- At Rt 4 8 @

Parameters, al, o2 and o, are defined from the ¢ = 1 surface, the internal inductance
¢ and the central g value, where ¢ is a normalized poloidal flux defined as ¥ = (¥ —
Vazi )/ (Youn —Vazri). Yazi a0d sy, are the poloidal flux at the plasma axis and the boundary,
respectively. Because the center q is not measured, we have scanned the profiles with go
from 0.9 to 0.98. Figure 2 shows three type q-profile, where the q=1 surface is defined

by the observed inversion radius and the surface q are the same value (=3.4).
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3. BALLOONING STABILITY ANALYSIS

Ballooning stability analysis was carried out by solving the ordinary infinite n bal-
looning equation [3]. The flux function shape and the pressure and current profiles,
which have been reconstructed by the equilibrium code, are used for stability analysis.
The marginal pressure gradient dP/dr , is determined on each flux surface by demand-
ing that the growth rate be zero. Figure 3 shows the measured pressure gradient and
the marginal value against ideal ballooning mode, when the pressure profile becomes
mostly peaked. The measured pressure gradient just inside the ¢ = 1 surface violates the
ideal ballooning stability limit for go = 0.95,0.98. Also for gy = 0.90 it is very close to the
marginal value. Here, we note that the observed pressure gradient from the Thomson
scattering measurements (Fig. 1) has a about 20%-30% error. Therefore, the region of
the highest pressure gradient is considered to be almost marginal value for the ideal
ballooning stability. The difference of marginal ballooning pressure gradient limits by -
scanning of ¢ ( from 0.9 to 0.98 ) is small especially in the region around the highest
pressure gradients, so that the marginal value does not depend on ¢; very much.

1t is of interest to examine the temporal development of events of the highly peaked
plasma. As shown in TFig. 4, after two pellets were injected at 6.0 sec, the density
rapidly rose and decayed siowly. The temmperature transiently decreased and recovered
relatively fast. The SX intensity, which is nearly proportional to P?, significantly in-
creased near the plasma center, while the value at the peripheral point ( 0.4r, ) remained
the same value. Consequently, the pressure profile became peaked. As the time of dis-
charge proceeded, the maximum pressure gradient against the minor radius increased
and reached the marginal value of the ballooning mode stability, which is denoted by
a shaded region. The upper limit of the shaded region corresponds to ¢, = 0.9 and the
Jower does to ¢ = 0.98. However, as the pressure gradient increases, we can see that the
marginal values also increase due to the effect of magnetic well stabilization and the
difference due to the effect of the ¢, becomes small. From the discharge time of 6.3 sec,
the observed pressure gradient overtook the marginal pressure gradient and around 6.4
sec the observed pressure gradient was close to a marginal value, and the increase of
the pressure gradients became suppressed.

Br-scan experiments were carried out for about same ¢, values in the limiter plasma
with a circular cross section. The observed pressure gradient for the minor radius, dP/dr,
is almost proportional to the square of the toroidal field Br?, as shown in Fig. 5. In
the infinite n bal]ooning; analysis, the normalized pressure gradient, a , is usually used,
where o = —2uy(Rq*/Br®)(dP/dr). From this definition, dP/dr is proportional to Br? for
the same « value because g ~ 1.0 and R is constant. The marginal ballooning pressure
gradient limits for the given ¢ profile with ¢o=0.9-0.98 lie within the hatched region.
Therefore, the maximum pressure gradients are close to the ideal ballooning limit for
various toroidal fields. The high toroidal field is preferable to obtain the high pressure
gradient for the same g-profile.

€617 1.8

Q=34
I'I,’

+ Themsom [

NeT, (M %ev)

[

0 0.2 0.4 0.6 0.8
r{m)

rimi}

Fig. 1 The electron pressure profile n, 7, from Fig. 2 g-profiles for three central gy of 0.9,
the thomson scattering and the SX. 0.95, and 0.98 with the fixed goy.
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4. KINK STABILITY ANALYSIS

The MHD stability against the low n ideal kink modes is computed using the
ERATO-J code [4,5], which solves the linearized ideal MHD equations in variational
form using a finite hybrid element approach. As in the analysis of the ballooning mode,
the current profile is chosen to obey the eq.(2) and the center go value was gcanned from
0.9 to 0.98. The g=1 surface was also adjusted in rp/qcss [6]. The pressure profile is
chosen to have the form

P o eap{—~(£)} + =1 =), (3)

which provides a fair description of the pressure profile in the pellet fuelled plasma of
JT-60, as shown in Fig. 6.

20

The n=1 internal kink mode is considered to x10
be nost restrictive against the strongly peaked 40 -
plasma with low go (< 1.0) in JT-60 pellet fuelled - 1;’45 IB:O"'“O'G
plasmas. Figure 7 shows the critical beta limit 30k e—ee MZLOSUDW'%W
against go for the fixed ¢.ry, where we use the % 3 EBI25)
pressure profile parameter, v = 4, 6=01, k=086 o ‘\'\
with g.;,=3.55. For the g of 0.9-0.95, the change £ 20 o
of the stability boundary against the g 1s small. e ~\
As to be pointed out by Nave and Wesson [7], < 10 S
the boundary of critical beta reduces in the de- N
gree of ~20% as the go goes up to 0.98, due to 0 . L3y
the decrease of the global shear. Here, the un- 0 02 04 06 08 10
stable condition is defined by 5% > 5 x 107%. The roim)

boundary of the critical g,y with a locally high
pressure gradient just inside the g=1 surface 1s
higher than that with a parabolic pressure profile.
This results means that the strongly peaked pro-
file plasma, is rather stable against n=1 internal

Fig. 6 Electron pressure profile n T, defined
by the Eq. (3) and the parabolic pro-
file, and comparison with the measured
pressure profile from the 5X intensity.
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kink mode than the weekly peaked profile plasma.

Dependence of the critical beta boundary on the g.;; is examined for the fixed g
of 0.95 and the pressure profile parameter » of 4.0. Figure 8 shows the theoretically
predicted beta limit against the ¢.;; for the fixed go and the experimentally attained
values for various g¢.;;. The boundary of critical g, for v of 4.0 (the solid line} decreases
as the g,;; reduces because of the decrease of the shear. The boundary of the critical
f,1 reduces in the degree of ~20% by the flattening of the pressure profile. Fast crashes
due to the m=1 mode, which behaves as a rigid body ( crash time a 300usec ), were
observed after the peaked profile obtained in JT-60 [6]. The experimentally aitained
B,: with the fast crash (the open circle) lie in the critical beta limit within the difference
due to the pressure profile. The results of this experimental observation together with
the numerical analysis suggests that the strongly peaked profile is limited by the ideal

n=1 internal kink mode. | 0

Next the n > 2 kink modes are investigated for
the fixed boundary plasma in order to evaluate
the kink-ballooning effects due to the high g,. 221 Kink Unstabie
The critical g,; for n=2 mode is higher than that (¥ 25x107)
for n=1 mode, and the ideal n=3, 5, 10 and 20 Boy ved
modes are more stable than the n=2 mode.

0.75

5. CONCLUSION Parabalic ™\

The ideal MHD stability for the plasma with
strongly peaked pressure profile within the g=1

0.25F

surface is investigated. The results of the study
show that the plasma locally reaches the limit
of the ideal ballooning mode just inside the g=1
surface. After reaching the marginal value in a

0 ' L
0.9 0.95 1.0

%

magnetic flux surface, the increase of the pressureFig. 7 Dependency of critical 3,1 and the cen-

gradient is suppressed and the marginally stable
region spreads. The achieved 3,1 values is lower
than the beta limit imposed by the ballooning
mode. However, the achieved g,: values are close
to the beta limit of the ideal n=1 internal kink
mode and these attained beta are saturated with
the fast crashes of the m=1 mode.
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1.6 Sawtooth Effect on the energy confinement

K. Shimizu, R. Yoshino, Y. Kamada and T. Hirayama

The sawtooth effect on the encrgy confinement has been investigated with the predictive
transport code. The good particle confinement within the g=1 surface yields the improved
energy confinement under the certain condition, i.e. the strong particle source in the core

region and the sawtooth suppression.

1. Introduction

Improved energy confinement for additional heating plasma has been obtained by hydrogen
pellet injection. The plasma stored energy is increased up to ~ 0.5 MJ compared with the gas
fuelled plasma at Ip = 2.8 ~ 3.1 MA plasmas with 10 ~ 15 MW NB heating. It is considered
that the enhanced confinement has been yielded as a result of the suppression of sawtooth activity
during 0.4 ~ 1 sec after the pellet injection [1]. The sawtooth effect on the energy confinement
has been investigated numerically by using the 1-1/2 D transport code. Itis often said that the
peaked density profile stabilizes the ion gradient drift instability and improves the plasma
confinement. But the enhancement of the stored energy in the pellet injected plasma can be
explained by the good particle confinerment within the g=1 surface, without the improvement due

to the peaked density profile.

2.  Simulation model
Pellet ablation model : The ablation profile of the pellet is calculated by the neutral-gas
shielding model {2]. The comparison of this model with the experimental data of ablation

monitor shows that the ablation effect from first ions seems to be more weak than the neutral-gas
shielding model. In our simulations, the charge exchange loss of fast ions at the plasma
peripheral is enhanced so as to agree with the experimental penetration depth.

Sawtooth model : In this model, the minor disruption eccurs repeatedly with the fixed period (
i.e. 60 msec for OH plasma, 90 msec for NB heated plasma ). When the minor disruption
occurs, the profiles of the density, the electron and ion temperature and the plasma current
density within the region 0 <t <rp are mixed based on the conservational laws of the particle,
the energy and the magnetic flux, respectively. The mixing radius ry is given by
~121,=12a/q) ,wherer, is the singular surface of q = 1 and the q(a) is the safety factor
at the plasma surface.

Diffusion coefficient : The steady state transport analysis [ 3 ] shows that the effective heat
diffusivity Xet for OH plasma decreases with g(r) while Xeft for NB heated plasma increases
with q(r). Taking this analysis result into the consideration, the parameter survey of the
diffusion coefficient has been carried out extensively. The power degradation of the energy
confinement and the improvement with the plasma current can be well reproduced by the

simulation with the following diffusion coefficients.



JAERI-M 80-066

De(r) = (02+0.015Pyg ) Xqg(r) (m?%s)

%) = (0.6 / q(a) + 0.045 P ) X g (m7s)

xin) = xE + %
where Pnp is the absorption power of Neutral Bearn heating in MW unit, and x5 is the
neoclassical diffusivity derived by Chang-Hinton. The anomalous inward velocity is not
included in our simulations because there is no experimental data which indicates the pinch effect
obviously. The impurity accumulation inside the q = 1 surface observed in DIII experiment
suggests the good particle confinement in this region [4]. The diffusion coefficient in this
region is assumed to be

D.(r) =0.05 (m%s) (gn<1)

Figure 1 shows the relation between the plasma stored energy and the absorbed power for
3.1 MA ( closed circles ) and 2.1 MA ( closed triangles } plasma with Bt =4.8 T. The line-
averaged density 1, are fixed at the value of 5.7 x10¥ m3, The simulation results are in good
agreement with the experimental data shown by the solid lines. The density and the electron
temperature profiles calculated also agrees with the experimental data within the error bars.

( The electron temperature has somewhat peaked profile compared with that of the Thomson

scattering measurement .)

3.  Simulation result

The purpose of the simulation is to clarify the contribution of the sawtooth activity to the
energy confinement. For the shot E10814 | where the peaked density profile with
ne(0) = 2.7 x 1020 m-3 was sustained for about 0.8 sec after the pellet injection, the simulation
analysis has been carried out. ( see Fig. 6 and 7 in section 1.1 ) The expression for the
electron diffusivity used here is Y.(r) = (0.2 + 0.04 Pnyg ) X q(1) .

Figure 2 shows the time evolution of the plasma stored energy and the central electron
temperature. The recovery of the central electron temperature is somewhat slower than that of
the ECE measurement. The broken line shows the stored energy of the plasma with the sawtooth
oscillation. The stored energy is saturated immediately and the reduction in the stored energy is
about (.5 MJ. This value corresponds to the enhancement stored energy for the pellet fuelled
plasma obtained experimentally. In case that the particle diffusion within the q=1 surface does
not reduce significantly, the suppression of the sawtooth activity makes no difference in the
stored energy. The evolution of the density profile and the total plasma pressure profile are
shown in Fig. 3. The peaked density profile observed is well reproduced. The pressure profile
pea s strongly inside the q = 1 surface. This is consistent with the data of soft X-ray signal [1].
Figure 4 shows the electron density and temperature profile and the diffusion coefficient att =
% % sec. The agreement with the Thomson data is fairly good. The relation between the
eniiancement stored energy, the penetration length and the absorbed power are now under

investigation.
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4, Conclusion

The long temporal relaxation of the density and temperature after the pellet injection can be
well reproduced by the simulation with the same diffusion coefficient of the L-mode plasma.
The simulation result shows that the good particle confinement within the q= 1 surface yields the
improved energy confinement under the certain condition, i.e. the strong particle source in the

core region and the sawtooth suppressior.
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Figure captions

Fig. 1 The relation between the plasma stored energy Wst and the absorbed power Pabs for
3.1 MA ( closed circles ) and 2.1 MA (closed triangles ) plasma with Bt =4.8 T. The
experimental data is shown by the solid lines.

Fig.2 The evolution of the plasma stored energy and the electron temperature at the center.
The broken lines shows the stored energy of the plasma with the sawtooth oscillation.

Fig.3 The evolution of the density profile (a) and the total plasma pressure {b). The pressure
proﬁlcS peaks strongly within the q = 1 surface.

Fig. 4 The electron temperature and density profile at t = 6.8 sec (a) and the diffusion
coefficient (b). The Thomson data is also plotted.
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1.7 Impurity Behavior in Pellet Fuelled Plasmas

T.Sugie, H.Kubo, A.Sakasai, K.Nagashima, Y. Kawano, H.Yoshida,
Y.Koide, N.Nishino, T.Nishitani, N.Akaoka and H.Takeuchi

Impurity behaviors in pellet fuelled plasmas were investigated mainly with
spectroscopic method. Zefr values measured by visible bremsstrahlung
decreased from 2.5 to 1.5 just after the pellet injection. Carbon concentration
decreased from 3.5% to 1% and oxygen one also decreased from 1% to 0.5%.
Measured time evolution of soft X-ray signal was consistent with the
calculated one assuming that only carbon was contained for the impurity. For
metallic impurities, it has been still analyzing using a impurity transport code
whether impurity ions accumulate to the plasma center.

1. Measurements

For the plasma and impurity transport study, time evolutions of electron
temperature and density distribution were measured, shot by shot, by
Thomson scattering method during the pellet injection with the several
repeat shots. In these repeat shots, Zeff values, impurity lines and soft X-ray
signal were measured by visible monochromator, grazing incidence
spectrometers and PIN photo diode array.

2. Experimental results and discussion
(a) Hydrogen pellet injections to hydrogen limited plasmas

Time evolutions of central soft X-ray signal PINcenter and TiXXI (2.64A),
TiXX (259.31A), TiXII (460.7A), CVI (33.7A) and OVIII (18.97A) lines were
measured under the condition of By =4.5T and Ip=2.1MA. Those results are
shown in Fig.1 (a)-(d), with line integrated electron density along the U6 line
(r/a=0.6) nelg and injected NB power PngI - In these figures, central soft X-ray
signal decreased just after the pellets injection and increased with no
sawtooth oscillation. Intensity of the TiXXI line measured by crystal
spectrometer also decreased just after the pellets injection because the electron
temperature decreased to 500eV , and after that the intensity increased with
the electron temperature. Closed circles show soft X-ray signals which were
calculated by measured Zegt and distributions of eléctron temperature and
density, assuming only carbon impurity. These values were consistent with
the measured one, as shown in Fig.1(a). This consistency shows that the
titanium concentration was so small that the contribution to the soft X-ray
signal was very small. But this result do not indicate that the impurity ions
do not accumulate to the plasma center. It is necessary to analyze the time
evolutions of impurity lines by impurity transport code.

Figure 2 (a) shows the time evolution of Zef value along the U6 cord
measured by visible bremsstrahlung. The Zesf value was decreased from 2.5
to 1.5 just after the pellets injection and increased to 2.3 after one second.
Carbon and oxygen cocentrations were calculated by Zeff values and intensity
ratio of CVI1 (33.7A) and OVIII (18.97A) lines (1], as shown in Fig.2(b). In this



JAERI-M 90-066

figure, closed squares and open squares indicate carbon and oxygen
concentrations respectivly. Carbon concentration Nc/ne decreased from
3.5% of the electron density to 1% just after the pellets injection and oxygen
one No/ne also decreased from 1% to 0.5%.

(b) Hydrogen pellet injection to helium limited plasmas (after Ti-gettering)
Time evolutions of central soft X-ray signal PINcenter and TiXXI (2.6A), TiXX
(259.314), TiXIX (169.6A), CV1 (33.7A) and OVIII (18.97A) lines were measured
under the condition of Bt =4.8T and Ip=3.0MA. Those results are shown in
Fig.3 (a)-(d) with line integrated electron density nelg and injected NB power
Pnpi - In these figures, time evolutions of the central soft X-ray signal and
TiXXI line had similar behaviors. In these shots, titanium concentration was
larger than that of the plasmas before titanium gettering. Therefore, it seems
that titanium radiation contribute to the soft X-ray signal. It is necessary to
analyze whether the titanium ions accumulate to the plasma center or not.

3. Summary

Impurity behaviors of pellet fuelled plasmas were investigated on the
repeat shots, when time evolutions of temperature and density distributions
were measured by Thomson scattering. Zef values and impurity
concentrations were decreased just after the pellet injection. Measured time
evolution of soft X-ray signal was consistent with the calculated one. For
metallic impurities, it has been still analyzing using a impurity transport code
whether impurity ions accumulate to the plasma center. But,no large increase
of the radiation loss was observed in this experiment.

Reference

[1] KUBO, H., SUGIE, T., SAKASAI, A., et al., Nucl. Fusion 29 (1989) 571.
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Fig.1 For the hydrogen pellets injection to the hydrogen plasmas under the
condition of By =4.5T and Ip=2.1MA.

(a)Time evolutions of central soft X-ray signal Pcenter and TiXXI(2.6A) line.
Closed circles indicate calculated soft X-ray signal Pcalc..

(b)Time evolutions of TiIXX(259.31A) and TiXII (460.7A) lines.

(c)Time evolutions of CVI (33.7A) and OVIII (18.97A) lines.

(d)Time evolutions of line integrated electron density along the U6 line
(r/a=0.6) ne lg and injected NB power PN -
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1.8 Upgrade of JT-6C Pellet injector for Higher velocity of 2.3 km/s (1)

Hajime HIRATSUKA, Kouzo KAWASAKI+, Yasuhiko MIYO,
Yuji YOSHICKA and Kengo MIYACHI

1. DESIGN
1.1 Description of JT-60 pellet injector(1]

The JT-60 pellet injector consists of a gun assembly, & ga83 feed line,
a crycgenic feed line, a pellet injection line and a control system composed
of a mini-computer, & programable logic controller and CAMAC modules. The
schematic diagram cf the JT-60 pellet injector is shown in Fig.t.

(1) Cun assembly

The gun assembly is a main component which produces four ice pellets
and injects them into the JT-60 vacuum vessel. The schematic drawing of the
gun assembly 1is shown in Fig.2. The gun assembly consists of four heat
exchangers and four harrel housings containing pellet carries, driving
shafts and gun barrels. The barrel housing is connected to the heat
exchanger which reserves iiquid helium provided for cooling the barrel
housing up to an operating temperature of 14-10°K.

The gun barrel made of stainless steel is connected to each barrel
housing made cf OFHC copper. The pellet carriers with two gun barrel
diameters of 3.0 mm and L.0 mm can slide up and down between CFHC copper
washers in the barrel housing.

After frozen pellets are formed in the condensating well iccated at a
lower position named pellet making pesition in the barrel housing, the
pellet carrier is slided up to a higher position named pellet injection
position to chamber each pellet in the corresponding gun barrel. Then the
pellets are injected into plasmas.

The pellet carrier is driven at a constant speed by @ stepping motor
with an angular velocity of 0.72deg/6us and a torque of 11.8 kg-cm and
travels about 10 mm from the peliet making position to the pellet injection
position. The position of pellet carrier is monitcred by an encorder in
order to contrecl it accurately.

The pellet is propelled by a fast magnetic valve working by pressurized
hydrcogen gas up to 100 bar. This valve is opened quickly by discharging
electricity released from a 2000 uF capacitor charged to 150 V. The
temperature of this valve is necessary to maintain over a room temperature
by an electrical heater pecause it is afraid that the valve does not open
due to adhesion between a nozzle and a seal material at a ecryogenic
temperature. Also this valve is usable under 473 °K maintained by the
electrical heater. A reservoir which stores the propellant gas is connected
to the FMV and is heated up tO 473 °K in order to improve pellet
acceleration capability.

{2) Injection line

The injecticn line 1is composed cof three diagnostic stations, two sets
of “vacuum isclation shutter valves and guide tubes. A pellet is transported
to the plasma through this injection line. After leaving the gun nozzle,
the pellet passes through the vacuum isolation shutter valves. The valves
are opened to allow passage of the pellet and are immediately closed to
1imit the propellant gas flow entering the plasma.

The first and second diagnostic stations are connected to a low vacuum
tank (1.2 m®) and a high vacuum tank (1.0 m*), respectively. These large

+ Department of HITR Project, Oaral Research Establishmnet
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expansion tanks, vacuum isolation shutters valves and guide tubes are
designed to minimize the propellant gas flow into the plasma.

The light sensors for pellet velccity measurement are located at the
first and second diagnostic stations and the microwave cavity measurement
for measuring pellet fueling efficiency is located at the first diagnostic
statiocn.

{3) HRefrigerant and gas supplies

Various refrigerant and gas suppliers are provided for cooling down,
and supplying fuel and propellent gases. Liquid helium is transfered from
2000 & He dewar to each heat exchanger in the gun assembly, The exhausted
gas of refrigerant is heated up to room temperatures. The propellant gas
(hydrogen) and the fuel gas (hydrogen cr deuterium) are transfered to the
gun assembly through liquid nitrogen traps and filters to remove impurities
contained in the gases.

{4) Control system
The contrel system enables us lecal and remote operations such as

injection, vacuum pumping and baking for de-gassing of the nearest vacuun
pipes. The major ceomponents of this system are a programable logic
controller {PLC) and a mini-computer {(M-70 made by Mitsubishi Electric, Co.)
including a CAMAC serial highway interface and a MODEM interface.

The PLC performs all control functions for injection, vacuum pumping,.
baking and gas supplying. The mini-computer has .two CRT displays for
operation, the CAMAC serial highway interface for data acquisition and
communication of the pellet experiment condition between the JT-60 master
controller named ZENKEI and the JT-60 pellet injector, and the optical MODEM
interface for communicaticn between the PLC and the mini-computer.

The CAMAC interface also allows interconnection to the timing system in
the ZENKEI for triggering of the pellet injection, The transient
infermation containing the pellet velocity and pellet fueling efficiency 1is
transfered to the ZENKEI through the CAMAC serial highway.

1.2 Improvements and developed components [2]

Improvement was made to cool down the housing effectively by using (1)
the silver contained formed-copper to transfer the heat from the surrounding
to the heat exchanger and (2Z) silver joints at connection surfaces. The gun
assembly is housed in a vacuum chamber to provide thermal insulaticn.

Fach heat exchangers is also thermally isolated independently against
the heat lcad of the gun barrel generated by pellet injection. The tempera-
ture of the barrel is controlled within about +2°K by making use of tempera-
ture controller {(Chine C.0: Type D.A.) and Au-Fe Constantan thermo-couples.

Main effort for construction of the JT-60 pellet injector was to
develop FMV which should open against the high propellant gas pressure. It
was an important cemponent for providing a burst of high pressurized
nydrogen gas for acceleration of pellets. Requirements of the fast zcting
magnetic valve for the JT-60 pellet injector were tc work under higher
propellant gas pressure up %o 100 bar and to cbtain higher pressure rise
rate up to 200 bar/ms because the pellet velocity greater than 1300 m/s was

required.
The improvements of the new FMV compared to the commercial were brought

in (1) selection of a seal material, {2) short time constant of a magnetic
coil, {3) increase of a nozzle diameter and (Y4) increase of the velocity of
the seal material. The first improvement was useful to protect the seal
leakage against a high working temperature for a long period and other
improvements were useful to increase the pressure rise rate. Cross-
sectional view ¢of the developed FMV is shown in Fig.3. The seal material
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made of polimide is pushed to the end of 4.5 mm¢ nozzle by a spring force,
The plunger, which iz separated from the seal, begins to move as soon as the
magnetic ccil is energized, and hits the seal just after the plunger travels
in 2 mm. The stroke of the plunger is designed to be 4 mm. As a resulls,
quick open/close movement was ensured and the valve satisfied the specified
requirement.

The cbtained results using the developed FMV are summarized as follows:
pressure rise time of 0.2 ms, pressure rise rate of U4TL bar/ms and vacuum
Jeak rate less than 1.0x107° Pam’/s were obtained under a pressure of 100
bar and the reliablility was confirmed by the repetition test of 1.0xt0%"
cyecles [3].

The JT-60 pellet injector has been cperated reliably without any
serious troubles under the strong magnetic field.

2. CPERATION PROCEDURE

Operation of the pellet injection system began with complete evacuation
of the gas feed lines using the vacuum pumps. We describes the operation
procedure of the pellet injectlon.

The barrel housings are cocled down DYy liquid helium supplied from the
2000 & He Dewar. 1t takes about o-l| hours with a liquid helium flow of 9
0./hr to cool down from a room temperature to 30-40°K. The pellet carriers
are placed at the pellet making position and the fuel gas 1s introduced inte
the parrel housings from the fuel gas line. Temperature of the gun barrel
is cooled down from 30-40°K tc 10-50°K for -5 minutes. The time behavior
cf the gun barrel temperature and the pressure rise of the fuegl gas are
shown in Fig.l4.

The gun barrel temperature and the pressure rise of the fuel gas become
in steady state because the hydrogen fuel gas changes into a frozen hydrogen
isotope pellet. The pellet carriers drive the pellet to the pellet
injection position. Then the FMVs are opened independently, providing high
pressureized propellant gas burst to accelerate the pellets in the gun
parrel and the pellets are injected into the plasma through this injection
line. After pellet injectlicn, parrel housings are heated up to 30-40°K by
electrical heaters mounted on them.

Operation of the pellet experiment with plasma discharges are as
follows. The operational conditions including the number of injected
pellets and injection timing parameters are transfered from the ZENKEI to
this system through the CAMAC serial highway. These conditions are sent to
the PLC and the pellet injection pulser. A firing signal of t=0 1is
transfered from the JT-60 timing system of the ZENKEI to the pellet
injection pulser through the CAMAC timing modules of this system. A counted
clock pulse of the pellet injection pulser reaches the setted timing
parameter and a triggering signal is sent to the FMV,

The pellet injection operation is interrupted by the interlock system
on some occations such as no plasma puild-up, plasma disrupticn and leakage
of hydrogen gases around the machine. The reascns of the interruption are
to protect contamination of the first walls and to protect hydrogen gas
explosion.

References

[1] H. Hiratsuka, et al., JAERI-M 88-214 (1988).

[2] K. Kawasaki, et al., To be published in Proc. 15th Symp. cn Fusion
Technology, Utrecht, 1988.

[3] H. Hiratsuka, et al., To be published in Proc. 15th Symp. on Fusion
Technology, Utrecht, 1988,
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1.9 Upgrade of JT-60 Pellet Injector for Higher Velocity of 2.3 km/s (11)

+
Hajime HIRATSUKA, Kouzo KAWASAKI , Yasuhiko MIYO,
Yuji YOSHICKA and Kengo MIYACHI

1., TEST RESULTS
The pellet fueling efficiency and the peliet veloclty were measured by

the change of the rescnance frequency in the microwave cavity and the time
of flight between fixed distance at the pellet injection line. The
dispersicn of the pellets was measured at the third diagnostic station using
soft aluminum targets to intercept the flight line of the pellets. All
pellets hit the aluminum target within 2 cm circle located at 400 cm away
from the FMVs. Typical test results are summarized as follows.

(1) Characteristics of vacuum and cooling

Three diagnostic staticons were exhausted to about 10—"% Pa from an
atmospheric pressure within 30 minutes. After 120°C baking, the ultimate
pressure at the third diagnostic station was less than 2.0x10~% Pa. The
amount of the propellant gas flow entering the third diagnostic station was
dependent on the open holding time of the vacuum isplation shutter valve.
The vacuum isolation ghutter valve must clese within 50 msec after the FMV
has worked because the amount of the gas due to propellant gas flow is
afraid to become over 10 % of the pressure rise due to the hydrogen pellets.
This value satisfied sufficiently the specification value.

The cooling time from a room temperature to 30-40°K at the gun barrel
was about 150 minutes with 9 2/hr liquid helium flow. The barrel housings
were cooled down to a low temperature (8.3°K) enough to make the frozen
hydrcgen pellet. Obtained temperature distribution at the gun barrel agreed
with the calculated.

(2) Determination of pellet fueling efficiency

A microwave cavity measurement 1is to measure an amount of reflected
power which is induced by mistuning the resonance frequency. By mistuning
the resonance frequency during the introudction of the pellet, a linear
relation-ship between an output voltage and a frequency shift in the cavity
is obtained for changes in the frequency that are small compared with the
resonance f{requency.

Results from characteristics of the pellet fueling efficency by the
microwave measurement are shown in Fig.1. The pressure rise at the third
diagnostic station was measured as a function of the output voltage
corresponding the snift in resonance frequency. The fueling efficiency was
defined the ratio between the injected fuel gas particles and an amount of
the ideal fuel gas particles with the theoretical dencity and the same sized
of the pellet carrier. The reaults shown in this figure indicate a fairly
linear relationships between the pressure rise and the cutput voltage with
+10 % variaticn. Obtained pellet fueling efficency was up to 60-65 % for
both dimensicns of pellets, Measured fueling efficiency by this method is
agree with the other experimental results of plasma density [1].

(3) Injection performance

Velocities measured by the time-of-flight method are shown in Fig.2.
Theoretical curves based on the jdeal gun thecry are shecwn in the same
figure [2]. The horizontal axis in this figure designates the propellant

+ Department of HTTR Project, Carail Research Establishment
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gas pressure. The pellet velocity was ranged from 1700 m/s to 2200 m/s,
where the propellant gas pressure was in the range 50 bar to 100 bar and the
temperature of the propellant gas was 313°K. Experimental data were lower
than those calculated from the gun theory, The difference resulted from the
fact that the pellet residence time in the gun barrel was less than the FMV
full opening time. The incremental pellet velocity 1s about 12 % against
the propellant gas pressure up to 100 bar from 50 bar. The tendencies of
the measured velocity on the pressure was similar to the ideal curve,.
Improvement of the propellant gas temperature against the pellet velocity is
shown in Fig.3. About 16 % for the pellet velocity was imprcoved at a
propellant gas temperature ranged from 313°K to U473°K. The incremental
pellet velocity against the pressure rise and temperature of the propellant
gas was calculated 16-17 % and 4-5 4. The experimental and computational
results are in good agreement. The highest velocity over 2300 m/s was
obtained for two dimensions of pellets. When operated conditions were 100
bar and 413°K in the propellant gas pressure and temperature, obtained
velogity and fueling efficiency were 2323 m/s and 53.7 %, respectively.

Detailed pellet velocity analysis was carried out using the developed
computer program based on Navier—-Stokes equations for the fluid driver in an
eqivallent one dimensional formula. Comparison of the experimental and
computational resulfs are shown in Table 1. This table shows that the
pellet velocity of the small size pellet I1s greater than that of the large
size pellet and the experimental and computational results are in good
agreement.

In this table, the velccity of the small size pellet is greater than
that of the larger one because the accelleration of the pellet is in
preportion to the pellet mass and the obtained velocity is faster than that
of the calculated one because the open—-closed time of the FMV in which the
calculation is about 2~2.5 times as much as the actual FMV. Especilly the
velocity of pellef is stronglly depend on the c¢pen-cleose time of the FMV.
The obtained velocity used the old typed FMV which the open—-close Lime was
about 1.1 ms is abcut 60-65 % and the developed FMV which the open-closed
time is about 0.4-~0.5 ms, the obtained is about 80-90 % from the theoritical
value based on the ideal gun thecry, respectively. This experimental
results shows that the FMV must be opened quickly tc increase the pellet
veleocity.

2. CONCLUSICN

The JT-60 pellet injector was censiructed successfully and the obtained
pellet velocity was ranged from 1700 to 2300 m/s. The maximum pellet
fueling efficiency was 60-65 % for two dimensions of pellets. The
dispersion of pellets has been determined at the third diagnostic station
correspending to the entrance of the JT-60 vacuum vessel using soft aluminum
targets to intercept the pellets. All pellets hit within 2 ecm circle as
indicated by the impact craters. This system has been in use for the JT-60
since February in 1989,

References
[1] Y. Kamada, et al., JAERI-M 89-050 (1989).
(2] C.A. Foster, et al., IAEA Technical Committee Meeting on Pellet

Injection and Torcidal Confinement. Gut Ising, Upper Bavaria, FRG
October 2U-26, 1988,
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Comparison between the obtained and
the calculated pellet velocity

Fig.
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2.  LHRF -Experiments

2.1 First Operation of Multijunction LHCD Launcher

V.IKEDA, T.IMAI, K.USHIGUSA, M. SEKI, K.KONISI, O.NAITO, M.IIONDA, K.KIYONG,
S.MAEDBARA, T.NAGASIIMA, M. SAWAIIATA, K.SUGANUMA, K.UEHARA, K.YOKOKURA
and JT-60 team

1. Intreduction

The development of steady-state current drive would considerably ephance
the prospects {for a tokamak fuslon reactor. Lower hybrid current drive is one of
the most promising method to achleve a steady-state tokamak. Another application
of lower hybrid current drive is the control of the plasma current profile to
{mprove MID stability and confinement in tokamaks. So the main objective of LHRF
experiment is to optimize the wave spectrum for each jtem. Recent experimental
results have shown that the current drlve efflciency was improved by sharpening

wave spectrum on PLT[1] and that a good qualitative agreement exists between
the Fisch's theory[2] and the experimental data. The theoretlcal current drive
efficiency Is given by »n opt™ = K- G, where K = (42.45 + 1.954- Z orr}/(5 *+ Z ert)
and G is defined as follow[3],

=2
G = =N, mim =~ O fd,,maxf ﬁ,,mmi ' ;’ LH

N ,ymin, N max are the minimum and maximum of the effective part of the parallel
refractive index spectrum, respectively, and P eoos P rLu ls the directivity and
the accessible power ratio of the launched waves. So a large number of
waveguides in toroidal direction are required to taunch a narrow wave spectrum
((N ymax, N min)-+1).

A multljunction launcher was proposed in order to increase the number of the
waveguide with simplified modlfication of the launching systemf4]. The JT-60 has
Lthree LIIRF launching syslems and has achleved a current drive efficiency of 2.65
« 10'°m~=A/W and 2.9 % 10'®m™ZA/W without and with NBI at N peak of 1.0 - 1.7{5].
And improvement of confinement has been observed at broad plasma current
profile by launching the wave spectrum of 1.7 through the conventional
launchers, which are composed of a phased waveguldes array of 8 columns in the
toroldal direction by 4 rows In pololdal direction[6]. We aimed at improving the
~current drive efficlency and confinement by launching a narrow and highly
unidirectional spectrum through a new multijunctlion type launcher.

We report the overview of this multijunction launcher and the Tirst results of
experiments on the JT-60 using this launcher.

2. Overview of Launcher

From experimental view polnts, the launching system needs a high
controllability of N, to optimlze the spectrum. So a large number of waveguides
in toroidal direction are required for a launching system. The launching system
of the JT-G0 Teatures to be gseparable at 3 m far from the launcher mouth to make
it easy to modify the grill part. We modifled the grill part from the conventional
grill to the multijunction one. The divided number of three In the transmitted
waveguide was adopted to sharpen the wave spectrum, and the plteh of the
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wavegulde was constralned by the requirement to connect the conventlonal
launching eclement. The N ,peak ls glven by 30/(f-§)- 6 /2x, where I is the
frequency{Gliz), & pltch (cm) and ¢ the phase angle. Since We have already had a
conventlonal launcher of Ngpeak of 1.7 'for current drlve experiment, we
selected N ,peak of 2.2 to obtaln more flatten plasma current profile by LHCD. A
geomelric phase angle & of 70° was adopted to launch the N ,peak = 2.24, when
the phase difference between adjacent module was 70° . Since the launching
system has 8 modules In the toroidal direction, the wave spectrum can be
controllable to select the best value for current drive experiment from | to 3.5
. with a high directlvity as shown in Flg. L. The multijunction module was
manufactured by welding 3 secondary waveguldes with geometric phase shifter. A
taper waveguide was adopted to match at the geometric phase shifter in each
secondary waveguide. The length of the module and the width of the wavegulde
were limited by the technlcal requirement of copper plating and welding. The
resulting module Is shown in Ilg. 2. Manulacturing tolerances were +0.2mm and +
0.2mm on height and width of the wavegulde at .grill mouth, respectlively. The
phase shift and power balance were measured on every module and were about 70+
10° and 1/3 + 1/15, respectively. These dlscrepancies may be due to the
deformation at the welding point In the wavegulde. Since the the number of
wavegulde of 24 in the toroidal directlon lIs much enough lo average Lhese
discrepancles, the Fourler analysls of the manufactued launcher's spectrum shows
that the deformation of the spectrum is little compared with designed spectrum.

3. Experlment

Before the experiment, the launcher was conditioned by only high power RF
injection into the vacuum vessel of the JT-60 without plasma, and with Tayor
Discharge Cleaning (TDC) plasmas for two days. In the case of without adequate
density plasma { vacuum or TDC plasma ), the temperature rise of about 4.5°C/MW-s
at the geometric phase shifter was observed due to a high Voltage Standing Wave
Ratio (VSWR) at the secondary waveguldes without plasma loading. So the
conditioning in this case was performed under high RF field at the secondary
waveguides. Following these procedures, a current drive experiment up to 2 MW
was carried out after only 30 plasma shots. This conditioning time up to 2 MW was
about one-Tifth shorter than that of conventional current drive cne. We suppose
the RF conditioning without adequate plasma Is much effective on the
. multijunction launcher due to high VSWR at secondary waveguldes. At present,
the maximum injected power reached at 2.75MW.

The measured coupling agreed fairly well with the theoretical one as shown in
Fig.3{a). The theory curve assumes an edge density of 5X 10'® m™3, a density
gradient of 5x 10" m™ and a vacuum gap of 2x 107 m. The temperature rise at
thie geometric phase shifter shows that a high VSWR stands at high reflecticn
condition in Fig.3(b). This data Indicates that a good couplling should be
necessary [rom the view polnt of not only Injection of a high power and designed
spectrum into plasmas but also decreasing the rf loss on the grill part In the
multijunction launcher.

The current drive efficlency with the multijunction launcher was studied by
means ol N ,peak scans from 1 to 2.5. As the plasma current is usually maintained
by the feedback system in the JT-60, we determlne the current drlve efficiency
rrom the data of one-turn loop voltage of approximately zero. Figure 4 shows the
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current drive efficlency dependent on the N ,peak at I p =1MA The closed and
open data show the experimental » go for the multijunction and the conventional
1aunchers in the same target plasma, respectively. A maximum 7 co of 2.8 was
obtained For the multijunction launcher with the spectrum of N,peak = 1.3 at ne
- 0.8x 10'® m® and the 7 op for the multijunctioen launcher is about 1.4 time
larger than that of the conventional one at N ypeak = 1.7. This data shows the LI}
wave with narrow and high directivity spectrum gives a 1mp1,'ovement in the
current drive efficiency. The reason of the drop in 7 oo at Ngpeak = 1.1 is that
wave accessibility limits the minimum spectrum. The solid line in this Tigure shows
the theoretical current drive efTiclency of the multijunction launcher
calculated from Fisch's theory on the assumption of Z err = 2 and Njace = 1.3. We
also obtained a higher efficiency of 3.4 at a hlgﬁer plasma current of 1.74 MA at
N ypeak = 1.3. The experimental data qualitatively agreed with the theoretical
one. These results clearly show that the fastest wave spectrum with a high
directivity, which Is accessible into the plasma, is optimum for current drive and
also that the launched waves from the multijunction launcher have the
calculated spectra as shown In Flg. L.

4. Concluslon

A high effliciency current drive of 7 oo = 3.4 have been obtained by using a
multijunction launcher. A good agreement between the Fisch's theory and the
data Crom the grill phasing shows that a narrow wavenumber spectrum at the
jowest possible N, which can access to the plasma core is the best value to drive
a plasma current effleiently. Moreover the multlijunction launcher leads to the
improved grill conditioning. High avallability of the multijunction launcher for
current drive have been valldated on the JT-60, and therefore such a launcher
may he considered for use in the steady-state tokamaks.
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2.2 Improvement of Current Drive Efficiency and Enlargement
\ of Current Drive Product

T. Imai, K. Ushigusa, Y. 1keda, O. Naitoh, M. Seki, K. Uehara, H.
Yoshida, M. Nagami and JT-60 Team :

1. Introduction :

Key issues for the development of steady state tokamak reactor are to get high
current drive efficiency above 5%x1019m-2A/W and large current drive prod.uct up to 500
<1019m-2MA. There are several current drive schemes in tokamaks, like Lower Hybrid
(LHCD), Fast Wave (FWCD), Electron Cyclotron Wave (ECCD), NBI (NBCD) and etc..
Among them, LHCD is now the most sophisticated to produce the steady state current.
Since the success of the LHCD in JFT-2 tokamak, progress of the LHCD is the most
impressive, as seen in the recent JT-60 LHCD results [1-8]. This progress of the LHCD,
however, also reveals the problems in it like hot spot, surface current and o particle
absorption in a reactor grade plasma. But the LHCD is still the most reliable and powerful
current drive scheme and will be in the near future reactor grade tokamaks like FER and
ITER in the limited usage. The report provides the tecent progress of the current drive
efficiency and large current drive product in JT-60, using two current drive launchers

including a multi-junction one, with a power of up to 4.5 MW.

2. Improvement of Current Drive Efficiency
Previous experiment of the LHCD in the outer and lower X-point and limiter
discharge in JT-60 and other small tokamaks clarified the scaling of the current drive

efficiency (TICD=f1eRpIRF/PLH) on plasma parameters as
Nep o <Te>/5+Zefr) (1
where <Tg> is the volume average electron temperature and Zeff is the effective

ionic charge. This scaling gives us very promising prospect for the future non-inductive

current drive. On the other hand, the theoretical current drive efficiency is given by

nep==36_ 1 1-N1%/N2? Pacc
Zegr+S N2 In(N/Ny) Py @)

where N1 and Nz are the minimum and maximum values of the Njand Pacc/PLy 1s the

effective uni-directional power fraction. The equation (2) implies that sharp and lower Nj
spectrum and highly directive wave could have better efficiency. Large number of

waveguides are required to get such a spectrum, so 28 to complicate the RF system. To
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avoid such complication, multi-junction type launcher was introduced in JT -60 as described
in the section 2.1, Improvement of directivity and sharpness of Nj spectrum predicts higher
current drive efficiency by a factor of 1.3~1.5 from Eq. (2). The results of the experiment
in JT-60 are shown in Fig 1, where current drive efficiency n¢cp VS <Te> is shown with
results of other previous cxpcﬁments. Progress of the current drive efficiency due to the
higher performance of plasma parameters based on the scaling of Eq.(1) and further
development of the efficiency by the introduction of the multi-junction launcher are clearly
seen in the figure. The maximum value of 3.4x1019m2A/W is achieved and is almost 2
times higher than the results of other machines. It is said that the value approaches
significantly to the required one in the reactor.

New scaling for the current dive efficiency with the combination of Eq.(1) and

recent experimental results corresponding to Eq.(2) is written as

27,2
12 s 1 1-Ni%/No” Pacc
0= Zerts <% Ny2 In(N/N1) Py )

We must be careful in the usage of Eq. (3) in higher <Te> than 5 keV, since Eq. (2)
predicts the theoretical maximum of LHCD efficiency is 7~10x101%m-2A/W. So the ncp
saturates at high temperature. But Eq. (3) predicts hope to achieve the required value
(>5x1019m2A/W) in the steady state tokamak reactor.

3. Enlargement of the Current Drive Product

Large current drive is another key for the steady state tokamak reactor. Resistive
force against the non-inductive current in tokamaks is collision of current carriers along the
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distance of the torus (2rR). Therefore, the index to measure the quantity of the non-

inductive current drive is identified by
CDP =T RpIrp (@)

which we call " current dive product "( CDP ). The next generation tokamaks of FER and
ITER require the value of ~500x1019m2MA, while the values were ~1x1019m2MA in the
maximum in the previous non-inductive current drive experiments. In JT-60, early
experiment with the conventional LHCD launcher with ~1.5MW achieved the value of
1.5x1019mZMA. In the lower X-point divertor plasma, up to 5x1019m2MA was obtained
by the power up and improvement of efficiency. In the recent experiment, two LHCD
launchers were available because of the introduction of the multi-junction launcher. The
maximum LHCD power of 4.5MW with improved Nj spectrum was injected into JT-60
plasma and produced the maximum value of 12.5x10%9m-2MA as seen in Fig.2. The
enlargement of the CDP by a factor of ~10 compared with those in other LHCD
experiments have been achieved. This value is also larger than those of recent NBCD
experiments in large tokamaks like DIII-D, TFTR and JET as seen in the figure. It must be
noted the value of NBCD include the effect of bootstrap current and therefore the net CDP
due to NBCD is far lower than that in the figure.

flo Rp Tgp ~ 12.5 x 10°m2 MA
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<L
=
T FER/ITER
9?. - R I ‘9 -2
g <
22
©
a.
o 5 A R S L
== 6
S
- TFTR NBCD'
< 4 '8 TALA 4
5
[
2 DED NBCD o
e 88 IAEA |
) 1 . 1 : | 1 { L
0 i P 3 4 5 3 7 8 10 12

Py (MW)

Fig. 2 Development of the current drive product CDP in JT-60.
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One of the problems in the large current drive is hot spot caused by the intense high
energy electrons which carry the large amount of currents. The key factor of successful
enlargement of the current drive product in JT-60 is an employment of the divertor
configuration in the current drive experiments. A carbon bloom due to the hot spot easily
occur in the limiter discharge and the current drive efficiency is low. The details of the
impurities during the LHCD is described in the section 2.14. The success of divertor
configuration in LHCD experiments suggests that the control of the high energy electron
is very important to reduce the hot spot. Presence of the high energy electrons plays a key
role in causing the hot spot, since the threshold power of the carbon boom (hot spot ) in the
LHCD experiments is around 5 MW for Isec., which is far lower than that in NBI
heating. Study of the plasma -wall interaction under the presence of the high energy
electrons as well as the enlargement of the CDP and the improvement of nep are extremely

important to apply the LHCD in large scale like FER and ITER.

4. Conclusion

Remarkable improvement of the current drive efficiency by the improved
performance of plasma parameters and the optimization of the Nj spectrum with the
introduction of the multi-junction launcher was obtained and the maximum value of current
drive efficiency reached up to 3.4x1019m-2A/W, which is 2 times larger than previous
results in other tokamaks. High power LHCD with two LHCD launchers in the divertor
discharge enabled the maximum current drive product of 12.5x1019m-2A/W, which is 10
times larger than those of other experiments. Experimentally obtained scaling for current
drive predicts hopeful prospects to achieve the required values of both current drive
efficiency and current drive product. But careful treatment will be required to avoid the hot

spot in the next generation tokamaks.

References

[1] T. Yamamoto, T. Imai, M. Shimada, et al., Phys. Rev. Lett. 45 (1980) 716.

[2] S. Bernabei, C. Daughney, P. Efithimion et al., Phys. Rev. Lett. 49 (1982) 1255.

[3] T. Mackawa, T. Saito, M. Nakamura, et al., Phys. Letts. 85A (1981) 339.

[4] M. Porkolab, J. J. Schuss, B. Lloyd, et al., Phys. Rev. Lett. 53 (1984) 450.

[5] F.Leuterer, F. X. Soldner, et al., Plasma Phys. and Controlled Fusion 27 (1985) 1399.
[6] T.Imai, K. Ushigusa, K. Sakamoto, et al., Nuclear Fusion 28 (1988) 1341.

[7] K. Ushigusa, T. Imai, Y. Tkeda, et al., Nuclear Fusion 29 (1989) 1052.

[8] Y. Ikeda, T. Imai, K. Ushigusa, et al., Nuclear Fusion 29 (1989) 1815.



JAERI-M 350-066
2.3 Suppression of Sawtooth by Lower Hybrid Current Drive
O. Naito, K. Ushigusa, Y. Ikeda, T. Imai, K. Nagashima, Y. Koide

Introduction

The sawtooth oscillations commonly observed in tokamak discharges are considered
harmless as long as power levels are low. In nowadays high power experiments,
however, the sawtooth oscillations sometimes greatly modulate central electron
temperature/core energy contents. Therefore suppression of sawtooth is an important
issue in a core ignition regime. Experiments of suppressing sawtooth oscillation by
lower hybrid wave have been carried out in several devices. The results can be
classified into two groups; namely by flattening a current profile so that q(0) be above
unity; or by some other mechanism involving such effect as of high energy particles
with q(0) being less or equal than unity. In the ASDEX tokamak, a detailed
measurement of current density profile j(r) has revealed that the sawtooth oscillations in
Ohmic and NB heated discharges are suppressed by a global current flattening with the
application of LHCD, although the sawtooth period increases with decreasing Nj. In
the PLT tokamak, continuous m=1 oscillations have been observed during sawtooth

suppression by LHCD, suggesting an existence of q = 1 surface.

Experimental results

The effect of LH on sawtooth activity is shown in Fig. 1, where 4.6 MW of NB power
is injected into a divertor discharge with qeff = 3.2. In a discharge without LH
(E8866), sawtooth already exists before the NB injection. Whereas in a discharge with
LH (E8879), sawtooth is suppressed for 1.7 seconds by 2 MW of LH injection. The
total radiation power and Zefr value are nearly the same level in both cases, therefore an
effect of impurity is not a cause of the difference in sawtooth activity. Figure 2 shows
time evolutions of inversion radius for the above two cases. For comparison, Ohmic
(E10103) and low LH power (E8873) cases are also shown. For Ohmic and NB only
cases, inversion radius evolves almost the same way and begins less than 10 % of the
minor radius. For the case with Py = 1 MW, the sawtooth starts at around 15 % of
the minor radius, 0.75 seconds after the NB injection. The case with P g =2 MW has
even larger inversion radius (rg/a ~ 0.2) at the beginning of sawtooth. This result
implies that the central safety factor q(0) may be less than or equal to unity during
sawtooth suppression by LHCD. Alternatively we bave applied LHCD to a NB heated
plasma as in Fig. 3. By an injection of LH, inversion radius shrinks and suddenly
disappears around rgfa ~ 0.18. After LH has turned off, sawtooth reappears near the
disappeared point. Suppression of sawtooth by LHCD is also effective in a high
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power NB heated discharge as is shown in Fig. 4, where sawtooth is suppressed for a
second with Pyg = 18 MW. During the sawtooth free period, soft X-ray signal and
ion temperature (Fig. 5) have peaked profiles. Therefore it is expected that a
confinement in the central portion is improved during sawtooth free phase. Also
peakedness of hard X-ray profile persists during sawtooth suppression as is seen in
Fig. 6. The length of sawtooth suppression period AtsT, defined as the lag of the first
sawtooth appearance behind the NB onset, iricreases with injected LH power as in Fig.
7. If the sawtooth is suppressed by a global current flattening, it is expected that a
wave with higher Njpeak is more effective in sawtooth suppression. Whereas the
results shown in Fig. 8 exhibit an opposite tendency; the sawtooth suppression time
AtgT has a maximum around Njpeak ~ 1.3 which corresponds to the maximum current
drive efficiency. For even larger Ny's (N Peak > 1.9), Atgr is no longer different from
the case without LHCD. Which indicates that driving current in outer region is not
effective in suppressing the sawtooth. In some discharges, noticeable fluctuations
localized near the inversion radius are observed before the sawtooth crash as in Fig. 9.
Most of these fluctuations consist of m =1 oscillations. There are also discharges with
m = 1 oscillation during sawtooth free period. So there is a possibility of q(0) being
less than or equal to unity. An indication of the effect of high energy electron (E > 200
keV) on the sawtooth activity is shown in Fig. 10, where Atgt is plotted against the
central hard X-ray intensity Igx(0) before the NB injection. The plasma internal
inductance before NB is constrained to 1; = 0.88 - 0.9. Those longest AtsT points are
from low Pnp therefore low density discharges. As can be seen, AtgT is longer for
larger I13x(0).
To summarize, the appearance of sawtooth at a finite minor radius and the existence of
m = 1 oscillation suggest that g(0) may be less than or equal to unity during sawtooth
suppression period. A better suppression efficiency for lower Nj also supports that
sawtooth suppression mechanism in JT-60 is not likely to be by a global current
flattening. From the correlation between Atst and Iyx(0), it is expected that local
current profile modification by LHCD or existence of high energy electron may be

possible keys to the sawtooth suppression mechanism.
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2.4 Hard X-ray Measurement during Current Profile Control
Experiment by LHCD

K. Nagashima, T. Imai, K. Ushigusa, O. Naito and JT-60 team

In a series of lower hybrid current drive experiments, the
injected power spectra of LHRF was scanned using the newly
installed multi-junction launcher [1} (N, scan experiment). In the
experiment, the plasma parameters were I,=1.0 MA, B;=4.0 T,
ne=0.8-1.0x101% m3, Ppy=1.4-1.9 MW, hydrogen working gas and
divertor configuration. The hard X-ray(HX) in the energy range of 50
keV to 1 MeV generated by the RF induced high energy electrons
was measured by the 4 channel Nal(Tl) scintillation detectors in a
perpendicular direction to the electron current. The measured HX
energy spectrum was characterized by its intensity and declination,
in which the latter corresponds to a temperature in a maxwellian
distribution.

In the N, scan experiment, increasing N, of the injected RF
spectrum the central HX intensity decreased and its spatial profile
became broader. This indicates that the RF power was absorbed in
the more peripheral region with increasing N, and that the current
profile became broader with N, , which was confirmed by the
decreasing of plasma internal inductance lj with N;. The relation
between the broadening of HX profile and the decreasing of I; is
shown in Fig.1. In a case of low N,, plasma current was almost fully
driven by the RF-induced electrons and the hard x-ray intensity Iy x
was consistent with the relation of Igx(r)ee j(r) ne(r).

In addition to the HX intensity profile, the declination of the
energy spectrum featured the RF-induced high energy electrons in
the N, scan experiment as shown in Fig.2. It can be seen in Fig.3
that the declination becomes steeper with increasing N,, and it
corresponds to that the phase velocity of injected RF spectrum
decreases with N, . However, in LHCD the resonant electrons are
driven in a parallel direction and the measured HX spectrum is in a
perpendicular direction, so the declination of the energy spectrum
does not reflect the RF-induced high energy tail directly {2]. To
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estimate the relation between the measured energy spectrum(in a
perpendicular direction) and the RF-induced diffusion in a electron
velocity space, we used the 2-dimensinal fokker-planck analysis as

follows [3],

of 3%

Z =Dgr .
ot vy,

+ C(f,) + Sfother (1)

where Dgrp, C(f,f) and 8fgiher Tepresent the RF-induced diffusion
coefficient, collision operator and the other source and sink term,
respectively. In the analysis the last term in eq.(1) was neglected
because in our simple estimation we considered that electrons were
driven in a parallel directon by LHRF and the collision spreads them
over in a velocity space. And the measured HX energy spectrum is
written approximately by

(d_S.) ~ g4 | dI Zeem2k 319V (2)
dk det dk

where 4, Zeff and ne are detector efficiency, effective ionic charge
and electron density, respectively. d<ov>/dk represents the
differential cross section averaged over the calculated distribution
function. The calculated declination of energy spectrum in the energy
range of 100 to 300 keV are also shown in Fig.3, which is sensitive
only to the injected RF spectrum. The dependence on N, is in
agreement between the measured and calculated values. However,
the latters are larger than the formers both in the two calculated
cases, perhaps because of the inaccuracy of RF-induced diffusion
coefficient or the considerable sink term(the last term in eq.(1)) in
the large pitch angle space.
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2.5 Energy Confinement in Lower Hybrid Current Drive Plasmas

K. Ushigusa, T. Imai, O. Naito, Y. l1keda and the JT-60 Team

1. Introduction

A study of energy confinement property in non-inductively current driven (CD)
tokamak is very important because a steady state operation of tokamak reactor requires
the non-inductive current drivers. The lower hybrid current drive (LHCD) is one of the
most promising method to drive plasma current non-inductively. Therefore, the energy
confinement in LHCD plasmas should be studied to estimate the energy confinement
property of future steady state tokamak reactor.

The energy confinement in LHCD plasmas has been studied in small and medium
size tokamaks. In ASDEX [1], the diamagnetically deduced confinement time was
improved with respect to Ohmic discharges. In ALCATOR-C, the thermal energy
confinement time of LHCD plasmas did not depend on the electron density[2], and a
deterioration of the total energy confinement time, which includes the contribution of
the electron tail energy, relative to the Ohmic confinement time was observed|[3] This
deterioration was similar in magnitude to that predicted by Kaye-Goldston scaling.

This paper presents the energy confinement study of hi gh power LHCD plasmas
in JT-60 divertor configuration (Rp ~ 3.16 m, ap ~ 0.7 m) with the parameter range fle
=(0.8-32)x109m3,1,=10- 1.75MA,Br=40-45T, PLH < 4.5 MW, f =
2.0 GHz. For the high power LHCD experiments, two launchers were employed. One
of the two launchers consists of 8x4 waveguides array (the conventional launcher) and
excites waves of the parallel wave refractive index N peak ~ 1.7 with the adjacent phase
difference of Ad = 90° at 2GHz. Another launcher is a multijunction type and excites
waves of typically NyPeak ~ 1.45 with the high directivity and the sharp spectrum.

2. Results

Typical example of LHCD discharge is shown in Fig.1(a), where the RF input
power of ~ 2.2MW and ~ 1.2MW are injected by the multijunction and the conventional
launchers, respectively. The total power of ~ 3.4MW gives the current drive product of
~9.4 x 1019 m2MA with a correction of the change in the plasma internal inductance.
At t = 6.5s, where almost all plasma current is driven by the LH power, the
diamagnetic energy content is W* ~ 0.55MJ with the line averaged density ne~ 2.1
x1019 m-3. The electron temperature and the density profiles measured with Thomson
scattering at t = 6.5s are shown in Fig. 1(b). At this time, the visible Bremsstrahlung
signal and the Doppler broadening of titanium have indicated that Zegr ~ 4 and T;(0) ~
3.5 + 1.0 keV, respectively. These data indicates that the thermal electron energy
content is We ~ 0.41MJ and the ion energy is Wj ~ 0.13MJ, where we assume that the

ion pressure has the same profile as the electron pressure. The estimated kinetic energy
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content agrees with the diamagnetically measured energy in this case. However, the
kinetic energy content has a large error bar ( typically £ 20%) and this error is mainly
due to the error of the Thomson scattering. The energy confinement time at LHCD
phase (at t = 6.9 s ) is Tg ~ 0.17 s with Tig~ 2.5 x1012 m-3, while the OH confinement
time at the same density is ~ 0.4 s.

Figure 2(a) shows the density dependence of the diamagnetically estimated
confinement time tgdia for IMA divertor discharges, where open and solid circles show
OH plasmas and LHCD plasmas, respectively. The confinement time of LHCD
plasmas is roughly constant against the electron density, while the OH confinement
time increases with the density. The energy confinement time of IMA LHCD plasmas
is almost the same as that of the OH plasmas at the low density regime (fle ~ 1 x101% m-
3y. The multijunction launcher excites low N) waves with a narrow spectrum (Nj = 1-
1.9). Therefore, the wave power excited by the multijunction launcher tends to be
affected by the accessibility condition at the high density regime. Atfie~ 3 x1019 m3,
the accessibility condition is Nj¢ ~ 1.35 with f= 2.0GHz and BT = 4T and ~70% of
the wave power excited by the multijunction launcher satisfy the accessibility condition.
If we use the accessible power as the absorption power, the energy confinement time at
fie~ 3 x1019 m3is almost the same as that at i, ~ 0.8 x1019 m-3. Figure 2(b) shows
the density dependence of the ratio of the increase in pp®a" and deia at the first 0.3s of
onset of LHCD power, where we assume that the internal inductance does not change
for a first 0.3 5. At T, ~ 1 x 1019m-3, a significant pressure anisotropy (App®at/ ABpdia
> 2.0) is observed. In these low density regime, the total energy confinement time
1Elot = (Wop + 2 (AWedU + AW*/2) /3 )/ PLy becomes Tgtot = (1.1-1.2) 1pdia.

The power dependence of W* is shown in Fig. 3 for several plasma currents
where closed and open symbols are the LHCD cases and the neutral beam (NB) heating
cases, respectively. In the heating power Pyps = Pon + PLH + Png2bs, we use the torus
input power Py for the LH power and the absorbed NB power Pngébs in which the
shine through and the reionization losses are subtracted from the input power. For the
LHCD cases, the Ohmic power is almost negligible (Pon/Pabs<<1). The operating
density is almost the same regime for both NB heating cases (M~ 1.5 - 4.0 x1019 m-3)
and LHCD cases (i, ~ 0.8 - 3.2 x1019 m3) and increases with the heating power. Itis
found that the confinement time of 1MA LHCD plasmas is higher than that of the NB
heated plasmas at the same power level. Atlp = 1.5MA, the ILHCD plasma has almost
the same confinement time as NB heated plasma with Paps < SMW. In the NB heated
plasmas, the energy content increases offset linearly with the absorption power and the
incremental confinement time is around 55-60 ms independently of the plasma current .
The current dependence of the energy content in NB heated plasmas comes from the

difference of the offset stored energy and it is originally the OH confinement
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characteristics. The diamagnetic energy content in LHCD plasmas does not depend on
the plasma current as shown in Fig.4 and depends only on the CD power ( or,
equivalently, the density). This seems to be a quite different aspect from the usual L-
mode scaling. The effect of the offset stored energy, which is the OH confinement
characteristics, and the dependence of the plasma current on the energy content
disappear in the non-inductively current driven plasmas because of no Ohmic heating
power. In Fig. 3, the confinement time decreases with the LHCD power (tpdia o
Pabs0-32 ). The LHCD power is not independent of the density and the current in
LHCD plasma; Paps = PLy = T Ip. Therefore, this power dependence of the
confinement time is toughly equivalent to the density dependence of the confinement
time. In Fig. 2, 1gdia o 77019 for IMA LHCD plasmas. For LHCD data of all
current, the experimentally observed confinement time can be fitted as 1pdia e {03,
When we write the confinement time as Tg o P® i in LHCD plasmas, observed data
indicate o + B ~ - 0.3. If the power degradation of energy confinement time is similar
to the Goldston scaling ( o.=— 0.5), observed data suggest that the density dependence
of 1g is weak ( o0 ~ 0.2). The incremental confinement time of LHCD plasmas, here
we define TEINC(LHCD) = dW*/dPgys, is around 0.1 s, and this value is almost twice
of that for NB heating and does no depend on the plasma current.

Figure 4 shows the comparison of the electron temperature and the density
profiles for the LHCD plasmas at Ip=IMA (T~ 2 x 1019 m-3) and 1.5SMA (6.~ 1.5
x 1019 m3) with the same LHCD power (PLy = 2MW). The diamagnetic stored
energy 'is W* ~ 0.48MJ and 0.45MIJ for 1 MA case and 1.5MA case, respectively.
The electron temperature for the 1.5SMA case has a peaked profile compared with the
1MA case, while the density for both cases is almost the same profile. The electron
thermal energy is We ~ 0.23MJ and 0.24MJ for 1 MA case and 1.5MA case,
respectively, and they are almost the same value. The electron thermal energy for
LHCD plasmas depends only on the power or the density and does not depend on the
plasma current similarly to the diamagnetically measured energy.

3. Summary

In conclusion, it is shown that the confinement property of the LHCD plasmas
has a different aspect from usual L-mode scaling. The low current LHCD plasma has a
longer confinement time than the NB heated plasma. The confinement time depends on
the LHCD power and the density, however, it is independent of the plasma current.
References
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2.6 Volt-Second Saving by Lower Hybrid Current Drive
0. Naito, K. Ushigusa, Y. Tkeda, T. Imai, H. Kimura

Abstract

The volt-second consumption of the Ohmic primary circuit is reduced by lower
hybrid (LH) current drive (CDD) during the current rise phase. Most of the LH power is
consumed in compensating the resistive voltage typically 0.8 V. Up to 2.5 V-s of flux
is saved by 2 MW x 2.5 s of LH injection which could be projected to several tens of
volt-seconds in ITER class reactors. In most cases, LH assisted current ramp-up can
safely passes through g, = 3 without causing any disastrous MHD instabilities leading
to major disruption.

The estimation of volt-second consumption and the means of its saving is a
crucial issue in designing the poloidal field system in a large tokamak. In the Ohmic
discharges, the volt-seconds are generally saved by the optimization of the current
ramp-up rate and density. Besides these operational means, the volt-seconds can be
saved either by current drive or auxiliary heating with external tools. These, at the
same time, may reduce the complexity of the poloidal field system and widen the
operational margin. The volt-second analyses of the Ohmic discharges are performed
either with the axial method [1] or the Poynting method [2). Here we follow basically
the Poynting formalism. The JT-60 tokamak has three LH launchers; two of which are
designed for current drive and used in the volt-second saving experiments [3,4]. In
divertor discharges, up to 2.5 Vs of volt-seconds are saved with 2 MW x 2.5 s of LH
injection during current rise phase.

Typical waveforms of one turn voltage, Ohmic primary coil current I, plasma
current I and LH power Py y are shown in Fig. 1. The plasma current is raised from
0.7 to 1.4 MA in 2 seconds where 1.6 MW of LH is injected with parallel refractive
index of N“p"’ak = 1.45. The one turn voltage is reduced from 1.8 to 0.9 V and the
ramping rate of the primary coil current necessary for rising plasma current is reduced
by 81 = 6.36 kA/s which corresponds to 1.76 Vs of flux saving during two seconds
of LH injection. This could be extrapolated to more than 40 Vs of volt-second saving
in ITER operation scenario where 20 MA of plasma current is raised in ~ 50 seconds
[5].

Using the plasma internal inductance L , the inductive voltage is estimated as
-1 d/d(L;I 2/2). Then the resistive voltage is evaluated as the difference between
tﬁe surface voltage and the inductive voltage. For discharge without LH, the resistive
voltage is typically 0.8 V and is roughly constant during current rise phase. With LH
injection, the resistive voltage drops to ~ 0 V while the inductive portion being almost
unchanged. Which means that the LH power is consumed mainly for compensating the
resistive voltage. Time evolutions of the plasma surface flux change Adg, and the
inductive component Ag; 4 relative to the values at t = 2 s are shown in Fig. 2 for
Ohmic and LH assisted cases. The inductive portion is almost the same in both cases
except that Ad;, 4 tends to be a little lower for the LH assisted case in the later phase of
current ramp-up, which is probably due to the slight broadening of the current profile
by LHCD. Thus we can expect that the difference in the surface flux change ( Aq)?uPr’ -
AL ) mainly comes from the resistive volt-seconds saved by LH waves. ‘

On applying LH, a certain portion of the Ohmic induced current 8oy = Mk Ol
/ t, is replaced by RF driven current 8lgg = Mep Pry / ne Ry where Mg, 1, e De
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and R, are respectively the plasma-Ohmic-primary-coil mutual inductance, plasma
resistance, current drive efficiency, electron density and major radius. Equating these
currents and integrating over the LH injection period gives a rough estimate of volt-
seconds saved by LH:
| "L 4= 259, e [ L g,

where Adp = 1[MpF SiF dt is the saved volt-seconds and Pp=Tp / Zan is the plasma
resistance forunit length. And it is assumed that the product p, Tlcp is a weak function
of electron temperature, since previous results show that Nep =< T (6] and Pp > Te'm.
Figure 3 shows A¢g as a function of |Ppy/ p, dt for some current ramp-up rates
where most of the discharges are performed with N”Peak = 1.3 or 1.45. The saved
volt-seconds increase linearly with the time integral of LH power density: Abg = 0.55 x
1017 P y/n.dt. And the efficiency of flux saving varies not so much with current
ramp-up rates. Employing typical values of the parameters 1, < 2 €2, nCP)Z 1.5
1019 A Wl m2 and R, ~ 3 m, the coefficient Pp TNicp has a value around 10 V-5 m3
/ MJ which is roughly consistent with the experimental results.

Another point in applying LH to volt-second saving is the stability of discharge
to the MHD modes. The stabilization of m=2 tearing mode in LH current driven
discharges has been previously reported on the Petula-B tokamak, where the current
density profile has been flattened within q=1 surface by LHCD [7]. In high current
shots of JT-60, discharges are often terminated with major disruption caused by the
large m=3 locked mode when the safety factor passes through three [8], although this
locked mode can be avoided by a certain amount of neutral beam heating power. The
relative amplitude of m=3 poloidal magnetic field component SBg/Bg in discharges with
q, = 2.8 -3.2 and 1. = 0.32 - 0.44 MA/s is 1.4420.54 % for the case without LLH
whereas 0.9710.77 ‘% for LH assisted case. Thus the assistance of LH does no harm
to the MHD stability, at least to m=3 locked mode. In fact, in a series of high current
limiter discharges, LH assisted shots suffer less disruption caused by m=3 locked
mode than Ohmic shots.

To summarize, up to 2.5 V-s of flux is saved by the assistance of LH in current
rise phase. The saved volt-second increases linearly with [P} 4 / n, dt where the LH
power is mainly consumed in compensating the resistive volt-seconds. In most cases
LH assisted discharge can safely pass through q,=3 without causing any harmful MHD
instabilities.
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2.7 Current Ramp-up by. Lower Hybrid Wave
O. Naito, K. Ushigusa, T. Imai, Y. Ikeda

Driving noninductive current with some means is essential to the achievement of
steady state tokamak reactor. Even though the complete elimination of Ohmic circuit
requires sufficiently high current ramp-up and current drive efficiencies, it is still useful
in reducing the volt-second requirement for Ohmic circuit. Experiments of ramping up
plasma current with the assistance of lower hybrid wave has been reported in PLT [1]
and Alcator C [2]. A demonstration of ramp-up in a large tokamak is presented here.

In this experiment, the plasma current is initiated by the Ohmic circuit. After
initiation, the Ohmic primary coil current has been kept at a constant value so that no
inductive power is supplied by the Ohmic circuit. Then the lower hybrid waves are
injected with various relative waveguide phasings (A¢) using mainly the multijunction
launcher. Typical ramp-up discharges for different phasings are shown in Fig. 1. In
the case without LH injection, the plasma current decays with a constant rate after the
Ohmic circuit is decoupled. For the case with Ad = 210° (Npeak=2 2), although the
absolute rate is much smaller than the former, I, still decays. As the AQ is lowered,
however, the plasma current starts to ramp up.

Figure 2 shows the current ramp-up efficiency as a function of Nypeak, The
current ramp-up efficiency Nramp is defined as the ratio of the power input to poloidal
field (subtracting the external inductive power input from equilibrium field circuit) to
the injected LH power [2]. As is seen, LH-to-poloidal-ficld energy conversion is most
efficient around NyPeak = 1.3 - 1.5, which coincides the NyP¢@K-value for the best
current drive efficiency Tjcp. The ramp-up experiment has been also carried out after
the titanium gettering experiment. After gettering, the density during current ramp-up
has been reduced and the current ramp-up rate has slightly increased. However, the
resultant ramp-up efficiency has roughly the same value as that before Ti gettering.

The dependence of Nyamp on a line average density is shown in Fig. 3. For
fixed phasing angle, Tramp is a decreasing function of density. Although the current
ramp-up is still effective at ng = 1.3 x 1019 m-3, low density regime with ne < 0.5
1019 m-3 is most efficient.

Figure 4 shows the conversion efficiency of LH to electromagnetic energy as a
function of normalized phase velocity vph/vr where vy is the runaway velocity and Pgy is
the total electromagnetic input from LH (including resistive loss and subtracting
external input from equilibrium field circuit). The solid curve is the value of Fisch-
Karney theory [3]. The data in vpn/vy > 1 are those obtained after Ti gettering. The
experimental results and the theory are roughly consistent, althou gh the conversion
efficiencies in 0 < vpy/vy <1 are slightly higher than the theoretical prediction.

In some shots, the current ramp-up rate suddenly decreases when the stored
energy begins to increase. In this case, an electron collides with and gives its energy to
the background plasma rather than decelerated by and giving energy to the field. A
definite condition for these phenomena to occur is, however, not yet clear.

Current ramp-up by lower hybrid (LH) current drive has been carried out in the
JT-60 tokamak. Up to ~ 120 kA of plasma current is ramped up in 7 seconds with ~
1.5 MW of LH injection. The efficiency of converting the lower hybrid energy to the
poloidal field energy is typically 5 - 10 % depending on the wave refractive index
NjPeak and density. The efficiency is better for smaller wave refractive index Njpeak
and for lower density. The results are consistent with the theory of Fisch and Kamey.
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2.8 Limiter H-Mode with Lower Hybrid Current Drive

S. Tsuji, K. Ushigusa, Y. lkeda, T. Imai, K. Itami, M. Nemoto,
K. Nagashima, Y. Koide, Y. Kawano, T. Fukuda, T. Kondoh, M. Shimada,
H. Nakamura, Q. Naito, H. Yoshida, T. Nishitani, H. Kubo, K. Tobita,
Y. Kusama, S. Ishida, M. Sato, N. Isei, T. Sugie, K. Uehara

1. Introduction

Since the discovery of a phase of improved confinement during neutral beam injection (NBI)
heating, known as H mode, in the poloidal divertor configuration of ASDEX,! the H mode has
been obtained with several heating schemes such as ion cyclotron resonance heating (ICRH),24
a combination of NBI and electron cyclotron heating (ECH),% ECH,57 and ohmic heating
alone.8 The H mode has also been realized in limiter discharges.3.10.11 This paper reports the
first observation of the H mode in limiter discharges with lower hybrid current drive (LHCD).
The threshold LH power for the H-mode transition was about 1.2 MW with hydrogen plasmas.

In JT-60, the H mode was obtained in the outer or lower divertor configuration with NBI
heating and combined heating with NBI + ICRH or NBI+LH.12 The threshold heating power
was about 16 MW. In contrast to the beam heated H mode with frequent edge localized modes
(ELM) in the divertor configuration, the limiter H mode with LHCD produced ELM-{ree H
phases longer than 3 sec.

2. Experimental observations

Typical plasmas of the present experiments had R = 3.04 m, a = 0.89 m, and nearly circular
cross section which contacted inner bumper-type limiters. The gap between the outermost flux
surface and the outside limiters was about 5 cm. Graphite first walls were conditioned by Taylor-
type discharge cleaning. The plasma was developed from hydrogen gas at B, =451, and the
plasma current was 1.5 MA resulting in gg,, ~ 4.7. The LH power was applied from two
launchers; a conventional 3griIl of 8(toroidal)*4({poloidal) and a multi-junction type of 24%4
phased array waveguides.}3:14 The launchers were located at the outer (low field) side of torus
at a upward angle of 40° from the midplane. Most of the experiments were conducted with LH
waves at two different frequencies of 1.74 GHz and 2.23 GHz from the multi-junction and
conventional launchers, respectively. The phase differences between adjacent waveguides were
180° and 90°, the phasing of which provides high directivity for current drive. The peaks of the
refractive index parallel to the magnetic field were about 2.1 and 1.5, respectively.

Typical traces of an H-mode discharge with LHCD are shown in Fig. 1. The LH power of
~about 1.4 MW was launched for three seconds. The gas feed was turned off just before the
application of the LH pulse. The L-mode plasma of this discharge lasted for 0.7 sec before the
first H transition was triggered at 5.76 sec. After repeated short H phases, the discharge entered
a quiescent H phase at 6.2 sec. A sharp drop in Hg emission below the ohmic level was
accompanied by increases in the plasma stored energy and in the line-averaged electron density.
All Hy signals fell almost the same way as the Hy trace in the figure along a view chord just
above the plasma-limiter interaction points. The low energy neutral flux levels decreased
substantially as well. This behavior indicates a sudden improvement in the global particle
confinement. On rough estimation, the improvement is by an order of magnitude since the
electron density was nearly doubled with reduced particle recycling by a factor of about 5. The
loop voltage increased gradually since the fraction of current driven by the LH waves was
reduced due to the rise of the electron density. The impurity accumulation, which is often
observed during ELM-free H phases, were so modest that the discharge reached a quasi-steady
state. Although the dominant impurity ions were carbon, the carbon influx behaved almost the
same way as hydrogen. The giant ELMs were accompanied by carbon influx as seen in the
CVI®UE race.

The formation of electron temperature pedestal was confirmed by filtering of soft x-ray
emission near the edge with Be foils of 250-pm and 25-pum thickness; sharp rises in the ratio of
the two signals were detected at the H transitions as shown in the second box from bottom of
Fig. 1. The T, profile measured by a 8-point Thomson scattering system remained almost the
same both in magnitude and in shape despite the increasing density. Temperature changes at the
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edge were not clear within error bars. The peakedness parameter of electron density profile,
ne(0)/<ne>, calculated from Thomson data changed from about 1.9 during the L-mode phase to
about 1.5 just after the H transition. Then it increased slightly during the H-mode phase to
around 1.7. A preliminary measurement by a millimeter-wave reflectometer suggested steepening
of the edge density profile at the H transitions. These observations agree with the characteristic
signatures of the H mode.

It should be noted that the LH power could be coupled to the H-mode plasma. The sudden
variation of the edge plasma parameters, however, modified the RF coupling to the plasma. The
reflection coefficient of the power from the conventional launcher increased by about 0.1 at the H
transitions as shown in Fig.1, whereas it changed only a few percent for the multi-junction type.

The operational region where the H mode was observed is illustrated in Fig. 2 in terms of the
line averaged electron density and LH power for the combination of 1.74 GHz and 2.23 GHz.
The lines indicate the electron density intervals which evolved during each LH pulse. The closed
and open lines indicate that the discharge stayed in the L phase and in the quiescent H phase,
respectively. The broken lines correspond to the marginal intervals where short H phases were
repeated as in the period from 5.8 sec to 6.1 sec in Fig. 1. Figure 2 tells us that the threshold ILH
power is around 1.2 MW and that there is a lower limit for the electron density of about 2x1019
m-3 to achieve the H mode. The H mode was reproducible as long as the LH power and the
electron density exceeded the thresholds.

The open lines in Fig. 2 represent the increment in the electron density with the H mode
without gas feed. Then the electron density stayed nearly constant presumably because the LH
power does not provide particle fueling like NBI. A gas puff of 2 Pam3/sec for 0.5-sec duration
into an H-mode phase did not destroy the H mode despite inducing frequent ELMs. The volume-
averaged electron density increased later on by about 6x1018 m™3 which corresponds to twice the
usual fueling efficiency of about 0.3. When the gas feed was kept during the LH pulse,
however, the H transition tended to be delayed until the gas was turned off.

By feedback controlling the electron density at the LH initiation to be above the threshold
density, we could lengthen the H-mode phase up to 4.6 sec. Figure 3 shows a discharge where
the ELM-free H-mode phase lasted for 3.3 sec. The gap between the outermost flux surface and
the outside limiters was controlled to be about 6 cm since only short H phases were triggered
when it was less than 4 cm. This sensitive gag dependence on the H-mode quality is common to
the beam heated H mode in diverted plasmas.

The Zg value estimated from visible bremsstrahlung emission and the ne and Te profiles
from Thomson scattering measurements increased slightly from about four during the L. phase to
around five at the later phase of the H mode. The soft x-ray emission profile became slightly
peaked with time, which suggested impurity accumulation at the center. Nevertheless the
radiation power measured by bolometer arrays remained about 40 % of the total input power as
shown in Fig 3. The attainment of the modest impurity accumulation even in the ELM-free phase
may be due to the relatively low input power.

The properties of energy confinement are summarized in Fig. 4. The plasma stored energy
increases almost linearly with the total input power as shown in Fig. 4 (a). Here we assumed that
the injected LH power was completely absorbed by the plasma. The scatter of the data points is
mainly due to the variation of the electron density. The energy confinement is enhanced by up to
30 % by the H mode. The increment in the plasma stored energy, however, is primarily gained
by the increase in the electron density as plotted in Fig. 4(b). The L-mode plasmas with LHCD
have almost the same electron density dependence as the ohmic stored energy!s of Wop = n 062
presumably because the total input power does not greatly exceed the ohmic input. The H-mode
data points appear to have a little stronger ne dependence than ohmic.

3. Discussion

The critica! factor in obtaining the H mode with LHCD is not yet established. The effect of
the current profile modification by LHCD on the H transition is not clear since the change in the
internal inductance was small. Other heating schemes such as NBI or ICRH using the second
harmonic resonance with powers up to 20 MW and 2 MW, respectively, never produced the
limiter H mode in JT-60. The application of LH power at two different frequencies, however,
appeared to be favorable in the attainment of the H mode. When the frequencies from the two
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launcher were both set at 1.74 GHz, no H mode was observed within applied powers up to 1.5
MW. Although the combined LH power at 2.0 GHz of higher than 2.0 MW produced the H
mode, the H phase did not last long due to abruptly enhanced carbon influx.

The beat frequency of 1.74 + 2.23GHz is 490 MHz, for which the 7th harmonic ion
cyclotron resonance occurs at the plasma center and Sth at the outer edge when By = 4.5 T. The
H transition became obscure with lowering B, down to 3.5 T. In the combination of 1.74 + 2.0
GHz, sharp H transitions were triggered in the range of B, from 2.8 T to 4.3 T; the beat
frequency corresponds to from 3rd to 8th harmonics in the plasma column. The waves at the beat
frequencies, however, were not detected by a RF probe. Thus it is not clear whether the presence
of the jon cyclotron harmonic resonances is connected with the H transition.

NBI heating was combined to examine the effect of wave-particle interactions. Figure 5
shows an example where an NB power of 1.2 MW was injected into an H-mode phase. The
beam pulse interrupted the H phase as seen in the concurrent rise in the Hg emission and fall in
the electron density. Note that the trace of the electron cyclotron emission at 1.5 multiplied by
ne, which is a measure of LH coupling to fast electrons, 16 dropped at the same time. Hard x-ray
emission behaved similarly to Igcg(1.5®¢e) % ne. During the L phase with NBI, beam
acceleration by thé LH waves!7 was observed in the neutral flux as shown in Fig. 5(b). These
facts suggest that the H mode could not be sustained when the LH power was absorbed by beam
ions. Such ion tails were not observed in the H phase-with LH alone. No parametric decay
instabilities were observed neither. Non-thermal ECE spectra suggest a favorable effect of fast
electrons on the H transition. In fact, ECH has been reported to be more efficient than NBI in
producing the H mode.6-8 The presence of fast electrons may be relevant to the low threshold
power.

It is a puzzling question that the H mode with LHCD has never been obtained in the lower X-
point divertor configuration. One of the possible causes is that gas feed must be maintained to
keep the electron density above the threshold against the divertor pumping. The favorable effect
of the application of LH powers at two different frequencies is left for future work. Resolving
these issues should shed light on the H-mode physics.

4. Summary

The H mode with LHCD was demonstrated in the limiter discharges of JT-60. These
discharges exhibited the characteristics of the H mode. The improvement in particle confinement
was prominent. The ELM-free H phase with durations up to 3.3 sec was attained without
significant impurity accumulation.
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2.9 Edge Plasma Behavior in Limiter H-mode with Lower Hybrid
Current Drive

Y.Kawano.H.Kubo,T.Sugie,S.Tsuji,T.Imai,K.Itami,A.Nagashima,
T.Matoba and JT-80 team.

1, Introduction

At the transition from L to il-phase of limiter discharges with Lower
Hybrid current drive, the increase in carbon impurity and the Zeff value
were observed. From the Zeff value and the spectroscopic measurement of
carbon and oxygen impurities, concentrations of carbon and oxygen were
evaluated. The result indicates that the increase in carbon raises the
electron density.

Increases of the Visible Bremsstrahlung (Vis.Brems.) emissivity and
the line spectrum of CV were observed before and after the H-transition.
The Vis.Brems. profile shows that the increase in its emissivity starts
at the plasma edge region. Subsequently, the emissivity begins to rise
at the more inside of the plasma. 1t is estimated that the increase in
the Vis.Brems. emissivity at the plasma edge region for the beginning of
the H-phase is caused by increases in the electron density and the Zeff
value due to the increase of the carbon influx under some assumptions.

2. Concentrations of impurities
Pigure 1 shows the time evolution of the limiter H-mode experiment by
Lower llybrid {(LH) waves. '/ Here, LH waves at different frequencies,
1. T4AGEz and 2.00GHz, were injected into the hydrogen discharge from t=
4, 0sec to t=8.0sec. Plasma current:Ip=1.5%A, toroidal magnetic field;
Rt=4.3T, plasma major radius;Rp=3.05m and plasma minor radius; ap=0.8m,
respectively. Applied RF powers were 0.8KW for 1.74GHz wave and 0. 95MW
for 2.00GHz wave, respectively. In fig.l, the H-transition occurred at
t=4.9sec, At the H transition, the sudden increase in line averaged
electron density (fig.1(a)) and the sudden decrease of Ha intensity
(fig.1{b)) were observed, Line spectra of CVI(ls-2p) and OVE(ls-2p)
are shown in the fig.1(c). These spectra were observed using the VUV
multi-chordal spectrometer. '] In fig.1(c), the intensity of CVI
increases steeply at the H-transition, and begins to rise by factors up
to 2. Here, it is supposed that the ELM-like perturbation shown in
fig.1(b) as the large BHa spike raises the carbon influx. On the other
hand the intensity of OV tends to decrease during RF power is applied.
This tendency seems to be pronounced at the MI-transition. In this
discharge, spectra of metallic impurities, such as titanium and nickel,
did not show large changes. Figure 1(d) shows time evolutions of the
Vis. Brems. intensity (Ivs) observed at the chord of R=3.55m (see fig.2)
and Ive / T.° which is almost proportional to the Zeff value., - Chord
averaged Zeff values evaluated from Ivs and profiles of n, and T.
measured by the Thomson scattering are also shown in fig.1(d). It is
noted that the Zeff value rises steeply just after the lI~transition and
is increasing during the H-phase. From the Zeff value and the intensity
ratio of the CVI to the O0VE, we can estimate concentrations of carbon
and oxygen ‘2! of the L and the H-phase plasma at the each steady state.
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llere it is assumed that the major impurities of the plasma are carbon
(ionic charge number;Z=6) and oxygen (Z=8). Table 1 shows the result of
this estimaticn, In table 1, the concentration of carbon rises from 4%
for the L-phase plasma to 11¥% for the H-phase plasma. While the oxygen
concentration decreases from 1% to 0.5%. The concentration of hydrogen
decreases from 58% to 30%, which means that the dilution of hydrogen is
occurred and that the proton density decrease by about 40% presumably
because gas puffing was turned off. Consequently, it is indicated that
the increase in electron density is mainly attributed to the increase in

the carbon density.

3 Behavior of the Vis.Brems. profile at the plasma edge
Behaviors of profiles of the Vis.Brems. emissivity and the spectrum of

CV (2s-2p) were observed by the multi-chordal spectrometer. t®! Viewing
chords of the spectrometer are shown in Fig.2. Figure 3 shows profiles
of the Vis.Brems. emissivity before and after the H-transition. And

fig.4 shows profiles of the CV emissivity. These profiles were evaluated
by the Abel inversion with a Wiener filter. **? In fig.3 and 4, their
horizontal axes are flux co-ordinate along plasma minor radius. Since
viewing chords of the spectrometer did not observe up to the plasma
exterior as shown in fig.2, there is the possibility that accuracies of
the Abel inversion are slightly insufficient. It is examined, however,
that intensity profiles integrated along viewing chords for Abel inverted
emissivities are in agreement with raw profiles. In fig.4, after the
H-transition, CV emissivities become negative around p= 0.65(m). This
fact may indicate that profiles of the CV emissivity have some poloidal
asymmetries after the H-transition. In fig.3, after the H-transition,
the Vis.Brems. seems to begin rising at the edge region (p =~0.8(m)) at
first. Then Vis.Brems. emissivities increased at more inside of the
plasma, In fig. 4, the CV emissivity increases with almost the same
shapes from L to H-phases keeping those peaks around » ~(,86(m). We
consider the influence of the increase in carbon density just after the
ll-transition to the Vis.Brems. emissivities under some assumptions as
follows;

(1)Zeff value is constant along the p -direction before the transition,

{2)electron temperature changes a little and does not influence the

Vis.Brems, emissivities,
(3)only the carbon density varies,
(4)CV emissivity is proporticnal to the carbon influx to the plasma and
is proportional to the carbon density for the case of steady state.

Since the increase in the CV emissivity seems to be almost saturated at

t=5%.95sec in fig.4, the rate of the increase in carbon density from t=

4.85sec to t=5.25sec is regarded as a factor of 2.6 at the maximum of CV

profile. This rate corresponds to increase rates in the electron

density of factor 1.4 and the Zeff value of factor 1.6, respectively.

As the Vis.DBrems. emissivity is proportional to Zeff-an2/ T. 7%,

the increase rate of Vis.Brems. emissivity is estimated to be factor

3. 1. This value is close to the factor 3 obtained from t=4.3sec to t=

5.4sec at o ~0.85(m) in fig.3. Thus the increase in the carbon can

cause the increase in the Vis.Brems. emissivity at the plasma edge just
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after the H-transition under some assumptions mentioned above. And
this result allows us to conclude for the case of this discharge that
the electron density and the Zeff value increased at the plasma edge
region at the beginning of the lI-phase due to the increase in the carbon
influx.

4. Summary

In the discharge of H-mode experiment by Lil waves, concentrations of
carbon and oxygen are estimated for the L-phase and the [I-phase plasmas
at their steady state. The carbon concentration rises from 4% to 11%,
while the oxygen concentration decreases from 1% to 0. 5%. As a result,
the dilution of hydrogen occurred, and its concentration decreases from
68% to 30%.

Time evolutions of profiles of Vis.Brems. and CV emissivities were

observed. The Vis.Brems. emissivity rises at the edge region at first
after the H-transition, then the increase at the more inside region
starts. This increase in the Vis.Brems. emissivity at the edge region

is explained by increases in the electron density and the Zeff value
due to the increase in the carbon influx under some assumptions.,
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Table 1 Zeff values and concentrations of impurities
and hydrogen for the L and H-phase plasmas.

SNI11489 L —phase(t=4.8sec) | H--phase(t=6.55ec)
n. “*° 1.8 X10'® m~? 2.2 x10*®* m?®
Zore Y* 2.7 4.5

nec /' n. 47 11%

no /n, 1% 0.5%

nue /N, 68% 30%
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2.10 Lower Hybrid Wave Heating in Peaked Density Plasmas produced by
Pellet Injections

'K.Ushigusa, T. Imai, O. Naito, Y. Ikeda, R. Yoshino, Y. Kamada,
H. Hiratsuka and the JT-60 Team

1. Introduction

The appearance of parametric instabilities and a high energy ion tail near the
plasma surface has been commonly observed in lower hybrid (LH) wave heating at
ion heating regime. It is thought that parametric instabilities may prevent the central
core heating by LH waves. Previous studies on JT-60 has indicated the possibility
of effective heating by LH waves in ion heating regime with peaked density
plasmas produced by pellet injections[1]. Unfortunately, a lack of the density and
the temperature profile data in previous studies prevented a clear understanding of
central core heating by LH waves.

This paper presents a clear central heating by LH waves in peaked density
plasmas produced by pellet injections on JT-60. Experiments were carried out in
limiter discharges with I =2.1 MA, Br = 45T, Rp ~3.07m, ap ~ 0.91m. Two
hydrogen pellets were injected with injection speed of around 2.0km/sec at 20msec
intervals into a helium plasma at typically D¢ ~ 3.5 x 1019m-3. Lower hybrid waves
at a frequency of 2GHz were injected by two launchers (NjPeak ~ + 3.4 with ANjj ~
1.0 and Npeak ~ 1.9 with AN ~ 0.5).

2. Results

Figure 1 shows a comparison of pellet fuelled discharges with and without LH
heating. Compared with the pellet alone shot, about 2MW of LH power increases
the diamagnetic energy content by ~150kJ and decreases the loop voltage by 0.25V.
The incremental energy confinement time of the LH power in this discharge
corresponds to 1eINC = AW*/(PLy - I AVy) ~ 100 ms. The hard X-ray signal is
quite small during the LH pulse. The line averaged density at around the half radius
N dg.54 tends to decrease rapidly after the onset of LH pulse compared with the pellet
alone shot. This tendency were observed in all pellet injected discharge with LH
heating. The ratio of the visible bremsstrahlung signals viewing the plasma radius at
r ~ 0 and r ~ 0.5a has suggested that the peaked density profile is kept by LH
power.

The electron density and the temperature profiles measured with the Thomson
scattering for the same shot as Fig.1 are shown in Fig. 2(a) and (b), respectively. A
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Fig.3 The total pressure profiles for pellet Fig.2 Electron density and temperature profiles at
injected shots with and without LH t = 5.4s for the shots shown in Fig. 1.

heating for the same shot as Fig.2.

more peaked density profile is formed in LH heated case. The LH heated plasma has
the central electron density neo ~ 1.7 x 1020 m3, the line averaged density N ~
0.85 x 1020 m-3 and the density peaking factor neo/<ng> ~ 3.1, while ngp ~ 1.4 x
1020 m-3, fig ~ 0.75 x 1020 m-3 and neo/<ne> ~ 2.6 for the pellet alone case. The
electron temperature for the LH heated case is slightly higher than that for the pellet
alone case. The central ion temperature measured with the forward scattering of the
200keV helium beam and the Doppler broadening of the titanium agrees with the
central electron temperature with the scattering of £ 20% for both cases. The
effective jon charge Zeg measured with the visible bremsstrahlung is around 1.6 for
both cases. If we assume that the plasma contains hydrogen and helium ions only
and the ion pressure profile is the same as the electron pressure, the total energy
content Wi, estimated from the electron thermal encrgy and Zgrr becomes ~
1.32MJ and ~ 1.07MJ with and without LH heating, respectively. These value
agree with the diamagnetically measured energy content within the error of £ 5%.
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Figure 3 shows the total pressure profile which is estimated from the electron
pressure profile and the diamagentically measured energy, where we multiply the
factor to the electron pressure so that the total energy coincides with the diamagnetic
energy. The observed density and temperature at the plasma center for the pellet
fuelled plasma shown in Fig. 2 show f/ fLy ~ 1.19 where fi u is the lower hybrid
resonance frequency and it is assumed that Zeg = 1.6 { hydrogen and helium ions),
ne = 1.7 x 1020 m3, By = 4.5 T, Tj = Te = 1.8keV and f = 2GHz. The linear
turning point to thermal mode from slow mode exists near the plasma center in these
condition for excited wave spectra. This suggests that the increase in the central
pressure shown in Fig. 3 is due to the central ion heating by the LH waves.

Fig.4 (a);Comparison of L1 heated plasma with pellet injected plasma (solid line)
and with gas fuclled plasma {dotted line).

(b) and (c); The clectron density and Z i
temperature prefiles for the shots shown
in (a) at t = 5.4 5 for the pellet+LH shot Pellel + LHH -
and at t = 7.4 s for the gas puff shot.
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Fig.5 Time evolutions of the parametric decay wave at the frequency of 1.972GHz
and the high energy ion nuetral flux with the energy of 26keV for the same
shots as shown in Fig. 4. The pump frequency is 2GHz.
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A comparison of the LH heating into the pellet fuelled plasma and the gas
fuelled plasma is shown in Fig. 4. Figure 4(a) shows time evolution of plasma
parameters, where the solid and dotted lines show the pellet fuelled case and the
helium gas fuelled case, respectively. The electron density and the temperature
profiles at t = 5.4 s for the pellet fuelled case and at t = 7.4 s for the gas fuelled case
are shown in Fig.4(b) and (c). In gas fuelled case, the electron density has a broad
profile; neg ~ 0.94 x 1020 m-3, 11 ~ 0.69 x 1020 m-3 and nege/<ne> ~ 1.68. The
incremental confinement time for the gas fuelled case is Tp!NC ~ 35 ms and this is
about half of the incremental confinement time of the pellet fuelled case.

High power LH electron heating experiments on JT-60 have shown that the
degradation of the incremental confinement time correlates to the occurrence of
parametric instabilities and this can be avoided by increasing the plasma current.
Figure § shows time evolutions of the intensity of parametric decay wave at a
frequency of 1.972GHz normalized by the pump wave intensity and the high energy
ion tail flux with the energy of 26keV for the pellet and the gas fuelled plasmas. A
strong parametric decay wave and the high energy ion tail are observed in the gas
fuelled plasma during the LH pulse. The decay wave intensity in the pellet fuelled
plasma is ~ -35dB against the pump wave and decreases during the LH pulse.
Corresponding to the time evolution of decay wave, the high energy ion flux
decreases during the LH pulse. These time evolutions may correlate to the behavior
of the edge density and temperature in pellet fuelled plasma. Observed results
indicates that, at least, parametric instabilities at the plasma edge are suppressed in
the LH heating into peaked density plasma produced by pellet injections.

3. Summary
Lower hybrid(LH) waves at a frequency of 2 GHz has increased the plasma
central pressure in pellet fuelled plasma at the central electron density of ~ 1.7 x 1020
m-3- In peaked density profile produced by the pellet injections, parametric
instabilities were significantly suppressed and the efficient central heating by LH

waves was possible at the ion heating regime (f ~ fLpO)).
References

[1] K. Ushigusa, et al., in Proc.12th Int. Conf. on Plasma Phys. Controlled Nucl. Fusion
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2.11 High Power Lower Hybrid Electron Heating in High Density
Plasmas with High Plasma Current

T. IMAI K. USHIGUSA, O. NAITO, Y. IKEDA, S. TSUJI, M.
NEMOTO, H. YOSHIDA

LHRF waves have many varieties of applications to control a tokamak plasma,
Lower Hybrid Current Drive (ILHCD) .electron heating (LHEH) and ion Heating (LHIH)
including beam ion heating. In addition, the profile control of plasma current by LHCD
becomes to get a great attention. In spite of these attractive features, LHRE is sometimes
accused that physics of wave penetration and absorption is complicated. Spectrum gap,
density limit and power balance at high power experiments are problems to be solved.
There are some theoretical proposals on them[ 1-3]. Interaction with ions, accessibility and
parametric instabilities seem to be the major processes to paralyze the LHCD, LHEH and
LHIH effects. The dominant process differs among machines and depends on the plasma
parameters. Among these, the investigation of the parametric instabilities are most
important, since the parametric instabilities always appear in high power and high density
L.HRF experiments and they correlate with the degradation of the heating and current drive
efficiency[4]. The suppression of the parametric instabilities is one of keys to understand
the LHRF physics. High plasma current could suppress the parametric instabilities in FT
tokamak[5]. High energy ion flux was enhanced by the suppression of them but the effect
to the main plasma parameters like stored energy or temperature increase was not
observed. Details of the parametric instabilities are described in the section 2.13. In this
paper, it will be shown that the suppression of the parametric instabilities by the high
plasma current recovers the heating and current dive effects.

IT-60 is one of the large present tokamaks. The major radius and the minor radius are
3.1 and 0.85 m. The maximum plasma current and toroidal field are 3.2 MA and 4.8 T.
The line averaged electron density range of the present experiments is 2.0-7.0 x 1019m3
in He plasma with hydrogen minority. LHRF system is composed of three subsystems,
each of which has 8 klystrons feeding 4x8 conventional or 4x24 multi-junction
waveguide array[6,7]. The center frequency is 2.0 GHz.

The efficient electron heating was obtained in relatively low density plasma of ne=
1.7x101%9m-3 with Jow power heating, where the electron temperature of 6 keV was
measured by Thomson scattering. Electron heating efficiency nelH= 2~3 eV 1019m-3/kW
of the LHEH is notably higher than those of NBI heating and close to the ohmic heating.
The high performance of the LHEH was not maintained in the higher density and higher

power experiments. Stored energy became to saturate. Instead parametric instabilities and
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fast ions of short life time appeared.
Typical example of the density dependence
of the various observed quantities are
shown in Fig.1, where plasma current Ip =
1.5 MA in limiter discharges. Intensity of
the hard X-ray decreased against the
density increase, while the intensity of the
fast ion flux of 30 keV increased. The
critical density to disappear the coupling to
electron was Tie= 3.5x1019m 3. Parametric
instabilities became to grow around the
critical density and incremental confinernent
time TINC decreased, which is defined as,
T;IEI‘JC - AW
AP u+APon (1)

Similar density dependence was
obtained in the discharges of 2 MA plasma
current, but the critical density of electron
coupling of LH waves apparently increased.
Threshold power of the onset of the
parametric instabilities seemed to increase in
accordance with the increase of the plasma
current. Similar observation was already

reported in the FT tokamak{5]. In contrast to
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the their observation, the behavior of the fast
ion was opposite. The fast hydrogen ion flux
and intensity of the parametric instabilities
increased at the same time. Dependence of the
relative intensity of parametric instabilities on
the density with various plasma currents is
shown in Fig. 2. It is clear that high plasma
current reduces the parametric instabilities.
Since the plasma current is very effective to
reduce the parametric instabilities, we further
increased the plasma current up to 2.75 MA.
The results are shown in Fig 3. The
improvement of the heating performance
corresponding to the reduction of parametric
instabilities were obtained as expected. It is
found that the TgNCdecreases with density in
the same plasma current but it is recovered by
the increase in the plasma current. Higher
density and higher power cause the
parametric instabilities but higher plasma
current reduces them.

Typical example of LHRF heating in
high density and  high plasma current
discharge (Ip= 2.75 MA, B(=4.5T and ne=
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~7x1019m3 ) is shown in Fig. 4. Stored energy increased about 200 kJ with about 2MW
LHRF power. No appreciable increase in both fic and radiation power were observed. The
slight decrease in loop voltage indicates the increase in electron temperature due to Lower
Hybrid heating. Hard Xray signal perpendicular to the magnetic field is weak but some
enhancement of 2fce signal during LH pulse indicate electron heating by Lower Hybrid
wave. It is natural that the hard X-ray intensity radiated from energetic electrons more than
70keVwas small, since the accessibility condition in the present condition is Njjgec=1.7~2.0
which corresponds to the resonant electron energy of 60~100 keV. No fast ions were
observed, while ion temperature measured by the Doppler broadening of TiXXI line
increased by about 500eV as seen from the bottom of Fig. 4, due to the increase in the
power transfer from electrons heated by the Lower Hybrid wave.The stored energy
increased linearly against absorbed power defined by Pabs=Pop+PLu up to about 10 MW
in the case of high plasma current of 2.75 MA, where ng= 6~7x1019m-3 with He. Both
LHEH and NBI heating have almost same tg™C. The saturation of the stored energy is not
seen up to 10MW, which is in contrast to the results with Iy=1.5MA.

In conclusion, high power and/or high density degrades the heating or current drive
efficiency of the Lower Hybrid wave, since the parametric instabilities excited near the
surface absorbed the LH power and lost their energy rapidly through surface fast ions.
High plasma current, however, reduced parametric instabilities and recovered the heating
performance up to Paps~ 10MW and fie=7x1019m-3 with the same 2GHz frequency. High
plasma current as well as high frequency of lower hybrid wave extend the electron heating

region, which is favorable for future tokamk.
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2.12 Acceleration of beam ions in simultaneous
injection of NB and LH wave '

M.Nemoto, O.Naito, K.Ushigusa, T.Imai, Y.Ikeda,
Y.Kusama, K.Tobita, H.Takeuchi and JT-60 Team

For a future tokamak like ITER or FER, it is very important to
predict the absorption of LH power by high energy o-particles
leading to decrease of the heating and current-drive efficiencies.
Coupling characteristics of LH wave for beam ion of NB have been
investigated by simultaneously injecting NB and LH wave into the JT-
60 plasmas.

Experiments were carried out in hydrogen plasmas with near-
circular limiter configurations and following parameters; plasma
current Ip=1.5MA, the toroidal magnetic field BT=4.5T, major radius
R=3.04m and minor radius ap=0.89m. We investigated a frequency
dependence of coupling characteristics, by varing the wave
frequency from 1.74GHz to 2.23GHz with fixed Nyof 2.2, in order to
clarify a critical density of the beam acceleration resulted from
interact LH waves and hydrogen beam ions.

Figurel(a) shows waveforms of simultaneous injections of LH and
NB when frequensies of LH were 1.74, 2.0 and 2.23GHz and beam
energy was 65keV. High power NB injection would raise plasma
density and makes the accurate measurement of the acceleration
phenomena difficult. Therefore, we injected lower NB powerfrom a
beam-line which was viewed by a CX analyzer for an increase of
signal to noise ratio of CX measurement. The top column shows time
evolutions of line-integrated electron density and NB power PngIl. The
electron density was raised with a constant rate by a feedback
control system. The second column shows the evolution of CX flux
intensities InFi of 150keV for three LH frequencies. The flux
intensities show clear differences for critical densities of the
acceleration. Accompaning with the increase of accelerated ions by
LH, LH power absorbed by electrons were steeply decreasing, as
shown in the third column. Vertical axis in the column is a product of
the intensity of non-thermal electron cyclotron emission (ECE) at
1.5wce and the line-integrated density. Here, data for 2.23GHz case
was absent because of the ECE system error. Differences in injected
LH powers shown in the bottom column for three cases did not
influence the essential characteristics. Typical ion energy
distributions at e =1.8x1019m-3 for those three cases are shown in

Fig.1(b). In the case of 1.74GHz, shown with closed circles, the most
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enhanced beam acceleration up to 200keV occurred. On the other
hand, the tail slope of 2.23GHz case shown with closed triangles was
similar to the case of NB only. The ion acceleration was duc to the
absorption of LH wave because electricstatic probes did not detect
parametric decay waves in these discharges.

In an electro-static cold plasma, approximation LH wave satisfies the
following dispersion relation

G-, o

where kj and kj are wave numbers parallel and perpendicular to
the magnetic field, and f, f,, fce and fp; are pump-frequency, electron
plasma-, electron gyro- and ion plasma-frequency, respectively.
Here, we define two parameters, which indicate absorption rates of

LH power by electrons de and ions &i, as

_ v

bo={Tal

. =(YB

61_("1] ’
where veand vp are electron and beam ion velocities, and vy and vi
are LH phase velocities parallel and perpendicular to the magnetic
field. These parameters mean that if they are close to unity, each
species is easy to absorb LH wave power. Also, we define a ratio 0=
/8. which gives a critical density between electron and jon heating
when 8=1. Using beam energy EB and the electron temperature T,

we can re-write Eq.(1) as

£.12
-

where m,and m,are masses of electron and proton as beam species.
The critical electron density 1 in units of 1019m-3 when &=1 are
given as follows
2.28f2

Ep +y-234£9f’
F5ApT, Br
where fg is LH wave frequency in GHz, Ep and T. are in eV, Bt is in
Tesla, Ap is atomic number of injected beam species and vy is defined
as

€)

NS =

2__
y=L1Y 40
N A

T and ™ are densities of electron and ion expressed in units of

1019m-3, the suffix "i" in vy is ion species with charge state Zjand
atomic number Aj.
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We calculated a dependence of the critical electron density on LH
frequency with typical JT-60 experiment parameters of EB=65keV,
Te=3keV, BT=4.5T and y~1.2 on Zeff=3 assuming carbon as a dominant
impurity. A satisfactory result was obtained at Fs=2.75. Figure2
shows the calculation result with a solid line and the experiment data
with closed circles. They were in good agreement. Here, we converted
critical density into averaged one T with a coefficient which was
based on a parabolic density profile.

Next, in order to investigate the dependence on beam energy, we
carried out an experiment with NB of Ep=40keV, LH wave of {=2.0GHz
and N;,=2.2 and the same Br and configuration as previous
experiment. The electron density when accelerated ions of 120keV
were detected was 2.35x1019m-3 as shown in Fig.2 with open circle.
The correlation between the generation of high energy ions and the
production of the ECE wave intensity and the electron density was
same as that in the case of 65keV injection. The dependence of the
critical density on beam energy , which was caluculated from Eq.(3)
using the previous parameters and shown with a broken line in Fig.2,
were also consistent with the experimental data.

Equation(3) predicted that the critical density did not depend on
N, therefore, we verificated that experimentally. The plasma
parameters were the same as the first experiment, except that [LH
frequency is fixed to 2.0GHz. Ny was varied from 1.3 to 2.8, by
changing the phase differences froml120° to 270°. No significant
differences in the critical density for the generation of high energy
ions are seen among three Ny cases as the prediction. We
characterized an enhancement of high energy ion flux by the tail
temperature Titail which was derived from a slope steepness over
injected beam energy of an ion energy distribution measured by the
CX analyzer. Figure3 shows the dependence of the tail temperature
on the density for three Ny cases with 2.0GHz. The dependence is
same as Fig.2 in spite of the variation of Ny.

In summary, the beam acceleration by LH wave was studied with
the limiter plasmas on JT-60. It was evidenced that critical density to
couple to beam ions was in good agreement with the prediction from
the simple LH wave dispesion relation. The results can clearly predict
the interaction of the o-particles with LH wave in the future
tokamak.
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Fig.2 Comparison with experimental data and calculalion with
respect to the critical density of the besam acceleration.
Solid line and closed circles are & calculation result and
experimental data for frequency dependence, respectively.
Broken line and open circles are a calculation result and
experimental data for beam energy dependence, respeclively.
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2.13 Parametric Decay in the Lower llybrid Frequency Range
Y. [keda, T. Tmai, K. Ushigusa, M. Naito, M. Secki, M. Nemoto and K. Uehara

1. Introduction

Recently, lower-hybrid experiments have demonstrated the ability of steady
state currents without an Ohmic transformer In addition to heat electrons. The
rl-driven currents are generated by the enhancement of a fast tail in the
electron distribution Tunction. This interactlon between the electrons and the
lower hybrid wave is due to Landau damping In the toroidal direction. However,
most current drive and electron heating experiments in the medlum-size tokamaks
have encountered a density threshold above which the electron absorpticn can
not occur. In the high-density operation, a parametric decay into the harmonics
ol ion-cyclotron frequency below the frequency of the pump Is seen, and thce
parametric decay is seemed to be one of the reason for the density limit.

This paper presents experimental data of the parametric decay in the
operation regime near the density limit for the electron I[nteraction in the JT-GO
LIURF experiments. The experiments were carried out on various plasma parameters
( limiter with/without peliet, divertor ) to investigate the profile dependency of
Lthe parametric decay.

2. Experimental Conditlons

The JT-60 LHRI heating system is composed of three launching units. Each unit
has capability to inject 2 - 4 MW at the [requency of 2 Gllz. Two are conventional
type launcher designed for heating (A-unit) and current drlve (C-unit}),
respectively. The other (B-unit) is multijunction type in order to control
current profile and to drive RIF current efliciently. The A-unit and B,C-units are
installed in the downward and upward ports ol the JT-60 vacuum vessel. Because
the distance between the plasma edge and the grill of the A-unit launcher is too
rar to oblain a geood coupling in the lower X-point divertor operation, only B
and C units are available In this operation. :

The experiments of the parametric decay were performed mainly in the
parameter range Ip = 1.5 - 2.8 MA, Bt = 4.0 - 4.8 T, fle = (2.0 - 7.0) X 10 ' m™® for
the limiter gas pulfing lle plasma, Ip = 2 MA, Bt = 45T, fe = 8 X 10 '* m™ for
pellet 1l plasma, and Ip = 1.5 MA, Bt = 4.5 T, ne = (2.0 - 6.0) X 10'? m™ for divertor
le plasma. The RF probes are equipped on the launchers side behind 10 mm from
Lthe grill moulh. The RF spectra are collected every 400 ms at the frequency
range Trom [0MHz to 2.9GHz during a plasma shot. So we can confirm the decay
wave Is actually determined by the interaction of the injected wave and the
plasma.

3. Experimental Results

A large level of the parametric decay signal was observed when the density
was increased over the 3%x10'® m™™ in the lle plasma, Ip=1.5MA. The typical spectra
near the pump lrequency fo=2 Gllz are shown in Fig. 1. This signal was detected at
the RF probe on the C-unit launcher Tor injected RI' power of the C-unit around
1.5 MW at the average density fc = 2X10'® and 4Xi0'® m 2, respectively. The
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several sateilite shifted from the pump by multiples of the ion cyclotron
[requency at the grill mouth is observed at high density operation.

Then, we studied the plasma current dependence of the parametric decay on
limiter Ile plasma. Figure 2 shows the density dependence of the amplitude of the
first satellite signal, flux of the ion tall and radiation loss normalized by
injection RF power. The data of Ip =1.5 MA 1s presented at the injection RI" power
{rom G-unit 2 MW, and the data at Ip=2 MA, 2.8 MA are plotted at the injection
power Trom C-unit 2 MW combined with A, B-units at the total injecting power
around 3 - 5 MW. The parametric decay was detected by the RF probe on the C-unit
launcher. The parametric decay grows in proportion to the density and the fast
ion and the radiation loss were observed in accordance with the growth of
parametric decay. The elfect of multiplied total RF power [rom launchers on the
decay wave was not clear in this experiment, because the data set at the same
density was a rather limited due to increasing plasma density durlng RIF injection
into a limiter discharge. llowever, it was obviously shown that the paramctric
decay was suppressed by increasing the plasma current at high density and high
RI® power.

The density and temperature profile durlng RI injection were measuwred by
Thomson scattering in order to Investigate the plasma current effect on the
parametric decay. We studied the plasma parameter at a peint r/a =0.8 during RF
injection. Figure 3 (a), (b) shows the denslty and temperature at r/a = 0.8 for
total injection power PLH = 1 - 6 MW the plasma current 1p = 1.5, 2 and 2.8 MA,
respectively. The temperature at r/a = 0.8 clearly depend on the plasma current.

A bigh plasma current leads the high temperature at the same average denslity.
Ir the cdge parameter, where the paramelrlc decay occurs, are In proportion to
these measured values at r/a = 0.8, the effect of the plasma current on the
parametric decay is related to increasing the edge temperature.

We study the proflile influence ol the paramelric decay on peaked density
plasma by using a pellet injection. As reported in Section 2,10, a peaked density
plasma with a lower edge density was obtained by pecllet injection at high density
operation fic = 7-8x10'® m 2. The signal of the sideband was very small and was
about -35dB compared with the pump signal In the pellet injecting plasma, while
that of the gas puflfing discharge was about -15dB. The center density of the
pellet injecting plasma was more than 1.5X10%°m~2, where the turning pcint to
thermal mode exists, and no heating degradation was observed in such high
density plasma as reported in Sectlon 2.10.

Therefore, the parametric decay can be suppressed by controlling the edge
density and temperature.

4. Discussion

The study of the parametric decay has been performed on IFT LURE experiment
on the basis of the non-iinear ion-cyclotron damping theory T1712]. We discussed
our experimental results on the same interpretation as [T group have done. In
this theory, the amplification factor for the parametric decay is approximately
in proportion to the ne™®/(Te: Bt)"'. Because the measured space points of
Thomson scattering existed around out side on limiter plasma .configuration, we
can obtained density and temperature profile from r/a = 0.2 to r/a = 0.8, where a
is minor radius. Figure 4 shows the amplitude of the first satellites of the
parametric decay normalized the n e(r/a=0.8)"%/ ( Te(r/a=0.8)- B t) ~', where ne
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and T e is measured by Thomson scattering and B t corresponds to the lon
cyclotron field of the first satellites. It seemed that the dependency of the
parametric decay agrees fairly well with the theoretical dependency. And the
influence of plasma current on the parametrlc decay seemed to closely related to
the edge temperature. These results show that the density limit for interaction
belween wave and electron does not depends on the accessbility but on the
paramelric decay on the plasma parameter of the JT-60 in the case of chmic target
plasma.

5. Conclusion

The parametric decay plays the dominant role to limit the interaction between
electron and LI wave at high density plasma on JT-60 tokamak LIl experiment. The
effect of plasma current on the parametric decay seemed to be increasing of the
edge temperature, and the edge density can be sustained at low level by pellet
injector so the parametric decay does not occur at high average density. The
control of the edge density and temperature may delieve the desgade of the
interaction between wave and electrons at high density regime.
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Fig.2 efTect of plasma current on the decay wave.
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Fig.4 intensity of the decay wave as a funcllon of nGaace' %/ T€oaage-
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214 IRTV measurement in LHRF current driven plasmas
K.Itami and T.Nishitani

From the view points to reduce the plasma wall interactions and to
keep the divertor safe, it is mnecessary to estimate the heat flux.
Impurity production at the divertor plate is a major impurity source
in diverted plasmas. The heat flux and particle flux relate on the
impurity production and the impurity influx to the main plasma in
various ways. The thermal stress cause the fragment of the ceramic
come off the surface of carbon tile and go into the plasma. The
sublimation and sputtering yield at the carbon surface strongly
depend on the surface temperature. The characteristics of divertor
plasma with the intense LHRF heating has been not been studied. This
paper presents one of the first studies 1in the large tokamak devices.
which emphasize on the behavior of heat flux at the divertor plates
using IRTV camera.

The scrape-off layer may not be so clearly defined in LHRF heated
plasmas as in beam heated discharges. In order to couple RF power
effectively the launcher must be close to the plasma. The gap from
the launchers to the separatrix is controlled 0.5cm to 3cm in JT-60
divertor discharges.

In a discharges with small gap, it is expected that the scrape off
layer behaves as a intermediate between that in limiter discharges
and that in divertor discharges. The energy balance is also different
from the discharges with a larger gap. We found that a smaller gap
causes larger radiation loss in the main plasma and smaller heat load
at the divertor. Figure 1 shows the ratio of the total divertor heat load
to the LHRF power as a function of 830 for discharges with smail gaps.
In the discharges with 830 < 1 cm, 25% of input power is deposited to
the divertor as shown in the figure. From the bolometric
measurement, 75% of the input power is lost by the radiation loss.
The power deposited at the launcher and the walls is small. In LHRF
heated discharges, it is found that the sum of the radiation loss power
estimated by the bolometric measurement and the divertor heat load
from the IRTV measurement agree with LHRF input power quite well.

Figure 2 plots the ratio of heat load to the total RF power as a
function of total RF power. The data base points is sampled every
100msec from each discharges during LHRF heating to chase the time
evolution. As shown in this figure, up to 45% of input power is
deposited at the divertor. After Ti flush, we found completely
different behavior of the energy balance. Due to the reduction of
oxygen, the radiation Jloss from the main plasma is reduced
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significantly[1]. As shown in Fig.3, more than 70% of input LHRF
power is deposited to the divertor plate in the discharges with large
LHRF power. Only 30% of the LHRF power is lost by the radiation
from the main plasma.

The FWHM of heat flux { the half width) measures the heat flux
density. In order to design the fusion device with larger input power,
the establishment of scaling of the half width is needed. This value is
also useful to estimate the width of the scrape-off layer.

In low electron density discharges, we found the half width
depends on the electron density . In current ramp up experiment, the
plasm density is as low as 1013 cm-3. In these discharges, the plasma
current is almost kept constant or slightly increasing while the plasma
density increases twice at the end of the discharge. Figure 4 shows
typical current ramp up discharges shown with the half width of the
heat flux. As the plasma density increases, the half width increases
while LHRF power is kept at 2MW. Although the equilibrium
calculation shows that the gap between the separatrix and the
launcher is increasing during the discharge, this change doesn't affect
the heat flux because the scrape-off width is estimated to be a half of
the gap. This consideration is supported by the density dependence
given by the time evolution of same type discharges. Figure 5 plots
the half width against the plasma density from the database of July
24th., Three discharges plotted in this figure reached different density
and different gap width, while the LHRF power is about 2ZMW in the all
discharges.

We found the half width is insensitive to the evolution of the
electron  density during the discharges as shown in the figure 6 in
high elctron density discharges. In this figure the data base points of
the half width are plotted against the electron density. Only in the
discharges with the large gap( 830 > 2 cm), the half width depends on
the LHRF power. The figure 7 shows the data points of the half width
plotted against the LHRF power. Although data points are scattered,
the half width decreases as the LHRF power increases.

So called the " hot spot “ phenomenon cause the carbon influx and
the major disruption of the discharge. Although the phenomenon is
referred as the carbon burst caused by high temperature, no
significant temperature rise ( the temperature of divertor plates go to
400 °C during discharges with 4MW of LHRF power. ) has been
observed before the onset of the disruption.

References
[1] M.Shimada et al. In this review
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2.15 Impurities and Carbon Bloom
in LHCD Plasmas

H. Kubo, K. Ushigusa, K. Itami, Y. Kawano, T. Imai, A. Sakasai,
Y. Koide, N. Nishino, M. Naito, N. Akaoka, and T. Sugie

The impurity concentrations and the carbon bloom in LHCD
discharges are discussed. The concentration of carbon in LHCD
discharges was approximately 1.3 times higher than the
concentration in OH discharges, and other impurity concentrations
were not significantly affected by LHRF injection. The carbon
bloom tented to occur in the region of high LHRF power and low
electron density. And the amount of the integrated LHRF power
added to the plasma to bring about the carbon bloom was 2.2
MWesec.

1. Impurity Concentrations _

Fig. 1 shows temporal behaviors of signals in a LHCD
discharge. During the LHCD, the electron density and the intensity
of the C VI line (= nc) increased. And the increase of the intensity
of the O VIII line (= ng), the intensity of bremsstrahlung divided
by the square of the electron density (= Zeff), and intensity of the
Ti XX line divided by the square of the clectron density (e nTi/ne)
were relatively small.

Fig. 2 shows the electron density dependence of Zeff in
LHCD discharges (PLH = 1.75-4.44MW) and in OH discharges. Zeff
in LHCD discharges was higher than that in OH heated discharges,
and Zeff in LHCD discharges was 4 at Ne = 3 X 1019 m-3. we
should note that the electron density increased with LHRF power
in these discharges. Fig. 3 shows the electron density dependence
of the concentrations of light impurities in LHCD discharges. In the
analysis, the concentration was derived by the same method
described in Ref. 1 assuming n¢/ng = 0.5x KC VI)Y/I(O VIII). The
carbon concentration in LHCD discharges is about 1.2 times higher
than the concentration in O discharges, and the oxygen
concentration in LHCD discharges is as high as the concentration in
OH discharges. And the titanium concentration was estimated to
be about 10-4 - 10-5 from the intensity of Ti XX divided by the
square of the electron density. As a results, The dominant
impurity in LHCD discharge was carbon, and the increase of
oxygen and metal with LHCD was not significantly.

2. Carbon bloom
The duration of the LHCD discharges was sometimes limited
by the event which produce a large influx of carbon into the
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plasma. The events caused minor disruptions, and sometimes
major disruptions followed the events. Fig. 4 shows an example of
temporal behaviors of signals in such a LHCD discharge. At t = 6.63
sec, the loop voltage, line intensity of C VI (proportional to the
influx of carbon to the main plasma), and the electron density
increased suddenly. After that, the discharge was disturbed and
disrupted. When the influx of carbon increased, the increase of the
intensities of O VIII line (proportional to the influx of oxygen to
the main plasma) and other metal lines were not observed. In the
divertor region, only the intensity of C II line increased while the
intensities of O II line and Hy line did not increase. Therefore, the
event was one of the carbon bloom.

Fig.5 shows the regime of the carbon bloom. As shown in the
upper figure, the carbon boom tended to occur in the region of
high LHRF power and low electron density. As shown in the lower
figure, the energy injected to the plasma did not directly limit the
onset of the carbon bloom. Fig. 6 shows the LHRF power
dependence of the onset time. The fact that the data fall along a
straight line suggests that the amount of the integrated LHRF
power to bring about the carbon bloom is constant (2.2 MWassec)
for a given plasma, while a simple local 1-D heat transfer analysis
for a tile would give a result of the form, TWALL = PYTpurse. This
characteristic was also observed in carbon bloom in NB heated
discharge 1in JET2). However, the integrated power in JT-60 was
much smaller than the power in JET (8§ MW-esec). Moreover, the
threshold temperature at the surface of the tile in NB heated
discharges in TFTR3) and JET (1900-2000 K) was much higher
than the surface temperature of divertor plates observed by an
IRTV camera in JT-60.

Because there is no observation of spectra of low ionized
carbon ion covering the wide region of the plasma in JT-60, it is
difficult to identify where the bloom occurred. It is necessary to
install visible TV cameras observing wide area of the first wall
surface, and further analysis of the present data should be
continued. |

3. Summary

The impurity concentrations and the carbon bloom in LHCD
discharges are discussed. The carbon concentration in LHCD
discharges was approximately 1.3 times higher than the
concentration in OH discharges. The carbon bloom tented to occur
in the region of high LHRF power and low electron density. And
the amount of the integrated LHRF power added to the plasma to
bring about the carbon bloom is constant, and this character is
similar to the onset condition of carbon bloom in JET. However, the
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integrated power in JT-60 was much smaller than the power in
JET and the observed surface temperature of divertor plates was
much lower than the threshold temperature at the surface of the
tile in NB heated discharges in TFTR and JET. It is necessary to
observe the wide area of the first wall surface by visible TV

cameras, and further analysis of the present data should be
continued.
References
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2) D. Pasini, Contributed paper in Topical Meeting on High
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3, ICRF EXPERIMENT

3.1 Antenna-plasma Coupling and Power-up

S. Moriyama, T. Fujii, H. Kimura M. Saigusa,
K. Annoh, Y. Ogawa, S. Kogure, S. Shinozaki, M. Terakado

1. Introduction

The second and the third harmonic ion cyclotron range of frequency heating to the H-
minority and H-majority plasma has been investigated in JT-60 at the frequency of
131MHz. The antenna-plasma coupling properties have been investigated during the
ICRF experiment. The coupling resistance is one of the most important factor to limit
the injection power. This paper reports the antenna-plasma coupling properties and
how to inject ICRF power as high as possible on the coupling and other conditions.
The antenna performances till the end of the JT-60 ICRF experiments are also reported.

2. Coupling properties in (x,0) phasing injection

Coupling properties of the ICRF antenna have been investigated in limiter discharge in
BT ~ 3T for 3wy heating and 4,3T for 20cH heating. The antenna coupling resistance,
Re, versus line averaged electron density are shown in Fig. 1. The launcher-plasma
distances i.e. distances between the top of the antenna guard limiter and the outermost
magnetic surface are 15 ~ 25mm in these data. Rc seems almost proportional to
averaged electron density in 4.0 ~ 4.5T case. In 3.0 ~ 3.3T case, Rc is larger than in
4.0 ~ 4.5T case. It probably comes from steeper decay of the edge plasma profile in
higher toroidal field case. The relationship of coupling resistance and the edge plasma
profile is discussed in {1].

Figure 2 shows the antenna coupling resistances versus launcher-plasma distance. Re
decreases with increasing the distance and in the case of 85mm distance it reduces to
30% of that of 15mm case. To inject 3MW ICRF power into the plasma, Rc should be
larger than 3Q. Therefor, averaged electron density of 4 x 1019 m-3 was needed at the

optimum distance, ~ 20mm, in the 4T case.
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3. Antenna Performance

At the end of the JT-60 ICRF experiment, achievements of the ICRF launcher are
shown in table 1.

In (r,0).phasing, the coupling power has reached the limit determined by the
coupling resistance and the limitation of the voltage stand-off at the antenna. The
voltage limit once reached 47kV by RF aging of the antenna to vacuum load, but lower
voltage limit setting of the protection was chosen to protect the damaged 1st feed
through. In (0,0) phasing, more aging shots and enough optimization of the launcher-
plasma distance were required to get more coupled power. Because the coupling
resistance was relatively high, ~5Q, and the method of impedance matching was
improved [2}, 4MW injection could be realized at least with more injection chances.

The power density through the launcher cross section is the highest value among
ICRH system, in the world.

PLASMA COUPLING POWER : 2.9 MW in (m,0) phasing
3.1 MW  in (0,0) phasing
POWER DENSITY : 16 MW / m?2
VOLTAGE STAND-OFF : 35kV inplasma
47 kV in vacuum
INJECTION ENERGY : 6.7 MJ

Table 1 Achievement of JT-60 ICRF Launcher

4. Power-up Properties

The coupled power to the plasma of the JT-60 ICRF system is limited by two main
reasons. One is the voltage stand-off at the antenna determined by antenna coupling
resistances, Rc, and the other is reflected power toward the generator by mismatching
of the impedance between the antenna and the transmission line [3]. The problem of
the impedance matching discussed in [2].

The voltage stand-off at the antenna and coupled power in the same shots versus
launcher-plasma distance are shown in Fig. 3 and Fig. 4 respectively. These data
indicate the difference of power-up property between (7,0) phasing and (0,0) phasing.
In (x,0) case most of the data reach the voltage limit i.e. the injected power is as high as
possible with the coupling resistance of the shot, except some low power shots in
more than 40mm region to get coupling property data. In (0,0) phasing larger distance

r92 —_
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is required than (n,0) phasing. In the region of less than 40mm, immediately increase
of the reflected power probably by breakdown at the antenna was often observed. This
limit the injection power in this region. It seems that limit of the voltage stand-off in
(0,0) phasing goes down in short distance case. The coupling resistance decreases
with increasing distance so the optimum distance exist around 80mm, but enough
shots for distance optimization and also for launcher aging were not able to perform in
this period of the experiment.

5. Summary

The antenna-plasma coupling property in JT-60 ICRF experiment on the condition of
BT, toroidal field, ~ 3T for 3wcH heating and 4.3T for 2a¢p heating was investigated.

The coupling resistance was larger in 3T case than 4.3T case. It probably comes from
steeper decay of the edge plasma profile in higher toroidal field case. Power up
property in (1,0) and (0,0) phasing were also investigated. Achieved coupled power is
2.9MW in (,0) phasing, and 3.1MW in (0,0) phasing respectively. In (x,0) case the
power is limited mainly by the voltage stand-off determined by the coupling resistance,
and in (0,0) case it is limited by launcher aging and launcher-plasma distance

optimization,
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3.2 Improvement of Impedance Matching by Frequency Feed-back Control

S. Moriyama, H. Kimura T. Fujii, M. Saigusa,
K. Annoh, Y. Ogawa, S. Kogure, S. Shinozaki, M. Terakado

1. Introduction

Frequency feed-back control (FFC) was introduced to JT-60 ICRF experiment to
improve antenna-transmission line impedance matching. Impedance matching is
important to reduce reflected power toward the generator and enable high power
injection. FFC is effective to improve the matching rapidly when the setting position of
the stub tuner comes inappropriate for the matching when the antenna impedance
changes with plasma parameters. This paper reports the principle of the frequency
feed-back control, typical result in the JT-60 ICRF experiment and analyses of the
effect of FFC.

2. Necessity of precise impedance matching for the ICRH system

In general, the antenna impedance is different from transmission line impedance in the

ICRF heating system. In the case of JT-60 ICRF system, these are 0.3 ~ 6€) and 5082
respectively, and double stub tuners are used for matching.[1] If the matching is
insufficient, reflected power toward the generator decreases the gain of the amplifier
and increases the voltage at the output port of the cavity and in the tube of the final stage
amplifier. Figure 1 shows relation between injection power and upper limit of
allowable power reflection coefficient. Curves indicate the levels of the protection
circuit for the amplifier or for the tube, if the reflection coefficient comes over these
lines out put power of the generator will be reduced or cut off.[2] Reflection coefficient
less than 15 % enables 3 MW injection and to get4 ~5 MW reflection coefficient must
be less than 5 %.

3. Principle of frequency feed-back control

Precise matching can be easily got with the steady load, but the antenna impedance
with the plasma load changes shot by shot or also during a shot. The stub tuners must
be set at the position predicted from the impedance data of previous similar shots, and
it was impossible to keep the precise matching during the shot if large impedance
change happens. The frequency feed back control is useful for these problem.

Figure 2 shows the reflection coefficient versus frequency calculated from certain stub
positions and a impedance, and shows the principle of frequency feed-back control.
The reflection coefficient varies with frequency and the minimum point exists. From
the original frequency (point No.0), FFC changes frequency up (No.1) and down
(No.2) automatically and compare the reflection coefficient. Then the frequency is
changed step by step toward the minimum reflection coefficient point. For rapid
search, the step size increases so long as the gradient is same sign. And the reflection

coefficient, I", becomes smaller than set value the frequency is fixed. If it becomes
larger with change of the load, then the search will begin again.

The frequency step is 2kHz, band widthis £ 400kHz ( + 200kHz for full power) and
averaged time for one step is about 500usec in this system.
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4, Typical Resulis

Figure 3a and 3b shows time evolution of the frequency, reflection coefficient, and
forward and reflected power in the JT-60 ICRF heating experiment. These shots are
almost same plasma parameter, antena-plasma distance or line averaged electron
density etc., Fig. 3a without FFC and Fig. 3b with FFC. In Fig. 3a, reflected power
limiter [2] reduced the power to protect amplifier, then the reflection coefficient indicate
the effect of FFC. The reflection coefficient exceeded 10 % without FFC and it was
kept around 5 % with FFC. (Power cutting off for short period in fig. 3b was caused
by breakdown at the antenna.) The result shows that FFC can keep better matching
even if the stub position is not best.

FFC is also effective for suddenly impedance change in a shot. Figure 4 shows time
evolution of some plasma parameters, forward and reflected power, antenna coupling
resistance, and frequency. In spite of rapid change of the coupling resistance caused,
FFC kept low reflected power without power cutting off with reflected power limiter.

Figure 5 also shows that FFC kept good matching against difference of coupling
resistance with and without NBI in one plasma shot. Thus FFC can enable various
experiment scenarios shot by shot, and save time and labor for precise impedance
matching.

5. Analysis

Figure 6a shows improvement of matching by FFC on the impedance plane. The
point 3 and 4 are the measured impedance of antenna No. 3 and No. 4 in the antenna
array of the JT-60 ICRF launcher. The contours indicate the transmission coefficient

i.e. 1-T", which is calculated from stub positions and frequency. In this shot,
frequency shift by FFC is +55kHz. In Fig. 6b, the contours are calculated with fixed
frequency and the point 1 and 2 is plotted same positions as in Fig. 6a. We can see that
the transmission coefficient of antenna No.4 is increased 75% to 85% with 55kHz of
frequency shift. This result shows the matching improvement with enlargement of
better matching region on the impedance plane, by FFC.

6. Summery

Frequency feed back control (FFC) was introduced in JT-60 ICRF heating system.
FFC enabled better impedance matching between antenna and transmission line, even
if the stub position is not best. For suddenly impedance change in a shot, FFC can
keep reflected power low. Much time and labor for precise impedance matching are
saved by the effect of FFC. To realize fully automatic impedance matching, feed back
control of the stub tuners is under consideration..
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3.3 Hydrogen Minority Second Harmonic Heating
in Helium Discharge

T. FUJIL H. KIMURA, M. SAIGUSA, K. HAMAMATSU, S. MORIYAMA,
T FUKUDA, S. ISHIDA, Y. KOIDE, H. KUBO, Y. KUSAMA,

K. NAGASHIMA, M. NEMOTO, A.SAKASAL K. TOBITA |

1. Introduction i
The second harmonic heating is one of attractive heating schemes of ion cyclotron ran gelof
frequencies (ICRF) in a large tokamak because the ICRF power is expected to be sufficiently
absorbed in hot and dense plasmas from theoretical predictions [1]. The second harmonic
heating also is insensitive to ion species mix [2] which can not be easily controlled in a reactor
grade tokamak. Furthermore, from a view-point of antenna technology, it is possible to use a
compact phased array or a waveguide antenna because the higher frequency is applied.
Therefore, the investigation of the second harmonic ICRF heating on JT-60 is substantiailly
significant in order to optimize the plasma heating in a reactor grade tokamak. This paper
presents the heating characteristics of the hydrogen minority second harmonic (H-minority 2 we1)
scheme in two phasing modes, in-phase and out-of-phase of antenna currents in the toroidal
direction, compared with those of the hydrogen majority second harmonic (H-majority 2 0)xy)

scheme. i

2. Experimental Results and Discussion
2.1 Heating Characteristics

The H-minority second harmonic ICRF heating experiments in helium plasmas { HH/HH!C =

0.1) has been performed with a phased 2 x 2 loop antenna 1n wide parameters of the ohmically

heated target plasmas, e = 1.3 - 6.6 x 1019 m3, Ip=1-2.4 MA qerr= 6.4 - 2.6 and Teo = 1.5
. 3.0 keV in limiter configuration on JT-60. The applied frequency is 131 MHz which
corresponds to the hydrogen second (helium fourth) harmonic cyclotron frequency at Bt =43
T. The phase difference between the antenna cutrents can be controlled in the toroidal and

poloidal directions. We denote a phasing mode as (A9, A9 ), where A¢ is the toroidal phase
difference and A® the poloidal one. The ICRE power has been injected into plasmas up 10{2.9
MW in the (n,0) phasing. ,

Figure 1 (a) shows a set of time evolution of wWOIA | 1, THO:E and Pyc in a typical result of
H-minority 2 wey heating at Ip = 2.4 MA, fle = 59x% 1019 m3and Pic =2.1 MW. The stored
energy increases by about 260 kJ during the ICRF heating. The large sawtooth oscillations ir the
central electron temperature are observed such as the giant sawteeth observed in JET [3]. [The
changes in the stored energy coincident with the sawtooth oscillations are found. The
oscillation period is approximately 0.25 s which is twice longer than that of H-majority 2|

heating in the (1,0) phasing at Ip = 1.5 MA. Further, the electron temperatare tends to saturate
during the sawtooth period. The electron temperature profile as a function of the effective minor
radius estimated by the ECE measurements are given in Fig. 1 (b). The electron temperature
shows a centrally-peaked profile during the ICRF heating. The sawtooth inversion radids is
about 0.4 m which roughly corresponds to ap/defe- :
Power absorption profiles are calculated from the modified 1-dimensional kinetic code which
takes the ion tail formation into account but does not the absorption by the fourth harmonic
cyclotron resonance of helium [4]. The radial profile of the absorbed power partition after the
collisions is given in Fig. 2 (a). The plasma parameters, Teg = 3.0 keV, nep = 6.5 xlO‘gi m->

and ny/npe= 0.1 in the shot shown in Fig. 1 (b), Pa= 1.4 MW and Pw = 104 Qm are used in the
calculation. First, the ICRF power is strongly absorbed by the minority ion tail of hydrogen in

the narrow region near the plasma center. The absorbed power by the minority ion tail, Pjj”
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reaches 0.99 of the total absorbed power P,. Next, the absorbed power is distributed to bulk
helium and hydrogen ions and electrons through coulomb collisions.  Electrons gain the large-
fraction of the absorbed power, namely about 0.73. The bulk helium and hydrogen ions obtain
0.24 and 0.03 of the absorbed power, respectively. Then, the calculated result explains the
centrally-peaked profile of the measured electron temperature. Figure 2 (b) shows the
distribution function for the minority hydrogen ions at r < 0.2 m as a function of the ion energy,
which reveals that the minority ion tail can be generated even in high density for H-minority 2
e heating. On the other hand, in the experiments, the fast hydrogen ions with their energy of
more than 50 keV are not observed in high densities with the cx neutral analyzer although the’
intensive non-Maxwellian tails are observed in the low densities (7, < 3x1019 m-3). Buteven if
the fast hydrogen ions are generated near the plasma center, the fast ions can not be observed
because the hydrogen density near the plasma center are reduced due to high density helium
discharge and further the cx neutrals are reionized within the plasma.  The electron heating
efficiency (M. = fi.ATeoR/Pic ) indicates a relative high value of about 6.1 keV10¥m-2 / MW,
which corresponds to a half level of that of fundamental minority ICRF heating in JET [5].
Therefore, significant electron heating, even in high density is caused by the ion tail formation.

2.2 Incremental Energy Confinement
The incremental energy confinement time can be regarded as the total heating efficiency
and is defined as

¢ = (AWPIA - AW(AR,) ) / (Pic + IpAVL),

where AW (AT,) is increment in the ohmic stored energy due to the increase in T, and AV the
change in one turn loop voltage during the ICRF heating.  Figure 3 shows the T, dependence of

inc

‘r}fc in different heating regimes at Ip = 1.5 MA. Excellent values of 1~ = 90 - 120 ms are
achieved by H-minority 2wey heating in the (n,0) phasing, which are approximately constant in

inc

the density range of fi, = 2.5 - 5.6 x 109 m-3. The (x, 0) phasing heating shows larger ¢
than the (0,0) phasing one in both H-minority and H-majority heating schemes. The parametric
decay instabilities are observed only in the (0,0) phasing for both heating schemes as described in
Section 3.8, which may dissipate the ICRF power in the edge plasma. Therefore, the parametric
decay instability is one of the possibilities that degrade 'ciE“C in the (0,0) phasing.

Figure 4 shows the Ip dependence of t}g“: for various heating regimes in the range of Ip = 1-
2.4 MA which corresponds to (eff = 6.4 - 2.6. The (x,0) phasing data in H-minority 2 ey

heating increase from 1 MA to 1.5 MA and are approximately constant at TE’C =90 - 120 ms

from 1.5 MA up to 2.4 MA in low and high densities. The degradation of T2 is not clearly.
observed at qegg < 3 (Ip > 2.1 MA). The ion tail formation is one of mechanisms that enhance
the power absorption. The non-Maxwellian ion tails are observed in each heating regime. The

remarkable ion tails are observed at Ip = 1. 5, 1.9 MA in low density, indicating that the
maximum ion energy reaches 80 - 130 keV. However, the intense ion tails are not observed at

Ip = 1 MA. Accordingly, the ion tail is one of the causes that bring the enhancement of the
power absorption and the resulting improvement of 7' atIp 2 1.5 MA.  Furthermore, these
weak Ip and 7, dependences of 1:}:?" in H-minority 2wy heating support Shimomura-Odajima

inc

scaling of 1" [6] given by

ol (ms) = 85 x a3 ML,

— 100 —
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where K is the ellipticity and Meg the effective ion mass in AMU and a, the minor radius in m.
But the data are larger by a factor of about 1.5 than Shimomura-Odajima scaling if Megr = 1.
Consequently, the helium mass effect is one of the possibilities that improve T which is
clearly observed in combined NBI and ICRF heating as described in Section 3.4.

In order to find the relation between the power absorption efficiency Pa/Pic and *c%‘c, the
absorbed power is estimated from the time evolution of WDPIA after the ICRF pulse. Orme
estimation of P, is done by a time differential of WP' at the end of the ICRF pulse (Py= -
dWDIA/dr). Another estimation is done by fitting the measured time evolution of WPIA with that
calculated from the model where the stored energy is contained in the bulk electrons and ions and

ine

the fast ions. Figure 5 shows 1§ ° versus Py/Pic for the various heating regimes, electron

inc inc

densities and plasma currents. The value of g increases roughly with P,/Prc, The ratio of Tg

to P,/Pic is found to be approximately constant at 180 ms irrespective of T, Ip and the heating
schemes.

3. Conclusions

Heating characteristics of H-minority 2.y ICRF scheme in helium plasmas (nu/ nge = 0.1
) have been examined on JT-60 with the ohmically heated target plasmas of 1, = 1.3 - 6.6.x
1019 m3, Ip=1- 2.4 MA in limiter configuration. Effective electron heating are obtained even
in high density. This result is explained with the minority ion tail formation which is predicted
by the modified 1-dimensional kinetic code. The sawtooth oscillations with enhanced period
such as the giant sawteeth are observed during the ICRF heating. H-minority 20y heatihg

indicates better heating efficiency than H-majority 203 heating. The (z,0) phasing heating
shows better heating efficiency (excellent TE‘C of about 90 -120 ms) than the (0,0) phasing one.
The parametric decay instability is one of the possibilities that degrade TE‘C in the (0,0) phasing.
The (1t,0) phasing data of 7 are almost constant with T, and Ip except 1 MA, which support

Shimomura-Qdajima scaling of 'ciE“c. But the data are larger by a factor of about 1.5 than

Shimomura-Odajima scaling if Megr = 1. Consequently, the helium mass effect is one of the
possibilities that improve 'tiEnc. Further, the observed non-Maxwellian ions enhance the power

absorption and may explain the improvement of 7 at [p 2 1.5 MA.  The value of e increases

roughly with the power absorption efficiency P,/Pic irrespective of N, Ip and the heating

schemes,
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3.4 Higher Harmonic ICRF Heating in Combination with NBI Heating

H. KIMURA, T. FUJII, K. HAMAMATSU,
K. TOBITA, M. NEMOTQ, S. MORIYAMA, M. SAIGUSA

1. Introduction

ICRF heating accompanied with beam acceleration in higher harmonic regime was
investigated in JT-60. In this section, experimental results on third harmonic heating in
hydrogen or helium discharges and hydrogen minority second harmonic heating in helium -
discharges, in combination with NBI heating are presented. These results will extend

applicability of ICRF heating in a fusion reactor, €.g., selective heating of o particles in the
plasma core for heating to ignition and burn control by the third harmonic heating. Related -
sections to this section are as follows. In Sec. 3.3, results on hydrogen minority second
harmonic heating with ohmic target plasmas are described. In Sec. 3.5, beam acceleration
during the higher harmonic heating in combination with NBI heating is presented. Analysis -
of the beam acceleration with higher harmonic ICRF waves is given in Sec. 3.6. '

In all cases of the present experiments, hydrogen is resonant species for ICREF .
heating and hydrogen neutral beam is employed. A frequency of ICRF heating is 131MHz
and a toroidal field is selected in order to place the pertinent resonance layer near the plasma °
center, i. e. 4.3T for the second harmonic heating and 3T for the third harmonic heating.
Antenna phasing mode is chosen at (r,0), which was found to be efficient in bulk plasma :
heating and beam acceleration [1].

2. Third Harmonic Heating

Experiments on the third harmonic heating was carried out with following discharge -

conditions: Bt =3T, Ip=0.7~1.4MA, qu=7~3.2, ii,=1.7~4x10"%m-3. Both hydrogen and’
helium discharges were employed. Ohmic target plasmas are found to be insufficient for.
absorption of the third harmonic waves even with (,0) mode. Therefore we added nentral:
beam power in order to increase absorption. A range of the NBI power in the present
experiment is 2~18MW, Mixture gas (He;90%, H2:5%) was used for helium discharges.
However, because the electron density of ohmic target plasmas is relatively low

(Me=1~1.5x10"m3), the proton concentration ratio to the electron amounts to as much as
60% with hydrogen neutral beam injection of ~10MW. :

Typical time evolution of the third harmonic heating at Ip=1MA and q=>5 is shown.

in Fig. 1(a). In order to check the effects of NBI power on the third harmonic heating, NBI
i

power was varied during the shot (i. e., absorbed NBI power 5 AMW — 10.3MW). ICREF

power was also varied according to the change of NBI power (i. e., coupled ICRF power:
|

1.9MW — 2.3MW). The plasma stored energy increases step by step according to the:
change of the heating power. Central electron temperature increases significantly and giant
sawtooth oscillation is observed at combined JCRF and higher power NBI heating phase)
A period of the sawteeth reaches 410msec, which is about 6 time as long as the energy
confinement time of this discharge (73msec). The sawtooth period, however, decreases
with increasing electron density in the course of the discharge. The plasma stored energy
also oscillates with giant sawtoothing. Figure 1(b) shows a detail of the oscillation of the
stored energy. The stored energy does not decay immediately after the sawtooth crash, but
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it decays with a time constant of ~40msec, which is about half of the global energy
confinement time. Profiles of the soft X-ray signal at the bottom (t=5.43sec) and the top
(t=5.83sec) of the sawtooth and the bottom of the stored energy (t=5.5sec) are indicated in
Fig. 2. The internal disruption does not directly lose energy from entire volume of the
plasma column. One can see from the change of the soft X-ray profiles from 5.43sec to
5.5sec that a certain amount of the stored energy (~50kJ) is lost from outside of q=1
surface. A broad profile formed just after the sawtooth crash may make confinement
degrade, since decay time of the stored energy after sawtooth crash is shorter than the
global energy confinement time. From the bottom of the oscillation of the stored energy,
the profile becomes peaked due to the ICRF central heating. The confinement is improved
significantly with the peaked profile, which is understood from much longer time constant
of the growing phase of the stored energy.

Figure 3 shows the plasma stored energy against the absorbed power. The data of
combined heating and NBI heating only for both helium and hydrogen discharges as well
as those of ohmic plasmas are plotted. A ratio of ICRF power to NBI power ranges from
0.1 to 0.7. The maximum ICRF power is 2.3MW. There is no big difference between
helium and hydrogen discharges, and combined heating and NBI heating only, except the
data around the absorbed power of ~13MW, where combined heating shows better resulls,
especially with helium discharges. The NBI data show degradation above the absorbed
power of around $MW. However, it seems that the stored energy of the combined heating
shots increases with the same rate as below ~8MW. As mentioned above, giant sawteeth
appears in the power range where combined heating shows good confinement. Energy
confinement time of the third harmonic heating in combination with NBI heating is about
20% higher than those of NBI heating alone with same discharge conditions.

A period of the sawtooth oscillation during combined heating tends to increase in
proportion to Pnp/fle with fixed ICRF power, as indicated in Fig. 4. A sawtooth period
during NBI heating alone seems to saturate with increasing Pnp/fie, Therefore substantial
difference in the sawtooth periods is seen between combined heating and NBI heating

alone in large Pnp/Mz-value region. Difference between helium and hydrogen discharges is
small because of high proton concentration ratio in helium discharges.

3. Hydrogen Minority Second Harmonic Heating in Combination with NBI

With hydrogen minority second harmonic heating in helium discharge, a good
incremental energy confinement time (~110msec) is obtained for the ohmic target plasmas
in a wide range of the electron density [2]. This value is considerably better than the one of
the incremental confinement time of the pure hydrogen second harmonic heating
{~80msec). In this subsection, we present results on the combined second harmonic ICRF
and NBI heating in helium discharges. Figure 5 shows the plasma stored energy with the
combined heating and the NBI heating alone in helium discharges (Br=4.3T and [p=2MA)
as a function of the absorbed power. In this experimental run, high electron density

(Me~6x10°m-3) is chosen in order to keep low proton-to-electron concentration ratio. For a

typical case (Tle~5.8x101%m3, Pic~2.3MW, Pnp~2MW and Pas~5.9MW), the proton-to-

electron concentration ratio is estimated to be ~24% from the change of the electron density
associated with neutral beam and ICRF injection. The plasma stored energy increases with

same incremental energy confinement time T for both heating schemes. A range of the

data of NBI heating in the hydrogen discharges [3] is also indicated in Fig. 5. ‘Ci’:f’ of the
helium discharges is about 90ms and the one of the hydrogen discharges is about 55 ms.
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Thus enhancement of the incremental energy confinement time due to mass effects is clearly
demonstrated by producing helium-dominated discharges with the total heating power up to
10MW. :

Giant sawteeth appear during the minority second harmonic heating of ohmic

plasmas even in high density and low q regimes (T Up 10 6.5x10'%m-3 and qurup to 2.6). A -
threshold ICRF power (~2MW) exists for producing giant sawteeth. It is found that the
largest sawteeth appear with ohmic target plasmas. A small additional power of NBI (less -
than 1MW) during giant sawtooth oscillation reduces sawtooth period substantially as
shown in Fig. 6, especially for high density case. This tendency is in contrast with that of
the third harmonic heating mentioned above. The reason may be explained with the -
different dependence of the stored energy of the energetic ions, which is produced by ICRF
waves, on NBI power between the two cases. However, it has not yet been understood
sufficiently.

4. Conclusions

Encouraging results on the third harmonic ICRF heating in combination with NBI
heating has been obtained. Strong central heating accompanied with giant sawteeth is
observed. The energy confinement time is enhanced by about 20% with the combined

heating (Pic~2.3MW, Pnp~10.3MW and n~2. 8x1019m-3) from the one of the NBI heating
alone with similar total heating power and electron density. The sawtooth period increases
in proportion to Pxp/Me with fixed ICRF power. The incremental energy confinement times:
of the combined second harmonic ICRF and NBI heating and NBI heating alone in helium’
discharges are ~90ms, which is considerably better than those of the NBI heating in’
hydrogen discharges (~55ms). The improvement may be due to the mass effects. Giant
sawteeth produced by the second harmonic ICRF heating of the ohmic plasmas disappear
with small additional NBI power less than IMW.
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Fig. 1(a) Time evolutions of the combined third harmonic ICRF and NBI heating. Each trace indicates,
from the top, the plasma stored energy, the line-averaged electron density at a half radius, the electron
temperature near the center, soft X-ray signal of the central chord, NBI power {torus input) and ICRF power.
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3.5 Behavior of fast ions in combined higher harmonics ICRF
and NBI heating

K. Tobita, M. Nemoto, Y. Kusama, H. Kimura, T. Fujii, S. Moriyama,
M. Saigusa and H. Takeuchi

1. Introduction

In previous combined 2wCH ICRE and NBI heating experiments on JT-60, it is
found that the tail temperature Tygi, which is defined by the inverse gradient of In(E-
IRF(E)) vs. E plot above the injection beam energy, is independent of the injected neutral
beam power Pnp and proportional to the ICRF power Pyc. In this report, we describe the
behavior of fast ions in NBI-combined higher harmonics ICRF heating in hydrogen and
heliun discharges.

The fast jon behavior is investigated using two analyzets: one (CX-A) is oriented
near-perpendicular to the plasma (r = 0.3 m), and the other (CX-B) vertically views the
plasma center (r =0 m). The ICRF wave is launched at a frequency of 131 MHz with
(1,0) phasing. |

2. Higher harmonics heating

Changing the toroidal field B, we formed resonance layers for 2ccH, 3wch and
4wcy near the plasma center (R=3.04m). In experiments presented here, the behavior
of fast ions is investigated by the vertically viewing neutral particle analyzer which detects
the trapped ions whose turning points are located at R = 3.03-3.05 m. Since the line-of-
sight of the analyzer crosses a heating beam in the core, the charge exchange (CX) |
spectrum measured by the analyzer mainly reflects the energy distribution of the central
fast ions. Figure 1 shows energy spectra of ions during NBI-combined 2m¢r, 30CH and
4ocy ICRF heating for Hp plasmas. In Fig.1, acceleration of fast ions by these
harmonics is seen above the injection energy (65 keV). Reason why Tl for 30cH and
4wey heating is lower than that for 2mcy is that the resonance layer and the line-of-sight
of the analyzer do not overlap because of restriction in adjusting B and that the analyzer

detects the ions diffused from the resonance regions.
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3. Comparison between Hz and He discharges

Comparison of Tg,if during 3wcy heating for Hy and He discharges is shown in
Fig.2. Here, note that He discharges does not mean pure helium plasma: He discharges
are performed by using mixed gas of 90% He and 5% Hp and hydrogen beam injection.
Tyail is estimated from the gradient of In(E-1/2f(E)) in the energy range of 60-110 keV.
We can see from this figure that Tyaj; is independent of PNp and there is not a large
difference of Ty in both discharges. Tiaj in He discharges with low Png (~5 MW) is
somewhat higher. There may be a large difference in Tiaj) between Hz and He discharges
at higher densities. Because the energy confinement time 1g for the 3wcy IC+NBI
heating of He plasma is longer than that of Hp plasma at equally absorbed powerf2] at fic
> 4x1019 m-3 although there is little difference in 1g at low (< 2x101% m-3). Possible
reason for little difference in Tyai) and 1g in both discharges at low T, is that proton
concentration in low 1, He discharges is as high as that in‘Hp discharges because of
hydrogen NBI and recycling of Ha gas. The low Pnp data for He discharges in Fig. 2
can be also explained by the proton concentration because the proton concentration at low
Pnp is thought to be lower than that at high Pnp owing to decrease in the number of
injected particles.

4.Fast ion behavior during giant sawtooth oscillation

In the 3mcy ICRF+NBI heating, giant sawtooth oscillations are observed in soft
x-ray, T and diamagnetic probe signals, and the sawtooth period increases with PNp.
Figure 3 shows typical waveforms in a giant sawtooth shot. The fast neutral fluxes
decrease with nel because the transmission of the CX neutrals in the plasma and halo
neutral density in the core decreases with nel. In the data by CX-B, the CX fluxes with
25 keV and 68 keV plumet at the time of sawtooth crashes. In contrary to these data, the
bottom data measured by CX-A exhibit spikes in the CX flux near the injection energy
(65 keV) at the time of sawtooth crashes. This behavior of the CX flux indicates that fast
ions near the injection energy are transported across the sight of CX-A. Time evolutions
of CX fluxes of CX-A and CX-B provide an indirect evidence for outward transport of
fast trapped ions at the sawtooth event.
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5. Summary

Prominent acceleration of beam ions was observed in 20CH, 3@cH and 4WCH
ICRF heating in combination with NBI heating. Tail temperatures of protons during
3wCH heating in the Ha and He discharges were determined from CX spectra. The
proton tail temperature in the He discharges rised with decreasing PNB. Time evolutions
of CX fluxes indicated the outward transport of fast ions at the giant sawtooth event.

References
[1]1 JT-60 Team, JAERI-M 87-113 (1987) p. 293 (in Japanese).
[2] H. Kimura et al., in this report (Section 3.4).
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3.6 Analysis of Fast Ion Production by Higher Harmonic ICRF Waves

K ITTAMAMATSU, HKIMURA, T.FUJII and M.AZUMI

1. Introduction

The second and third harmonic ICRF healing experiments have been carried
out with neutral beam injection on J1-60. The plasma is composed of helium and
hydrogen. The rf-frequency is chosen to be the second or third cyclotron resonance of
hydrogen. The hydrogen neutral beam is injected into the plasma (H°—>H"). Tast
ions are observed in the charge exchange neutral spectrum in the both case of second
and third harmonic resonance heating. The giant sawtooth oscillation is also observed
in the soft X-ray signal.

As for the second harmonic heating combined with NBI, the theoretical model
has been developed[1] and applied to the experimental results[2]. We extend this model
into the higher harmonic cyclotron resonance heating. The global wave structure and
the acceleration of high-energy particles are analyzed in a self-consistent manner.

IT. Theoretical Model

Our model consists of two parts. The first part is the description of wave prop-
agation and absorption in a real space. The second part is the description of the
deformation of the velocily distribution caused by NBI and ICRF heating. In the
analys of the ICRF wave propagation and absorption, a one-dimensional slab model[3]
is employed. We assume that the distributions of electron and helium are unaflected
and take into account the deformation of the velocity distribution of hydrogen. Fur-
thermore, the problem is restricted in the steady state.

The wave field structure is solved in the one-dimensional model geometry in
which the inhomogeneities in the direction of the major radius(z-direction) are kept.
The density and temperature are given as 1n; (z) = (njo— nj,)(1 — x?/a?) + njq,(1=e,
He, 1) and Tj(z) = (Tjo — T;s)(1 — 22/a?) + Tj,,(j=eMe). The conductive wall is
located at z = +£b. The wave field in the plasma is described by the Maxwell equation

w .
VxVxE—?—:wug(ZJj—l-JA), (1)

J

whrer w is the rf angular frequency, J; is the induced current by the j-th species
and J4 is the antenna current. The induced current J; is culculated by the non-
local cunductivity tensor(4]. In the calculation of the conductivity tensor, the velocity
distribution of hydrogen is assumed to be bi-Maxwellian. These temperatures are
determined by the velocity moment of distribution function obtained from the Fokker-
Planck equation.

The velocity distribution function of hydrogen is obtain by solving the Fokker-
Planck equation. On each magnetic surface, we take the Oth order moment of the
Legendre expansion of velocity distribution function, f, and obtain

% _c

Y (f) + Snpr + Que(F) + Lp(f), (2)
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where C is the Coulomb collision term, Sngpy is a source term of NBI, (¢ 1s an 1f
heating term, L, is a particle loss term. The NBI source term 1s obtained by the
pencil beam model and the particle loss term is determined by the NBI source term to
keep a steady stale, i.e., 8f/8t = 0. The rf heating term includes the (£ —1)-th order
Bessel function J,_1(k, v, ), where £ is the harmonic number, k, is a perpendicular
wave number and v, is the velocily perpendicular to the magunetic field. The rf
lieating term also contains an unknown factor which is associated with the absorbed
wave power density. The unknown factor is determined by solving self-consistently
Eqs.(1) and (2), ie, < E*-Jy >= 47 [ dvv?;mv?Q(f). In order to combine the
solution of the ICRF wave equation in a slab geometry and the solution of Fokker-
Planck equation on each magnetic surface, we must calculate the power deposition of
the ICRF wave averaged on each magnetic surface and solve Eq.(2) on each magnetic
surface. However, to save a CPU time, the Fokker-Planck equation is solved at the
cyclolron resonance point(z = 0) where the magnetic axis(r =0) locates. We assume
that the power deposition of the ICRF wave is parabolic around the magnetic axis:
Pi(r) o (1 = (r/LA)?), La = 0.2m. The temperature and density of high-energy tail
component are assumed to be similar distributions.

III. Wave Propagation

We apply this theoretical model to the regime of JT-60 plasma. Plasma paramn-
eters are R = 3.07m, a = .9m, nyo = 5.x10%%, npy, = 2.25 x10'%, ny = .5x 10%?,
To = Tug = The = Ty = 3keV, w/m = 131MHz. A toroidal magnetic field is chosen in
order to place the resonance layer at the magnetic axis, i.e., Bt = 4.3T {or the second
harmonic resonance heating and Byt = 2.97T for the third one. Two antennas, which
have the phase dilference with 180° in the toroidal direction, is arranged in the low
ficld side of the torus. The launched rf-power is 2MW and the applied NBI power 1s
about 5MW and beam energy is 65keV.

In both case of the second and third resonance, the rf-wave power is mainly ab-
sorbed by hydrogen. Figure 1 (a) shows the radial profiles of electric field, E,, and (b)
shows the power deposition profile and power flux in the case of the third harmonic
resonance. The rf-wave propagates in the high-field side (z <0) and reflected at the
plasma boundary. In this case, the main part of rf-power absorbed by hydrogen is
due to the contribution of the high energy component. The absorbed power by bulk
hydrogen is negligibly small. As the plasma density and/or temperature increases, the
absorbed power by hydrogen tail decreases according to the increase of electron ab-
sorbed power due to the Landau damping. On the other hand, in the second resonance
heating case, the absorbed power by hydrogen is not affected so much by the plasma
parameters, Because, the wave damping rate is Jarger than that of third harmonic
resonance. The absorption due to the bulk hydrogen is about several percents of total
absorbed power.

IV. Tail Acceleration

In order to discuss the heating efficiency, it is an important issue to evaluate the
quantities associated with high energy particles. We define the velocity distribution
function of tail component as fi(v) = frp(v) — frp(0)exp{-mv?/2T}}, where the
bulk temperature is determined by the gradient of velocity distribution function at
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v = 0. In the followings, the stored energy, temperature and density of tail component
is calculated by the velocity moment of fi.

Figure 2 shows the NBI power dependences of the high energy component for
the various population of hydrogen, § = nu/n. =0.14, 0.3 and 0.5. Plasma density
is ney = 7.%10'® and other parameters are the same as in Fig.1. Figure 2(a) is the
NBI power dependence of the tail stored energy. The production of fast ions by the
third resonance heating is greater than that by the second resonance. This is caused
by the difference of the quasi-linear diffusion coeflicient. In the case of the third
resonance heating, the changes of the hydrogen population and/or NBI power cause
a slight change in the stored encrgy. This means that the fast ions are accelerated
enough to exceed the drag force due to electron in this ICRI" power range. The tail
stored energy heated by the second harmonic resonance increases with increasing of
the power density according to the decrease of hydrogen population. It also increases
with the increase of NBI power. Figure 2(b) and (c) show the temperature and density
of high-energy tail. In the contrast with ICRF heating, the NBI heating is regarded
as the low energy particle source. Therefore, in the third resonance heating case,
the tail temperature decreases with the increase of the NBI power. On the other
hand, in the second resonance heating case, the tail temperature is not affected by the
NBI power. Because, the Coulomb collision between tail component and electron is
dominant process in the power Jevel up to 2MW of second harmonic resonance heating.

V. Conclusion and Discussion

In both case of the second and third harmonic resonance heating with NBI,
the wave propagation, power absorption and production of fast ions are numerically
analyized using the self-consistent model. Although the damping rate of the third
harmonic resonance is weak, the wave power is mainly absorbed by hydrogen due to
ihe acceleration of fast ions. The incremental tail energy of third resonance heating is
greater than that of second resonance heating.

The characteristics of ICRF heating s that the resonance particle is accelerated
in the perpendicular direction to the magnetic field. This causes the increasing of high-
energy trapped particles. Our model, however, assumes that the velocity distribution
function is isotropic. In the rarely collisional regime, i.e., low density and/or high-
temperature plasma, the velocity distribution will be anisotropic. If the giant sawtooth
is caused by the stabilization of the internal kink mode due to the high-energy trapped
particles, the two dimensional analysis in the velocity space will be necessary. The
problems in connection with trapped particles will have to be further investigated.
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3.7 Direct Electron Heating by ICRF Fast Wave

T. FUIIL, H. KIMURA, M. SAIGUSA, K. NAGASHIMA, Y. KISHIMOTO, M. SATO,
L. YOSHIDA, S. MORIYAMA, K. ANNOH

1. Introduction

Recently, the current drive experiments using fast waves from the ion cyclotron range of
frequencies (ICRF) to LHRF are intensively carried out in small and medium size toroidal
devices {1]-[3]. Current drive by slow waves in the lower hybrid range of frequencies (LHRF)
have been established in present tokamaks. But, there is a problem that the current may not be
driven in the plasma central region by the LHRF slow wave because the LHRF power is
absorbed by o particles or deposited in the edge plasma due to high temperature in a reactor grade
tokamak. Then the current drive by the fast waves is expected as one of current drive means in a
reactor grade tokamak because the fast wave power 1§ more absorbed by electrons via Landau
damping and transit ime magnetic pumping (TTMP) in the plasma central region as the plasma is
hotter and denser. However, the power absorption of the fast wave is small in the present
tokamak since the plasma temperature is relatively low. The demonstration of the current drive
by the fast wave is crucially difficult. Accordingly the expérimental estimation of the direct
electron heating via Landau damping and TTMP experiments has been performed assisted with
the electron cyclotron resonance (ECR) heating or the LHRF slow wave heating [4]. The direct
clectron heating by the fast wave in the second harmonic ICRF has been investigated on JT-60
with a phased 2 x 2 loop antenna which can control the kj spectrum of the radiated power.
This paper presents enhanced electron heating in the combination with LHRF heating and the
estimation of electron absorption power via Landau damping in the ICRF fast wave heating
alone.

2. Enhanced Electron Heating in combination with LHRF Heating

We examined the direct electron heating in off-axis ICRF heating alone and in combination
with the low power LHRF heating at BT = 33T and f = 131 MHz where the second and third
warmonic resonance layers were atr = - 0.7, 0.5 m , respectively, expecting a small power
absorption by ions from the previous experimental results in Ref. [5]. Figure 1 shows a set of
time evolution of plasma current Ip, one turn loop voltage Vi, the stored energy WPIA, line-

averaged electron density Te, ICRF power Pic and LHRF power Py for the (11,0) phasing in‘the
[CRF heating alone and combined ICRF and LHRF heating in a shot.  In both heating, the
electron density increases as well as the stored encrgy. Then we should estimate the electron
absorption power P with the consideration of the changes in Vi and the ohmic stored energy
due to the increase in electron density. So that we estimate the quantity Pe = dWPLA [ dt -
I,AVy - dWop (Ang) /dt. - Here, JWDIA / dt and dfi, / dt are the slopes of WPIA and fi at the
beginning of the shots, respectively and dAWoH (Ane) / dt is calculated from the stored energy
scaling for the ohmically heated plasmas [6] with the measured dfi, / dt. Further, we assume

the direct jon heating power is negligible as mentioned above and the ion-electron equi-partition
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relaxation is neglected because of the relatively low densities. The dependence of Pe/Pic on PLi
is given in Fig. 2. The electron power absorption is enhanced with increasing PLy for each
phasing mode. Figure 3 (a) and (b) show the electron temperature profiles measured by
Thomson scattering method for (0,0) and (&, 0) phasing.  In the case of (0,0) phasing, no
difference in the temperature profiles is observed between the ICRF alone and combined ICRF
and LHRF. On the other hand, the electron temperature rise is obtained in the whole plasma
region for the (7,0) phasing as expected because of higher ky spectrum. However, the electron
power absorption efficiency is a small value of about 0.1 even in the (, 0) phasing. The
enhancement of the electron power absorption by the LHRF heating seems to be due to the high
energy electron generation by the LHRF or due to the temperature rise because the electron power
absorption efficiency is enhanced sensitively by the electron temperature in the range of 3 - 5 keV
according to the calculation results shown in next Section.

3. Numerical Estimations of Electron Absorption Power and Driven Current
Figure 4 shows the dependence of P*. / Pic on the toroidal phase difference Ad between the
antenna currents at ngg ~ 1 x 1019 m-3, Teg~3keV, Tiop~ 1.8 keV and Bt =3.3. Experimental
data of the electron absorption power are cross-checked by integrating time differential of the
electron temperature estimated by the ECE measurements over the plasma volume. The lines
indicate the calculated electron power absorption efficiency as a parameter of the wall resistivity
pw forngg=1x 1019 m-3, Tog =3 keV, Tijg= 1.8 keV and Bt = 3.3 T from the 1-dimensional
kinetic code [7]. The calculated results for the assumed wall resistivity py = 102 - 10-3 Om are
close to the experimental ones although the graphite wall resistivity is about 5 x 106 Qm. The
Ad dependence of P*, / Pyc is well explained with the calculated results.  Figure 5 shows the
calculated electron power absorption efficiency versus the central electron temperature for nep =

| x 1019 m-3, Ap = 90° and BT = 3.3 T with the simulated ky; spectrum of the 2 x 2 loop
antenna. The efficiency increases strongly with the electron temperature in the range of 3 - 5
keV and almost saturates in the range of 6 - 10 keV irrespective of the wall resistivity.
Accordingly, the appropriate electron absorption of the fast wave power is expected with the
electron temperature of about 6 keV. The dependence of the driven current by the fast wave on

the central electron temperature calculated for ngg = 1 x 1019m-3, A¢ =90°, Br =3.3 T and
Pic =1 MW is shown in Fig. 6. The driven current also shows the similar Teg dependence to
that of the electron power absorption. The driven current is expected to be only about 10 kA at
Tep = 3 keV although it is expected to be about 200 kA with Pyc = 1 MW at Teg = 6 keV which is
detectable amount. However, the current dive efficiency nicp is about 0.4 x 1019 AmZ/W at
Teo = 6 keV and smaller than that obtained by the LHRF slow wave by a factor of about 5. This
reduced efficiency is caused by small directivity of the excited wave and the broad spectrum (
the fast waves with nj; > ~ 4 hardly penetrate into the plasma and the fast wave withny >~ 1 are
slightly absorbed in the plasma ) because of 2 loop antennas in the toroidal direction. Then the
higher current drive efficiency of ~ 1 is expected for the same plasma parameters if the antenna is
designed so that the ny spectrum of the excited wave has a peak of ny=2-3.
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4. Conclusion

The direct electron heating in the ICREF alone and in combination with the low power LHRF
heating is examined at Br=33Tandf= 131 MHz where the second and third harmonic
resonance layers were atr = - 0.7, 0.5 m , respectively. The weak direct electron heating is
observed in the ICRF heating alone. Enhanced electron heating by the combination of low
power LHRF heating is obtained for various phasing modes. However, the electron power
absorption efficiency is a small value of about 0.1 even in the (r, 0) phasing which shows the
best results. Further the numerical studies of the direct electron heating is performed. The
calculated electron power absorption efficiency for the assumed wall resistivity pw = 102- 1073
Qm are close to the experimental ones although the graphite wall resistivity is about 3 X 10-6 Qm.
The A¢ dependence of P*e / Pic is well explained with the calculated results. The calculated
results reveal that the absorption efficiency and the driven current by the fast wave increase
strongly with the electron temperature in the range of 3 - 5 keV and almost saturates in the range
of 6-10 keV. Moreover, it is predicted that the detectable current drive is expected for Tep ~ 6
keV.
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3.8 Parametric Decay Excitation during Second Harmonic
ICRF Heating

T. FUJII, M. SAIGUSA, H. KIMURA, M. ONO, S. MORIYAMA, K. TOBITA,
M. NEMOTO, Y.KUSAMA, M. SEKI, T. NISHITANI, K. ANNOH

1. Introduction

Recently, interesting experimental results on parametric decay instability in the ion cyclotron
frequency range are reported in several tokamaks [1-3]. The investigation of these phenomena is
required from a view-point of impurity generation during ICRF heating at high power level.
Moreover, the parametric decay ‘nstabilities have a possibility to affect the heating properties of
the bulk plasma as well as the interaction of the edge plasma. Then it is significantly important to
understand the phenomena induced by the parametric decay instabilities. Two types of
parametric decay instabilities near the plasma edge are observed during the second harmonic
ICRF heating with a phased array of 2 x 2 loop antennas on JT _60. In this paper, the properties

of the parametric decay instability are presented.

2. Experimental Results and Discussion

The second harmonic ICRF heating has been carried out with a phased 2 x 2 loop antenna
on JT-60. The peak value of the toroidal wave number k;; spectrum of the antenna currents
changes from O to 18 m-! by phasing from the (0, 0) to the (xt, 0), where the former in the

parentheses is the toroidal phase difference between the antenna currents and the latter the
poloidal. The applied frequency is 131 MHz, which has the hydrogen second harmonic

cyclotron resonance near the plasma center at Br = 4.3 T. Parametric decay instabilities occur in
both pure hydrogen plasmas (H-majority second harmonic heating) and helium plasmas wilth

hydrogen concentration of np/nye = 0.1 (H-minority second harmonic heating) but only in the
case of the (0, 0) phasing. Two types of parametric decay instabilities are identified. One type is

decay into an ion Bernstein wave (IBW) and an 1on cyclotron quasimode (IQM) and the other
into an IBW and a cold electrostatic ion cyclotron wave (CESICW) or an electron quasimode
(EQM). The selection rules in the parametric decay process are

wg = W + 2, kg = ki + k2

where (wg, ko) denotes pump fast wave (FW), (o, k) low frequency (LE) and (mg, ko) lower
side band (LSB). Two pairs of Langmuir probes are employed to detect waves induced by the
1CRF jnjection and to measure scrape-off plasma parameters. One is located near the antenna as
shown in Fig. 1 and the other at the toroidal angle of 140° from the antenna. Figure 2 (a) shows

a typical frequency spectrum of the probe signal at Br = 3.8 T in H-majority second harmenic
heating with the (0, 0) phasing. Here, all the probe signals shown in this paper are detected by
the probe placed near the antenna. From the figure, two decay processes are recognized as the
following expressions, which are verified later.

FW (f) — IQM(f;) + IBW (f,), FW (fo) = CESICW or EQM (f'1) + IBW (f'2) .
The IQM was hardly detected directly by the probe which is placed behind the first wall
presumably due to the expected strong damping of the IQM in the edge plasma. The presence of
IQM can be easily determined from the @ = €4 relationship, where €; is the ion cyclotron
frequency. Thenfi = Qpy/2m and f2 = 1.8 Qu/2n for the magnetic field near the antenna (R =

3.8 m) in Fig. 2 (a). The LF wave with f'; = 22.5 MHz is CESICW or EQM and satisfies the
frequency selection rule fg=1'1 + f'7 together with IBW (f'2). Only aslight sign of the decay is

detected by the probe which is placed at 140° apart from the antenna in the toroidal direction,
indicating that the decay processes take place mainly in the antenna near field region.  An

example of frequency spectrum of the probe signal at Bt = 43 T with the (11, 0) phasing is given
in Fig. 2 (b). No parametric decay instability is found in this case. '
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The dispersion relations of the decay waves of IBW [4] and CESICW [5] are given by

- 2 2 2
_ 2 k W5 k
IBW : L»Z%@umﬁJmed—%Lm-%-ngmo (1)
s Do n=1 n2Qg - w?] ky O kg
2 2 2 12
5 k
CESICW : 1+ ——2i ‘”P;Elzi = 0 @

where bg =(k lp(,)2 and Wy is the plasma frequency, Po (p% = Tg/mng, ) the Larmor radius of

species ¢ and I a modified Bessel function of order n. Figure 3 shows the calculated dispersion
relations from eqgs. (1) and (2) at By = 4.3 T for the assumed edge plasma parameters neh = 2 x
1018 m-3 and Tep = Tijp = 100 eV. Since the IQM is a non-resonant mode, its frequency is

constant at §/2x irrespective of k , which is indicated by the broken line, From this figure, it is
shown that two types of decay processes, FW into IBW and IQM and FW into IBW and
CESICW which satisfy the frequency and wave number selection rules are possible. The
dependence of the frequency of LF decay waves on Bt in H-majority second harmonic heating
is given in Fig. 4. The frequency of IQM is inferred from the L.SB frequency, i.e. f; = fo - f2.
The solid line shows the hydrogen cyclotron frequency for the magnetic field at the antenna (R =
3.8 m). The broken line shows the frequency of CESICW estimated from eqs. (1) and (2) and
the wave number selection rule for the edge plasma parameters of nep, =2 x 1038 m-3 and Tep =
Tk = 100 eV on the assumption of uniform pump field (kg = 0) as indicated in Fig. 3. The

EQM is a non-resonant mode and its frequency is given by 'y ~ 0.1kyvre, where vre =

(2T, /me)/2. Then its frequency is estimated as ~ 25 MHz for Tep = 100 eV and kyy = 40 m-]
irrespective of Bt. The observed frequencies in both decay processes are consistent with
theoretical ones. Therefore, two decay processes are identified as the ones described above.
Figure 5 shows the detected intensities of LSB waves (IBW) by the probe near the antenna
versus Bt in H-majority second harmonic heating. The intensity of IBW Py (f2) for the decay
into IBW and IQM increases with reduction in the magnetic field for the range of 3.8 - 4.5 T.
However, the intensity of IBW Py ('5) for the decay into IBW and CESICW or EQM is almost

constant with Br.
Here, we briefly discuss the Bt dependence of the intensity of IBW for the decay into IBW

and IQM. The damping for the IQM is determined by the electron Landau damping. The
damping for the IBW is also determined primarily by the electron Landau damping and the
convective loss and further the electron Landau damping is substantially dominant.
Accordingly, the growth rate for this parametric decay instability [6] is given by

3 3
- L2 oxp (- y3) + Llpe il 25 exp (- 53)
2 _ 03 ol
¥ = 29T o (3)
|ae/8032‘
with
a
18

Egy k Eq k, V2 (Eoxky - Eoy kx)? 2
1_;_0:(_91)(0!/1[4_ oL J.)+( xky - Eoy kx) "

Mg 2 2
Wo w5 - Qg (m% - Qi)z w3
where y; = ®j/ kyvtc and L is the ratio of drift excursion of species G for a plane-polarized
pump wave Eg to the wavelength of the decay wave. The subscripts 0, 1, 2 refer to pump (FW),
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LF (IQM), L.SB (IBW), respectively. The IQM occurs for y1 = O(1) which tends to maximize
the electron interaction. Then, as y2 increases, the first term of the numerator which 1s the
damping rate of the IBW decreases making the growth rate larger. When the magnetic field is
reduced for the fixed pump frequency, 0 and y7 increase while 1 decreases. Therefore, one
may understand the behavior of the increasing intensity of the IBW with the reduction in the
magnetic field.

Next, we estimate the threshold pump electric field. At the threshold, y=0 and from eq.
(3), we have

w2 K k2
luc-uilﬁl=4—2——3uexx3{-[(92—iﬂ) -1] Y%}. (5)
W1 kZH w1 kKay

From egs. (4) and (5), the threshold pump electric field is given by

2 0 -
Eorm = BT%MM’:MM. (6)
L Wy Q‘;
As ko= 0 m-1 in the case of the (0,0) phasing, ki~ kq;. Then Egyth 18 estimated as about
380 V/cm for the observed value of f2/f1 = 1.84at Br=38T assuming k17 = 25 m-1.
Here, k, is calculated from eq. (1) for the assumed edge plasma parameters of nep =2 % 1018
m-3 and Tep = Tip = 100eV. The estimated antenna electric field is about 1 kV/cm, which is

much larger than the calculated threshold value. In the case of the (rt, 0) phasing, koy = 20 m-L.
Since the pump field is finitely extended, kq,; and kg must be lager than koy/. If k=25 m-,

then koyy = 45 m-1 from the wave number selection rule. The threshold pump power for the (T,
0) phasing 1s estimated to be two order of magnitude larger than that of the (0, 0) phasing for the

same edge plasma paramelers, which may explain relative lack of parametric activities for the (7,
0) phasing.

3. Conclusions

Two types of parametric decay instabilities near the plasma edge are observed during the
second harmonic ICRF heating on JT-60. One type is the decay into an ion Bernstein wave
(IBW) and an ion cyclotron quasimode (IQM) and the other into an TBW and a cold electrostatic
ion cyclotron wave (CESICW) or an electron quasimode (EQM). The decay processes are
observed in both pure hydrogen plasmas (H-majority second harmonic heating) and helium

plasmas with hydrogen concentration of ny/fige = 0.1 (H-minority second harmonic heating) but
only in the (0, 0) phasing. The intensity of IBW detected by the probe placed near the antenna

in the decay into IBW and IQM ‘ncreases with reduction of Br.  The Br dependence and the

relative lack for the (7, 0) phasing of the parametric decay activity are well consistent with the
theoretical predictions.  On the other hand, the intensity of IBW in the decay into IBW and
CESICW or EQM is constant with B, i
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4. H-mode Experiments
4.1 Comparison of H-mode with outer and lower X-point

H. Nakamura, S. Tsuji, T. Ozeki, S. Ishida, M. Nagami, M. Azumi

1. Introduction

Until the end of 1987, JI-60 had a single null
poloidal divertor at the outer midplane of the torus.
From June 1988, lower divertor experiment has been started
to compare H-mode characteristics between the outer
divertor (FY1987) and the lower one (FY1988) without Ti-
gettering. Experimental arrangements are shown in Fig.l.
In this paper, the H-mode characteristics of the both
divertors without titanium gettering will be compared[1].

2. Results of CQuter Divertor(FY 1987)

Figure 2 summarizes the operational diagrams of n., vs.
Pags in the H-mode experiments with the outer divertor.
Threshold values of ne and Paps are 1.8x10'Y m * and 18MW.
Upper threshold value of n., increases with Pags - In the
H-mode, the L- mode energy confinement times are improved
at most by 10-%. This small improvement of the energy
confinement time is due to the very.short period of the
H-mode phase. In electron temperature measurement by ECE,
the maximum radius reliable enough is around 0.73 a. The
H~mode transition is strongly dependent on the edge
electron temperature.Threshold electron temperature at
r=0.73 a is 1 to 1.1 keV while the edge electron density
must be higher than 1.5x10'% m3®. Magnetic fluctuations
near the X-point measured with a magnetic probe shows
reduction in [/§; /Be 1 by a factor of about 6 down to the
base level is observed during the L-phase to the H-phase
transitions. Figure 3 shows the soft X-ray signals,which
includes periods of the L-mode(t=5.83 to &5.80 s) and the
H-mode (t=5.85 to 5.87 s). The outermost channel is
correspond to r =0.9 a. At the L to H transition{(t=b5.853
s), the H ¢ signals drop and the soft X-ray signals begin
to increase. Although relatively clear change is observed
in the channel +two ( = 0.8 a), the soft X-ray signals of
the other channels change in the same manner. Therefore,
clear localization of the fluctuation is not observed in
the outer divertor.

An ideal MHD ballooning stability analysis has been
done using highly accurate numerical equilibria of JI;60.
Threshold of pressure gradient parameteﬁ ") (=-5131%)
increases as global shear parameter S (=4 A% ) gecomes
higher, where r minor radius, R major radius, Bp poloidal
field, p plasma pressur and ¢ safety factor. This shows
that the ballooning/interchange mode is stable even in the
couter X-point.
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3. Results of Lower Divertor(FY1988)

Figure 4 shows operational diagram of absorbed power
(Pass ) vs.n, for the H-mode transitions and the ELMs. In
the hydrogen discharges with a plasma current of 1 MA and
a toroidal magnetic field of 3—~3.3 T, threshold electron
density is 1.7x10 '? m* for the H-mode transitions. The
threshold absorbed power is 14.5 MW for the H-mode
transitions. At the H-mode transition, reduction in magnetic
fluctuations is observed. Improvements in the confinement.
in the H-mode are around 10 % in Paps = 15 MW. Degree of
the improvement is small in P aps 2 20 MW. At the L-H
transition, Tef®f (r= 0.8a) and ne (r=0.6a) reach 1.8 keV
and 1.3 x 10'?* m 3, respectively. However, in the L-mode
shot, Tet®E is less than 1.5 KkeV during the NB heating.
TeECE (r=0.8a) necessary for the L-H transition is about
1.8 keV.Occurrence of the ELM is observed in Hae signails
around the main plasma and the divertor region. Spacial
location of the ELM can be measured by the soft X-ray
array. Figure 5 shows soft X-ray signals measured by PIN
diode array with viewing angles from separatrix surface to
plasma center. An edge localized fluctuation is observed
in r=0.7a and an inversion radius of the soft X-ray
signals is located around r = 0.95a.

Bal looning/interchange stability has been analysed
with the similar method as in the outer divertor.
The critical pressure gradient of the these modes increase
as increases of the shear parameter S same as in the outer
divertor. In the ballooning mode, critical pressure
gradient parameter is almost the same value as in the
outer divertor. The interchange mode is more stable than
cne in the outer divertor. This difference in the
interchange boundary arises from magnetic well effect.

4. Discussion

Comparison of the JI-80 H-mode characteristics between
the cuter divertor and the lower one shows that the H-mode
is realized even in the outer divertor ,which has similar
features as the H-mode in the lower divertor. As shown in
section 3, the ballooning/interchange modes are not
unstable in the outer divertor in contradiction to
Bishop's result with semi-analytic model. This shows that
the ballooning/interchange mode near the separatrix are
sensitive to the magnetic configuration near the
separatrix. Therefore, to discuss the possibility of the
H-mode transition from the view point of MHD stability,
calculation with precise equilibria of divertor
configuration is necessary. Moreovere, the H-mode theory
on mirror trapping is not applicable to JT-60 outer
divertor results, since banana-trapped ions escape to the
outer X-point. These results shows that location of the
separatrix is not necessary condition for realization of
the H-mode. These results show the existence of the
separatrix is not always necessary for the occurrence of
the H-mode. In the H-mode with the outer divertor of
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JT-80, the threshold power ( Pry) is about 16 MW. One of
the reason of the high threshold power in the outer
divertor is H° -» H' or H® - He'' operation. Another
reason is location of the X-point of JT-80.

Finally,in the JT-80 lower divertor,the threshold
power of 15 MW is almost same as the one.in the outer
divertor. Although reason of +this high threshold power is
not clarified, there are two possibilities of the reason.
One of the reason might be effect of impurity
contamination. At present, value of Zgee 1is estimated to
be 3 to 5 in the JT-60 lower divertor. Another reason is
considered to be effect the specific vacuum chamber with
large volume (Vo ) between the plasma surface and the
vacuum vessel. The ratio of Vy, to the plasma velume( Vey)
in JT-80 outer divertor is 0.7 although Vo, /Vpr is about
0.1 to 0.2 in DI -D and JET. Large amount of neutral
particle is expected around the main plasma of JT-60 lower
divertor configuration and threshold power to increase
edge temperature to critical wvalue for the H-mode
transition tends to increase.

5. Summary
In the JT-680 H-mode experiments with outer divertor
and lower one; the results are summarized as follows;

Outer Divertor

— H-mode discharges similar to the ones in the lower/
upper divertor are observed in contradiction to the
previous H-mode theories.

— The threshold absorbed power and electron density
are 16 MW and 1.8 x10'? m 3, respectively.

— Improvement in the energy confinement time is
limited to less than 10 %.

— Ballooning/interchange stability calculations with
JT-80 equiribria show that there are enough stable
region in the outer divertor experiment.

Lower Divertor

— The threshold abscrbed power and electron density
are 14.5 MW and 1.7 x10'® m 3, respectively.

— Improvement in the energy confinement time is
less than 10 % limited by the grassy ELMs.

— ¥From the soft X-ray signals, edge fluctuations are
localized in rZ 0.8.

— (Calculated value of critical pressure gradient for
ballooning mode is the same as one in the outer
divertor.

Reference
[1] H.Nakamura, et al., JAERI-M 89-106(1989) and to be
published in Nucl.Fusion Vol. 30, No.2(1980).
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4.2 H-mode Experiments with Titanium Gettering
Michiya Shimada, Norio Suzuki and Hiroo Nakamura

1. Introduction .

H-mode was investigated with JT-60 hydrogen and helium discharges
with hydrogen beams. Previous work[1] described H-mode discharges with a
null at the outer midplane or bottom side of the discharge. For the case of a
divertor at the outer midplane, TiC-coated molybdenum and graphite were
used as the divertor plate material. For the case of a single-null divertor on the
bottom, graphite tiles were used. In these investigations, H-mode period was
short, the threshold power was higher than 14.5 MW, and improvement of
confinement was modest(<10%). This paper describes an H-mode
investigation with walls and graphite divertor plates gettered with titanium.
This investigation was motivated by JFT-2M result{2], which shows that with
titanium gettering, the threshold power was reduced by a factor of two.

2. Results of Titanium Gettering

Two sets of titanium gettering system were installed on JT-60, spaced 180
degrees apart toroidally{3,4]. Each system is equipped with four
titanium/ tungsten filaments of 45 cm in length, and 3.5 mm in outer diameter.
Usually, titanium was flashed once a day before the start of tokamak operation
by using either one of the systems or both. The amount of titanium flashed
each day was 5-10 g, which corresponds to 50-100 monolayers. Titanium
gettering reduced the amount of oxygen by a factor of 3

1.5 T I l I I
Oovill ) no Gettering
(arb. unit) i 5| =
1.0 n
0.5 S g
ol m O p g|o
with Gettering
0 t t t
(] 1 2 3 4 5 6

1o (x10°m>)

Fig. 1 Reduction of Oxygen by Titanium Gettering

in both ohmic and neutral-beam heated discharges. Particle recycling

coefficient, as inferred by the global particle confinement time 1p", was also
reduced by a factor of two. However, little change was observed in carbon
impurity content.  Zegf values were about 2 at relatively low density
discharges(line-average density of 2x101° m-3) at modest power levels(10MW).
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3. Results of H-mode Experiments

PARAMETER range of scan
Bt 2.08-45T

outer gap 37->18.7 cm
Ebeam 65 kV->40 kV
gas H. He

Ip 0.7-1.4 MA

Ip ramp down 1.0->0.7 MA
ne 2.3-4.2 E19m-3
Xp 0-13.7 cm

Xp ramp up 4->13cm, 2->9¢m

Table I. Parameter Ranges Scanned

After titanium gettering each day, we did parameter scans of wide ranges
as listed in the table I to search for the best condition to obtain H-mode
transition.

Fig. 2 The configuration in which a clear LH transition was
observed

A clear LH transition was observed with 9.5 MW beam power, which is a
significant reduction from the previous results without titanium. The toroidal
field was 3.3 T, the plasma current was 1 MA, q" was 3.8, and the line-average
density prior to the transition was 2.3 x 1019m-3. This LH transition was
associated with a drop in Hgy signals, a drop in neutral particle pressure,
increase in density by a factor of two, and stored energy increase by 49%. Taking
into account the increase of absorbed power due to density increase, we
estimate the improvement of energy confinement to be about 30%. However,
this transition was also associated with a significant increase in carbon
impurity, Zegf increase from 2.0 to 2.6, and radiation power increase up to 70%
of input power, which terminated the H-mode phase. Attempts were made to
reproduce a similar LH transition. However, reproducibility of this kind of a
clear LH transition was very poor.
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Fig. 3 A Discharge with A Clear LH Transition

4. Discussions
We would like to discuss here possible reasons why it is very difficult to

obtain H-mode with neutral beam injection in JT-60.
(1) Working gas

It is a well established fact that the threshold power with hydrogen gas is
about factor of two higher than with deuterium.
(2) Injection Power, Impurity
' It was suspected that because the threshold power is high due to the
hydrogen working gas, enhancement in impurity made the accessibility to the
H-mode difficult. This may be the case without gettering and with high power;
Zeff values of the target plasma was 3-5. As Zeff of the target plasma was about
2 with titanium gettering and beam power of 10 MW, the impurity does not
seem to be the major cause of the difficulty to obtain H-mode with gettering.
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(3) Configuration ,

Neutral particles may affect the accessibility to the H-mode if the divertor
configuration is too much open to allow the neutral particles to flow back to
the main plasma. We tested the configuration with outer or inner gaps similar
to DIII-D. However, we could not test a configuration with small gaps at both
outer and inner side of the plasma surface. Therefore, this cannot be excluded
as a possible cause of the difficulty. '

(4) Error Field

Due to the presence of a virtual loop at the feeder of the divertor coil, a
toroidally localized error field of 200-300 G is created near the separatrix. This
effect was investigated by making puncture plots of electrons orbiting near the
separatrix. This calculation shows little particle orbit distortion inside the
separatrix.

(5) Injection Angle

The injection angles of JT-60 neutral beams are 12-14 degrees as
. measured from the top view of the machine. However, as JT-60 neutral beams
are not injected from the outer midplane, the effective injection angle should
be determined from the pitch angle of the fast particles when they reach at the
outer midplane. Neutral beam orbit calculation shows that the effective
injection angles are about 22 degrees, which is not very much different from
those of DIII and DIII-D perpendicular beams(27 degrees).

(6) Shear

In case of small divertor coil current and divertor coils close to the
discharge, the magnetic shear is smaller than otherwise. However, the
existence of H-mode with limiter configuration is a fact against this argument.

To summarize, the major cause of the difficulty to access H-mode seems
to be the working gas. The configuration remains to be a possible candidate.
The impurity may be a possible cause particularly in the case of no gettering
and high power.

5. Conclusions

Following results were obtained in H-mode experiments with walls and
" divertor plates gettered by titanium.
(1) Oxygen was reduced by a factor of 3 by titanium gettering, but no significant
reduction was seen in carbon.
(2) Particle recycling coefficient was reduced by a factor of two by titanium
gettering. '
(3) A clear H-mode transition was observed with heating power of 10 MW. The
line-averaged density increased by a factor of two, and the energy confinement
improved by 30%.
(4) Reproducibility of this kind of a clear LH transition was very poor.
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{2] N. Suzuki et al., in Plasma Phys. and Controlled Nucl. Fusion. Res. (Proc.
12th JAEA Conf., Nice) Vol. 1 (1989) 207.

[3] Kenjiro Obara et al., JAERI-M 87-143 (1987) (in Japanese)

[4] Kenjiro Obara et al.,, JAERI-M 88-117 (1988} (in Japanese)

— 130 —



JAERI-M 90-066

5. IMPROVED DIVERTOR CONFINEMENT EXPERIMENTS

5.1 Oxygen Impurity Reduction and Energy Confinement
Improvement with Ion VB Drift toward X-point

S. Tsuji, N. Hosogane, K. Itami, H. Kubo, M. Shimada, T. Sugie,
T. Nishitani, K. Nagashima Y. Kawano, O. Naito, N. Miya

1. Introduction

The improved divertor confinement (IDC) was observed in the lower X-point configuration
of JT-60. The IDC regime was characterized as high particle recycling and remote radiative
cooling in the divertor region [1-3]. The particle recycling, however, was found not to have been
enhanced appreciably during IDC since Hg signals through interference filters had been
contaminated by C II line emission.

We operated JT-60 in four combinations of I and By polarities to examine the effects of ion
/B drift direction on IDC and to check the symmetry of the device. As a result, we found that
IDC develops only when the ion VB drift is toward the X-point. Reversal of By direction
changed light impurity behavior significantly. Reduction in oxygen impurities were observed
when the ion VB drift was toward the X-point and the heating power exceeded a threshold
power of about 10 MW. Reversal of I direction did not affect the confinement properties and

impurity behavior so much.

2. B¢ Reversal Experiments

Discharge waveforms with nearly the same NB power and line averaged clectron density
are compared in Fig. 1 to illustrate the distinct time evolution with B¢ reversal. The plasma
current (1 MA) and toroidal magnetic field (4.5 T) were reversed at the same time to keep the
helical magnetic field structure and, in particular, the field lines impinging the divertor plates. A
dramatic difference is seen in the OVIII line evolution. Oxygen impurities in the main plasma
decreased with time when the ion VB drift was toward the X-point (solid traces), while it
increased with electron density when the ion VB drift was away from the X-point (broken
traces). Carbon impurities behaved oppositely. When the O VIII trace was reduced, carbon
influx from divertor was enhanced as seen from the C II trace. As is always the case, the IDC
regime was preceded by an abrupt rise and fall of the O I1I signal along a vertical chord staring
the inside leg of divertor. The radiation power from the divertor region is well correlated with the
C I signal. And most of the radiated power is accounted by carbon and hydrogen emissions [4].
Note that the radiation power from the main plasma is higher and that from the divertor region is
suppressed at lower levels with reversed B,. Heating power dependences of those powers are
plotted in Fig. 2(a). The radiation power from main plasma is 40 to 50 % of heating power and
the divertor radiation remains at low levels around 20 %. These fractions are exchanged during
IDC. The high radiation from the main plasma agrees with higher Zefr as shown in Fig. 2(b).

The characteristics of particie recycling are examined in Fig. 3. Both divertor Hy emission
and neutral pressure around the main plasma increase parabolically with line averaged electron
density of the main plasma. Those levels, however, are different with By polarities. Whereas
particle recycling in the divertor is higher with the ion ¥ B drift toward the X-point, the neutral
pressure is lower. These observations imply that the particle confinement is better and the particle
recycling is more localized in the divertor with the ion VB drift toward the X-point. The particle
confinement is improved further during IDC since the both strengths are reduced. Note that lincar
dependences of the divertor Hg emission normalized to the neutral pressure on electron density
are clearly separated depending on the ion VB drift directions and that the IDC data points obey
the same dependence as the non-IDC data as shown in Fig. 4 (a). The ordinate is a measure of
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hydrogen ionization in the divertor. Thus divertor effects are concluded to be enhanced with the
jon /B drift toward the X-point. Figure 4(b) shows that the carbon contents in the main plasma
is lower when normalized to the carbon influx from the divertor, which suggests that shiclding
effects on carbon impurities by the divertor is enhanced as well.

3. Energy Confinement Improvement .

The carbon influxes and resulting divertor radiation power in beam heated plasmas in later
1989 were not enhanced so much as before. Yet we observed the improvement in energy
confinement during IDC. To find mechanism for the improvement, we examined correlations of
the energy confinement time with several parameters. Some of the correlations are shown in Fig.
5. Here the energy confinement time is normalized to an absorbed power of 20 MW assuming an
Goldston scaling-like inverse-square dependence to cancel the power dependence of data from 14
MW to 22 MW. The improvement is best correlated with reduction in oxygen contents in the
main plasma (a). The enhanced divertor radiation power appears to be a sufficient condition for
the improvement rather than a necessary one (c). There is no correlation with carbon contents
(d). Although the neutral pressure data for the best improved data points are missing, the energy
confinement improvement appears to be correlated with reduction in neutral pressure (b), namely
improvement in particle confinement.

4. Discussion

IDC is characterized as an improved particle confinement regime, which may be explained
by the Hinton & Stacbler's theory [5,6]. Whereas the reduction of oxygen is correlated with the
improvement in energy confinement, it is unlikely to be the direct cause. A clear correlation has
been observed between oxygen contents and neutral pressure around the main plasma. The
oxygen impurities seem to originate from the first walls due to charge exchanged particles, which
is supposed from similar time evolution of oxygen line emissions and low-energy charge
exchange neutral fluxes.

From the experimental observations, the time evolution of IDC may be described as
follows; i)the particle confinement improves in discharges with the ion VB drift toward the X-
point when electron density reaches a threshold which depends on heating power and the
connection length between the X-point and the divertor plates, ij)oxygen impurities in the main
plasma decrease owing to the reduced charge exchange particles, iii)carbon influx increases with
increased power to the divertor due to the reduced main plasma radiation, iv)carbon impurities are
accumulated near the X-point by the enhanced divertor shielding effect, v)the discharge reaches a
quasi-steady state with the improved confinement and the enhanced divertor radiation, the latter
of which alleviate heat load on the divertor plates. The first step appears not to occur when the
jion VB drift is away from the X-point.

5. Summary

Spectacular changes in light impurity behavior with By reversal were observed in the beam
heated lower X-point configuration of JT-60. The IDC regime develops only when the ion VB
drift is toward the X-point. The improvement in energy confinement during IDC by up to 20 %
is correlated with the improved particle confinement and with resulting reduced oxygen
impurities.
References
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5.2 Measurement of Particle and Heat Flux in the
collisional Scrape-off Layer in Divertor Discharges
K.Itami

It is recently recognized that the collisional transport of ions and
electrons driven by temperature gradient along the magnetic field
in the scrape-off layer is important process to affect the energy
and particle confinement in the core plasma [1]. In beam heated
discharges, the asymmetry in particle recycling between inner
divertor and outer divertor is found to be enhanced. This
asymmetry is reversed if the ion grad-B drift direction is reversed
as shown in Fig.l. And this asymmetry in particle recycling is
consistent with the enhanced particle flux due to collisional fluxes
across the magnetic field. It is also found that the heat flux to the
divertor shows the reversed asymmetry which also depends on the
direction of ion grad-B drift.[2]

The characteristics of IDC ( Improved Divertor Confinement)
has been extensively studied. The characteristics of IDC
discharges are summarized, 1) increase in plasma density and
stored energy correlates with the increase in radiation around the
X-point with a slow rise time about 1 sec, 2) there exist minimum
beam input power and density requirement, 3) replacement of
oxygen by carbon in the plasma causes the radiation in the core
radiation, 4) it has only been obtained when ion grad-B drift is
toward the X-point. The peripheral spectroscopy measurement
has shown the accumulation of carbon and the pump out of
oxygen. IRTV measurement has shown the drastic change in the
heat flux at the inner divertor during IDC. After the IDC onset, the
heat flux to the inner divertor decreases in a time scale of the
increase in the radiation in the divertor region, while the change
in the heat flux to the outer divertor is smaller [2]. Ha TV
measurement shows the recycling at the inner divertor is
decreasing during the IDC at the inner divertor as shown in Fig.2.
It is consistent with the improvement of the particle confinement.

In order to explain these behaviors, a positive feedback
mechanism driven by the carbon radiation and increase of inward
pinch due to collisional particle transport is proposed [3]. When ion
grad-B drift is toward X-point, the collisional transport across the
separatrix driven by temperature gradient along the field line have
net inward flow. This flux is large enough to modify the particle
transport near the X-point and become large by increase in the
asymmetry in heat flux to toward X-point. The growth rate of IDC

— 135 —



JAERI-M 80066

is given by

v = Area an qu(SQ
Vol ZogheXeeB

Here, 6Q denotes a change in the asymmetry in heat flux density
to the divertor, Area denotes the surface area of the separatrix
and Vol denotes the- volume of the plasma. For typical discharge
parameters, the growth rate is about 1 sec and is consistent with
the observed value.

Since the Staebler's model assumes the temperature at the inner
divertor and the outer divertor is same, the model doesn't explain
the asymmetries between the inner divertor and the outer divertor
driven by IDC. For example, the model doesn't explain the particle
recycling at the inner divertor during the IDC phenomena. If the
radiation simply decreased the temperature of the plasma at the
inner divertor, the particle confinement deteriorates due to the
enhanced particle outflux by increased temperature gradient. This
phenomenon should be observed as the increase in Hao signal. But
the experimental result is the reverse. More precise treatment is
needed to explain the all phenomena consistently.
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5.3 Spectroscopic  Studies of Remote Radiative Cooling
in JT-60

H. Kubo, K. Itami, M. Shimada, T. Nishitani, A. Sakasai, Y. Koide,
N. Nishino, N. Akaoka, S. Tsuji, N. Hosogane, and T.Sugie

Spectroscopic measurenients in vacuum-ultraviolet and visible regions were carried out
to investigate the source of radiation power from the JT-60 divertor. The analysis shows
that the bolometrically-measured divertor radiation can be nearly accounted for by hydrogen
radiation, low-ionized carbon impurity radiation, and charge-exchange loss. The electron
density and temperature estimated by using the heat flux density and Hg intensity at the
divertor plate are 26 eV and 2.4 x 1029m-3. This result suggests that dense, cold and
radiative divertor plasma is formed with strong neutral beam heating of up to 20 MW.

1. Diagnostic System and Temporal Behaviors of Signals
Figure 1 presents a schematic diagram of the experimental set-up of the diagnostics

for divertor plasma. Through a horizontal port, a photo-diode with Ha filter, a bolometer
and a visible spectrometer observed Ha intensity, radiated loss, and line intensities of light

impurities and hydrogen, respectively. Because the band width of the Hu filter was not
enough narrow, the signal of the photo-diode included the signal of a carbon line.

Therefore, the intensity of the Ho line refereed in this paper is the photo-diode signal

corrected by using the intensity ratio of the carbon line and Ha line measured by the visible
spectrometer, whose sensitivity was calibrated only relatively. The heat flux to the divertor
plates were derived from the surface temperature of the divertor plates measured by an
IRTV camera. And a VUV monochromator measured line intensities of light impurities in
the divertor region around the inner separatrix.

_ The temporal behaviors of the signals in the discharges to be discussed in the
following sections are shown in Fig.2. The discharges were repeated with same the
condition; Ip=1MA, BT =45T, XP =3.5 cm, PNB = 23 MW, etc. They were the IDC
(Improved Bivertor Confinement) discharges, while the radiated power in the divertor
region was not so large. The line intensities of the carbon ions were measured by the
monochromator on shot to shot bases. In the following sections, we present the analysis of
the data at t = 6.25sec.

2. Estimation of Electron Temperature and Density
The electron temperature and the electron density in the divertor plasma were

estimated from the heat flux and the intensity of Hat line.

If we assume that the recycling rate of the hydrogen is unity and all of the recycling
hydrogen is ionized in the divertor region, the particle flux to the divertor plate: I is
expressed as

I'= a(ne'Te)I(HOL), (1)

where « is the ratio of the ionization rate to the emission rate of Ha. If we assume that the
particle flows to the divertor plates at the sound velocity and e = i, the particle flow is
expressed as

I78 = nCs, (2)
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where Cs is the sound velocity and 8 is the pitch of the plasma. The heat flow: ¢ and the
particle flow has the relation given as

¢ =YTel (3)

where ¥ is the heat transmission coefficient at the sheath and we use ¥ = 7. From Egs. (1)-
(3), we obtain .

0= ’YsTea(Te,nc)Ia_IU-) ) (4)

(ZLe i, = a(Tenl(He /8 (5)
In this paper, we assumed that the divertor plasma was uniform with the dimensions of Xp
% the full half width of the heat flow: 3.5 cm (H) x 6 cm (W). 8 ={(.013 at the divertor

plate was derived from magnetic probes measurements. And we used o presented in Ref. 1
with the assumption that the plasma was optically thin, while the assumption is not valid

for Lyman o line. As a result, we obtain neg = 2.4 X 1020 m-3 and Te=26eVatt=
6.25sec in the discharges shown in Fig.2.

The assumption that all of the recycling hydrogen is ionized in the divertor region
may not be valid, and the real particle flux may be larger than the estimated flux. However,
because the analysis tends to overestimate the electron temperature and underestimate the
electron density, we can conclude that the divertor plasma is dense and cold.

3. Investigation of Radiative Source

The radiative sogurce in the divertor region was investigated from spectroscopic
measurements. ,

The radiated power due to the carbon was estimated from the VUV lines: C II
(2522p 2P - 252p2 2P, 904A), C III (252 1S - 252p 1P, 977A), and C IV(2p 2P - 3d 2D,
384A), observed by the monochromator. The recycling carbon may not be ionized up to
C+3 in the divertor region, because the confinement time is much shorter than the time for
them to reach the equilibrium and the electron temperature is low. The higher ionized
carbon ions are produced in the scrape-off layer of the main plasma and flow to the divertor
region without recombination, Therefore, they can be in the recombining phase. However,
generally speaking, the emission rate attributed to the recombination flow is much smaller
than the rate attributed to the excitation flow. Therefore, we calculated the cooling rate from
the excitation cross section presented in Ref.2 assuming the coronal equilibrium for the
population density of excited levels. Fig. 3 shows the ratio of the total radiation power of
the carbon ion to the observed line radiation power. Using the figure and assuming the
symmetry with respect to the inner and outer layer, the radiated power due to the carbon
ions were estimated.

Fig.4 shows the ratio of the total radiation power due to hydrogen to the radiation
power from n = 3 level, which is calculated from the line intensity ratios presented in Ref.3
assuming optically thin.

Charge exchange loss was also estimated from Ha line intensity assuming the
uniformity and the dimensions of the plasma described in the previous section. Because the
solid angle of the bolometer was very little, the charge exchange loss power observed by
the bolometer is expressed as

p
Pex = 2nR1v%kTianH+0ch f e rooxvx-ix
- , (6)
where the dimensions of the divertor plasma are expressed as Ip width and ly height. Fig. 5
shows the ratio of the charge exchange loss power to the radiation power from n = 3 level,
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where the population density ratio n(n = 3) / n(n = 1) presented in Ref.3 was used by
assuming optically thin.

Table 1 shows the estimation of the radiated power at t = 6.25 in the discharges
shown in Fig. 2 using the plasma parameters estimated in the previous section; Te = 26 eV

and ne = 2.4 x 1020 m-3, About a half of the radiated power is accounted:for the radiation
of hydrogen, and the power due to oxygen is very small. As a result, regardless of some
assumptions in the analysts, the estimated radiated power can nearly account for the power
observed by the bolometer. However, the estimation is very rough because of many
assumptions. The radiated power due to the carbon depends on temperature, because the
observed line of C IV is the radiation from n = 3 level. Moreover, the radiated power due to
hydrogen depends on the density, and the CXR loss depends on the temperature.
Therefore, further observation of spectra and more precise measurement of the plasma
parameter 1§ needed.

4, Summary

Spectroscopic measurements in vacuum-ultraviolet and visible regions were carried
out to investigate the source of radiation power from the JT-60 divertor. The analysis
shows that the bolometrically-measured divertor radiation can be nearly accounted for by
hydrogen radiation, low-ionized carbon impurity radiation, and charge-exchange loss.
However, the analysis is very rough because of many assumptions. Therefore, further
observation of spectra and more precise measurement of the plasma parameter is needed.
The electron density and temperature estimated by using the heat flux density and Hgy
intensity. This result suggests that dense, cold and radiative divertor plasma is formed.
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Table 1 Estimation of the radiated power. a) The intensity of O III 2522p2 3Py - 252p3

3P1 2 704A was observed in the other discharge (E9107, t = 6.25sec). b) Radiation power
from n= 3 level. ¢) The value was estimated by comparing the radlanon power of O III
703A and the total cooling rate of oxygen presented in Ref. 4.

LOSS SOURCE | OBSERVATION]OBSERVED LOSSESTIMATED TOTAL LOSS

C1I Q044 0.0074MW U.019MW
C I 977A 0.22MW 0.30MW
cIv 384A 0.01 1MW 0.20MW
0 704A2) 0.00057MW <0.020MW<)
HI 5563A(Ho)| 0.0383MWb) 1.8MW
CXR Ha - 0.67TMW

TOTAL RADIATION[JBOLOMETER 4.0MW TOMW
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54 PARAMETER DEPENDENCE OF DIVERTOR HEAT
LOAD IN JT-60 SINGLE NULL LOWER DIVERTOR

H.NAKAMURA, K. ITAMI and JT-60 Team

1. Introduction

To establish scalings of divertor heat load on peak heat flux and
half width is important for design of divertor in next fusion device
Therefore, in JT-60 single null lower divertor. experiments, the
divertor heat load has been measured by infra-red camera. All
discharges were L-mode plasmas. Schematic view of the IRTV
camera system in this study is shown in Fig.1[1].

2. Results
(1) Typical Spatial Profile

Figure 2 shows typical result of spatial profile of the divertor heat
load. Heat load was calculated by one dimensional inverse heat
conduction code. In, this shot, experimental conditions are Pabs=14
MW, ne=2E19 m-3 and Xp= 5 c¢m where Xp is distance between X-
point and divertor plate. In this data base, parameter ranges are
Pabs=7 to 12 MW , ne=(2-4)E19m-3 and Xp=4-5 cm.
(2) Half Width

In the conditions of ne=(2 - 4)E19 m-3 and Pabs=5-12 MW, no
clear dependence of the half width on ne and Pabs is observed.
Figure 3 shows dependence of the half width of the heat flux on
ne/Pabs. The half widths are almost constant and have no
dependence on ne/Pabs. The half widths in the inner and outer
divertor plates are 2.5 to 3 cm and 4 to 5 cm, respectively. Half
width on the divertor plate strongly depends on magnetic
equilibrium parameters such as Xp. In case of Xp=4-5 cm, magnetic
surface near the mid plane spreads by a factor 3 on the divertor
plate. Therefore,the half widths near the mid plane are expected to
be 0.8-1 cm in the inmer mid plane and 1.3-1.7 cm in the outer
one.The above dependence of the half width on ne and Pabs is in
contradiction to result of ref[2] assuming a constant value of heat
conductivity coefficient perpendicular to magnetic field. According to
this result, the half width is in proportion to ne’/9/Q3/%,where Q is
divertor heat load. To explain the JT-60 results, calculation of the
divertor heat load considering dependence of the perpendicular heat
conduction on plasma parameters is necessary.

— 142 —



JAERI-M 90-066

(3) . Peak Heat Flux

| Figure 4 shows dependence of peak heat flux on total absorbed
power. This result shows that the peak heat flux in the inner and
outer divertor plates increase with the total absorbed power. In this
density range, the peak heat flux on the inner divertor plate is by a
factor 2-3 larger than the one on the inner divertor one. But, this in
the higher density region above ne=4E19m-3, the outer heat flux
becomes larger than the inner ome. This tendency is shown in
Fig.5.In the innmer divertor plate, the heat flux decreases with the
electron density. On the other hand, in the outer divertor plate, the
heat flux increases with the electron density. To clarify this
characteristics, further study in the condition of the higher absorbed
power is now in progress.

3. Summary

In JT-60 single null lower divertor with Pabs=5-12 MW and
ne=(2-4)E19m-3, the results are summarized as follows;

a. Half width of the divertor heat flux has not clear dependence on
ne and Pabs. Half widths are 2.5-3 cm in the inner divertor plate.
and 4-5 cm in the outer one.

b. Peak heat flux increases with the absorbed power. Peak heat
flux in the inner divertor plate decreases with ne. But, in the
outer divertor plate, the heat flux increases with ne.

To obtain scaling of the half width and the peak heat flux, data
analysis of the divertor heat load is now in progress.
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6. High-Poloidal-Beta Experiments with Hot lon Regime

6.1 Optimization and Sustainment of High-Poloidal-Beta
High-lon-Temperature Plasmas

S. Ishida, Y. Koide, T. Hirayama, T. Ozeki, H. Shirai, M. Kikuchi,
O. Naito, S. Tsuji and M. Nagami

In tokamak research, improvement of energy confinement and its
sustainment in steady state for auxiliary heated plasmas remain the critical issues
for a forthcoming tokamak reactor. High-temperature enhanced confinement
regime, which was originally attained in TFTR ("supershot"), may provide an
attractive way for tokamak experiments to approéch the breakeven condition in
nuclear fusion research because of the high fusion product gain[l]. However,
operation in the supershot regime required sufficient recycling suppression and led
to a relatively high-poloidal-beta discharge. In TFTR, the attainable stored energy
content was limited by disruptions at high poloidal-beta up to Bp~2[2]. Thus, it is
necessary for a scenario of steady-state tokamak operation to demonstrate that the
supershot discharges is stably sustained in the high poloidal-beta operation. While a
hot ion regime similar to the TFTR supershot has been subsequently obtained in
JET{3], both regimes have been so far explored only with tangential neutral beam
injection (NBI) for limiter configurations. This paper presents major results from
high-poloidal-beta experiments in a hot-ion enhanced confinement regime with
high-power long-pulse neutral beam heating in JT-60. Objectives of the experiments
in JT-60 are; 1) production of hot-ion plasma and its sustainment, 2) optimization of
confinement (that is realization of the supershot by means of near-perpendicular
NBI), 3) investigation of poloidal beta limits, and 4) demonstration of discharges
dominated by bootstrap currents.

After changing the divertor geometry to the lower X-point configuration, the
hot-ion enhanced confinement regime has been attained in 198% by means of
centrally-oriented near-perpendicular NBI with ~21 MW for 3-5 s into hydrogen
plasmas with a small volume. The target Ohmic plasma was produced to have low
density (Me~0.5x1019 m-3) without gas puffing utilizing helium TDC, and the
densily was increased by beam fueling, typically, up to ng~4x101% m-3. We have
carried out Ip scan in detail in the range of 0.3<Ip(MA)<1.2. The experiments have
been conducted for the lower X-point divertor configuration with the major radius
of R=2.9 m, the minor radius of a=0.70-0.72 m, the triangularity of x=1.4 at the
toroidal fields of By=4.0 T and 4.5 T, as shown inFig. 1. This configuration was
slightly shifted inward from nominal major radii of the JT-60 plasma at R~3.1 m, so
that the neutral beams are centrally deposited and the profile measurements are
made focussing on the central region of the plasma.
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As shown inFig. 2,  the best performance of this regime was achieved in a
narrow range of [,~0.5-0.7 MA, where high temperatures were obtained up to Tj~12
keV and Te~6 keV. The L-mode enhancement factor of ~1.7 was maximized up to
1E/1gL~1.7 against the Goldston L-mode scaling. The jon temperature of ~12 keV is
a record value in hydrogen tokamak experiments; waveforms for a typical 12 keV
discharge are shown inFig. 3. Although the energy confinement is significantly
degraded at lower Ip than ~0.5 MA, the discharges have not been disrupted with
stronger pressure anisotropy up to Bpdia/Bpedu~1.5 due to perpendicular injection.

This regime with high gey1 {up to ~13) was free from sawtoothing modulation
of local transport in the core plasma. Similar to the supershots in TFTR, highly
peaked profiles of Ti(r) and ne(r) were observed, showing that their peaking
parameters are strongly correlated up to Tip/<Ti>~4.2 and neg/ <ne>~2.7 as shown in
Fig. 4. Decoupling of energy balances for electrons and ions as Tj~2T, was a
characteristic feature in the core region, where the convection losses exceed the
conduction losses. Peaking parameters of Te(r) are found to be mostly independent
on (cyl, indicating a large divergence from prediction of the g-dependent profile
consistency assuming Spitzer resistivity and q(0)=1.

Nearly-isotropic high-fp values around 3 (efp~0.8) have been achieved with
low collisionality (Ve ~0.2) and moderate Zegt {(~3), so that a conclusive investigation
on neoclassical bootstrap current has been accomplished showing demonstration of
a steady-state bootstrap-current discharge up to 80 % to the total plasma current
under negligibly small beam currents. These discharges also reach the stability
boundary for high-n ideal ballooning modes. As shown in Fig. 3, the poloidal
beta of deia=3.2 was sustained in quasi-steady state for ~1 s. and the toroidal
rotation velocity, Vg, was also highly peaked up to ~1x10% m/s with high rotational
shear. The ion and electron temperature profiles with Tijo~8 keV and Teg~4 keV are
shown in Fig. 6 for the same discharge as in Fig. 5. After t=6.1s, as the values
of Wdia, Ti and Vg are decreased, substantial confinement degradation was
observed to be clearly correlated with large continuous m=2 modes located at
r/a~0.3 on soft X-rays. |

In order to investigate whether the plasma configuration can result in the
enhancement of the Bp limit, we have carried out small-volume inner-limiter
experiments with R=2.8 m and a=0.69 m comparable with the divertor
configuration. As a result, the attainable Bp value reached ~3 for 0.4 MA discharges,
so that it is not plausible that a stabilization effect of magnetic shear with the
divertor configuration on external kink modes directly leads to the result of
obtaining higher Bp values in JT-60.

In conclusion, we have obtained and sustained "supershot” discharges by
means of near-perpendicular NBI into hydrogen plasmas on JT-60. Although a
variety of MHD activities give rise to significant confinement degradation, no
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disruptive Bp limit has been observed up to Bpdia~5. Nearly-isotropic Bp value
reaches 3, leading to a demonstration of 80 % bootstrap current discharge. The hot-
ion enhanced confinement regime carrying a large fraction of intrinsic bootstrap
currents in JT-60 may have some impact on a steady-state operation scenario for a
future tokamak reactor. More detailed discussions about the experiments will be

presented in the following sections.
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6.2 Energy confinement characteristics compared with L-mode scalings
0. Naito, S. Tsuji
Global energy confinement characteristics in high poloidal beta experiments are
presented. The total energy contents are estimated from diamagnetic measurements
described in Section 6.3 along with their validity. The enhancement in energy
confinement depends on which scaling law is employed, therefore a definite conclusion
could not be drawn whether a high Py discharge has better confinement than usual L-
mode or not. At least obtained data do not contradict the previous JT-60 L-mode
scaling for plasma current as low as 0.5 MA.
Parameter ranges of the data base
The mean value of line average density increases with plasma current. Its
dependence on Iy is, however, stronger for limiter discharges than for divertor
discharges. In fact, for data set collected here, limited discharges have a dependence of
density on plasma current as ne = IpV-72 while diverted discharges have ne o< 1,041, In
most shots, the toroidal magnetic field has been fixed to 4.5 tesla and the plasma
current is varied (I, = 0.3-1.2 MA). Figure 1 shows a line average density as a
function of safety factor. The density decreases monotonically with qg due to a
decrease in plasma current. For lower By, case, limited discharges have about 50 %
higher density than diverted discharges. I\Eost of the divertor discharges are carried out
in ne = (2-3) x 1019 m3. The high B, experiments are concentrated on high power
discharges with 19.2+1.0 MW.
Comparison between Divertor and Limiter experiments
Figure 2 shows the global confinement time T as a function of plasma current.
For fixed current, T for divertor discharges is about 20 % larger than that for limiter
discharges. The ellipticities for divertor and limiter discharges are respectively
1.3940.04 and 1.0440.03. However the plasma volumes for both configurations have
roughly the same value; V = 28.4+1.3 m?. Accounting for its lower density, divertor
discharge is expected to have higher electron/ion temperature than limiter discharge.
This will be discussed in Sections 6.7 and 6.8.
Enhancement factor with different L-mode scalings
Since the data set consists of shots with low plasma currents that are not
available in the previous L-mode data base, the global confinement enhancement factor
is defined with respect to standard L-mode scaling laws. Figure 3 shows the
experimental confinement time normalized by Goldston scaling [1], Shimomura-
Odajima scaling [2] and & JT-60 L-mode scaling [3], as a function of plasma current.
For Goldston scaling Tge*P/tgscale is around unity for Iy = 0.8 MA. Whereas for I, <
(.8 MA, Tet*P/rgscale increases with decreasing current. It has been found that the
global confinement time in JT-60 L-mode discharge fits well to the Goldston scaling
around I = 1 MA and has weaker Ip-dependence than that in high current cases. Thus
the enhancement with respect to the Geldston scaling in low I regime could rather be
regarded as a manifestation of weak I,-dependence of JT-60 discharges. For
Shimomura-Odajima and JT-60 L-mode scalings tg®*P/tgscale has constant values
down to IS% = (.5 MA, although the Shimomura-Qdajima scaling predicts somewhat
higher tgstale, For even lower current, Tge*P/1pScale has Jower values than those for I
> (.5 MA. The difference between divertor and limiter cases can be resolved into k-
dependence both in the case of power law and offset linear scalings. For instance, the
Goldston scaling that has a k-dependence in the form tGoldston oc 0.5 predicts 20 %
better confinement for divertor discharges whose ellipticity is typically 1.4.
References
[1] GOLDSTON, R.J., Plasma Phys. Controll. Fusion 26 (1984) &7.
[2] SHIMOMURA, Y., ODAIIMA, K., Comments Plasma Phys. Controll. Fusion
10 (1987) 207.
ODAJIMA, K., SHIMOMURA, Y., Energy Confinement Scaling based on
Offset Linear Characteristic, JAERI-M 88-068 (1988).
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— 150 —



JAERLI-M 90-0886

[ - T T .
) * Div 5
5 - o Lim 7
o 4 [ ° ]
mE % o
© HE A
é:s r— a':. - ]
=7 % Le00
| = s [ LI, . . . 1
1] ;
0 PP SR L oo 4 oas [T s
0 10 20 30

et

Fig. 1 Operation diagram of high poloidal beta experiments

007 N T T T T T T T T M T 'j
0.06 v- . . - ) -
: g
0.05 :_ ) .; h ]
- 0.04 — 2" . °® .
— L | ° o 4
‘I:.U X - - o o :
0.03 | e ]
0.02 | ° e * Dv .
r o Lim 1
001 ]
O . ' 1 5 ! L 1 " 1 L 1 b
0 0.2 04 0.6 08 1 1.2
I, (MA)
Fig. 2 Confinement time as a function of plasma current
2 T T T T T T T 1 T M T T
I . Div Lm
. R . a  Goldston |
L s Shimomura-Odajimal
g s " Te | x + JT-60Lmode
SRS :
! L * ’ a : u. ]
B S IRCIE
-~ 1 r F % x K L
g Frgox o0 % .
ml_l-'lJ F % ,&4 :i" '; *a a d‘" A‘
r + a‘l L] 4 A A 1
- *xx * A P A° A a
» + % -
4 4 4
0 u. | VIS MU U R VT RN N S S U VY
0.2 0.4 0.6 0.8 1 1.2

1, (MA)

Fig. 3 Enhancement factor with respect Lo different scalings

— 151 —



JAERI-M 950-066

6.3  Diamagnetic and MHD Equilibrium Analysis of
Bp Values and Pressure Anisotropy

S. Tsuji, N. Hosogane, O. Naito, M. Kikuchi, S. Ishida

1. Introduction

The hot-ion and high-Bp regime has been established by means of nearly pcrpcndlcular
beam injection on JT-60 [1]. It is important to evaluate poloidal beta values accurately 1Q
investigate confinement properties and to correlate with MHD activities [2] and bootstrap currents
[3]. The Bp evaluation, however, is not so easy because of relatively low SN ratios of magnctlc
data due to low I operation and of plasma pressure anisotropy due to low ne operation. ThIS
paper describes diamagnetic measurements and MHD equilibrium analysis on JT-60. The plasma
pressure anisotropy will be discussed from the data analysis.

2. Diamagnetic Measurement
Figure 1 illustrates the arrangement for the diamagnetic measurement on JT-60. A

diamagnetic loop is located inside the vacuum vessel. A Rogowski coil was wound around a
toroidal coil case to measure an effective coil current which includes eddy currents flowing along
the case. Differential integration is made by an analogue circuit. Compensation of the dominant
eddy current with the longest time constant flowing on the vacuum vessel is implemented in the
circuit [4]. Error fluxes due to poloidal coil currents are numerically subtracted basing on the
measured fluxes from individual coil discharges. i

Since the diamagnetic loop plane makes an angle of about 5° with the symmetric plane
which contains the torus axis as shown in Fig. 1 (b), the loop picks up horizontal fluxes, which
results in coupling to the plasma current. Thus the diamagnetic measurement is very sensitive to
the plasma vertical shift. The plasma stored energy evaluated from diamagnetics must be
corrected with the plasma current and the vertical position of the current centroid by rates around
40 kJ/MA/cm, which weakly depend on plasma horizontal shifts. The correction coefficients
were determined experimentally by sweeping the plasma column vertically or horizontally during
low density discharges and by calculating those plasma stored energies not to be greatly deviate
from an ohmic scaling on JT-60.

3. MHD Equilibrium Analysis

A MHD equilibrium code on IT-60 [5] is organized by two steps: a fast boundary
identification (FBI) code which approximates the plasma current as six filaments [6] and a full
equilibrium identification (FEI) code based on the fast Buneman solver. The results from FBI are
fed into FEI to save the computational time. Three points at the plasma edge (top, bottom and
inner points for the lower X-point configuration) are used as the fixed boundary for the solution
to the Grad-Shafranov equation. The plasma cross-sections calculated by FBI are sometimes
misleadingly distorted in the cases of high By discharges. Thus the locations and measuring
angles of pick-up probes are re-evaluated from the designed values so that the calculated shapes
from FBI and FEI agree well.

The 3, value is calculated in FBI by the following equations [7,8];

Bpi=51+u (1)

(Bl +Bpl)/2+48i/2=51/2+s2 2)
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si=n/ (VB2 )§R By (Rer+Zez-Rper)end (3)
2= Rp/(V Bp? )$ By? Regende (4)
w=1/ (VB2 )| (By2-B2)dV = 4nRyBy¢dia/ (VB ) )
By=§Byde/ §az=pol,/de ©) |

where the line integral is carried out along the plasma surface, V and ¢di2 are the plasma volun%c
and the diamagnetic flux, respectively, and eR, ez and n are unit vectors. The mean radius Rt 1s
approximated to be the plasma major radius Rp. For the average poloidal magnetic field energ;y
we use Bp? instead of the usual definition of |

<B2>={Byde/§1/Bydl @

since 1/Bp diverges at the separatrix in the case of divertor configurations. :
As Egs.(1) and (2) show, we get the perpendicular and average components of Pp from
the diamagnetic measurement and equilibrium analysis, respectively. The internal inductance %
on the right-hand side of Eq. (2) can be separated for elongated plasmas by least-squares
minimization techniques to reproduce magnetic data measured outside the plasma [9,10].
The plasma current density profile is assumed as

(W) =jo { By' R/Rp+(1-Bp ) Rp/R 1 E(T) ®
F(G)=1+o§+yF2-(l+a+y)§? ©) ’
\Tf-“-(\lf"lfaxis)/(WSur'Waxis) (10)

The functional form of f () adopted by the Doublet ILI group [11] is well modelled inJ T—(?O,
too. Two of the unknown parameters, jo and ¢, are determined by specifying Ip and Qaxis- The
rest two parameters, Pp* and ¥, and resulting Bptd =( Bp” + Bpl )/ 2 and &; are scanned o
minimize deviations of the calculated magnetic fields at 12 magnetic pick-up probes on JT-60;

G =0p+ Oy =L wpj ( BpiCaI - Bpi®*P ) 2 4wy (Iah- 1,09 ) 2 (1D

where wp;j and wy are weights. The weights for the magnetic fields normal to the limiter surfages
are assumed to be one-order heavier than those for tangential ones. The second term is add;ed
since the vertical coil current is one of three unknown external coil currents to solve the Grad-
Shafranov equation as a fixed boundary problem. The other unknown currents are chosen to be
the primary ohmic current and a virtual coil current which produces uniformly horizontal
magnetic field. §
An example of the minimization for a time slice of a high Bp discharge is shown in Fig.é 2.
The minimized ¢ in terms of y and resulting & are plotted as a function of Bp°d on the assumptiion
of qg =1.0. The overall minimum is achieved around Bpeq = 2.72. The minimum is mai@ly
determined by the Gy term with the assumed weights. The variations in oy are relatively sm:all
presumably because the actual locations and angles of the pick-up probes are not well specified.
Below Pp®d = 2.6, the minimized Bp®4 +7;/ 2 disagrees with that obtained from Eq. (2) by FBI.
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Around the overall minimum, Bp°d and ¢; are well separated in the lower X-point configurations
of JT-60 with x = 1.3. In the cases of limiter configurations with nearly circular cross-sections,
Bp®d and #; can not be separated experimentally although it was possible for numerical test dat%
owing to toroidal effects [5]. :

4. Discussion _ :

The true poloidal beta is expressed as Bp = ( Bp” +2 ﬁpi )/ 3=( de'a +2Pp%) /3
taking into account the pressure anisotropy [8]. Figure 3(a) shows the resulted 3 values of high
Bp discharges as a function of the plasma current. The B values are calculated to exceed 3 when
Ip < 0.4 MA. The data point of Bp = 5, however, is questionable because of relatively large
errors in magnetics. From Bydi@ and p®, the plasma pressure anisotropy is evaluated by 4
measure defined as ( Bp - ﬁpﬂ )/ (Bpt + Bplly = (Bpdia - Bp%a) / Bp°Y, parameter dependences
of which are plotted in Figs. 3 (b) - (d). The plasma pressure becomes anisotropic in plasmas of
low I and low ne operations. The high f, values were achieved in highly anisotropic plasmas
and hence beam dominated plasmas. Accordingly energy confinement analyses based only on
diamagnetics such as Ref. [12] should be made with reservations.

When the information on beam anisotropy is provided from calculation with an orbit
following Monte Carlo code, we can evaluate thermal and beam components of ﬁp. In the case of
the data of Fig.1, Bpdi@ = 3.14, B, = 2.72 and calculated fp!' = 3Bpp!l / (2 Bpol + Ppb! ) =
0.64. From simple mathematics, we get pr“ =1.10, prl = 1.85, pr = 1.57 and ﬁpm = 1.29.
If we assume qg = 2.0, which may be a better approximation than qg = 1.0 from MHD activities
the results differ slightly as Bp® = 2.77, f!l = 0.66, Py =1.05, Ppot = 1.85, Bp® = 1.58 and
Bp‘h = 1.31. The present FEI code can not resclve qg by less than a factor of two [5]. The use of
the toroidal flux value measured by the diamagnetic loop as an additional constraint to the MHD
equilibrium problem was reported to provide a more precise evaluation of qo [13]. Improvements
in the code along this line are left for future work.

5. Summary |
The poloidal beta values of high By, discharges are evaluated from the diamagnctici
measurement and MHD equilibrium analysis on JT-60. 3,°1 and 4 are well separated with x =
1.3. The B, values are calculated to exceed 3 when I < 0.4 MA. The high B, plasmas achieved
in JT-60 are highly anisotropic. .
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6.4 MHD Activity and BP Limits
S. Ishida, T. Ozeki, Y. Koide amd H. Shirai

In this paper, the observations of MHD activities in high-Bp experiments with the
hot-ion enhanced confinement regime in JT-60 are presented.

(1) Classification of MHD activities :

In the high-B, experiments on JT-60, coherent MHD activities substantially
deteriorate the confinement properties of the plasma. We have carried out detailed scan- -
experiments over a wide range of parameter spaces with respect to Ip, Png and By for the
fixed configurations of divertor and limiter. A variety of MHD activities in these
experiments are characterized by two categories; 1) continuous Jow-m modes such as m=1,
m=2 and m=3 modes, which give rise to gradual enhancement of transport; 2) occasional
(not periodical) partial-collapses such as P, collapses and mini-partial collapses, which
cause the flattening of local pressure around a rational surface of the plasma leading to a
rapid decrease of the stored energy. Although the toroidal mode number, n, is not directly
measured, the n is inferred to be unity from the observations such as the location of -
islands and the mode frequency. It should be noted that no sawtooth oscillations have
been observed in the high-Bp high-T; regime in JT-60. '
(2) Transition of MHD-mode features with Iy scan:

A clear correlation has been observed between the confinement properties and the
MHD activities according to the plasma current (see Fig. 2in [11); sawteeth in Ip21.0 MA, .
continuous m=1 modes in O.7SIP(MA)S].0, continuous m=2 modes {(sometimes, m=3
modes) in [(MA)<0.7. As sawtooth oscillations were suppressed, the profiles of Tj and ne |
become peaked. The confinement properties were improved with decreasing the current -
up to Ip~0.5 MA. However, in lower current range than ~0.5 MA, the confinement tends to '
be significantly deteriorated due to the m=2 modes and additional mini partial-collapses,
while the jon temperature and the density remains a peaked profile.

(3} Overall MHD observations for I, Py and B¢ scan experiments

Figure 1 shows the characteristic MHD observations such as sawteeth, m=1 and
m=2 modes together with ﬁpdia values and the threshold qeff value bounding the regions
of sawtooth suppression. fishbone-like m=1 mode bursts are in some occasions clearly
observed in the sawtoothing discharges at B(=2.5 T. In high-B, discharges (Bp>2), -
continuous m=2/n=1 modes were most often observed probably because of calculated q(0} .
above ~1.5 due to large bootstrap current fraction. Soft X-ray measurements manifest that
the enhanced confinement zone was limited within the q=2 surface with m=2 islands, -
while the energy confinement is most enhanced without coherent MHD activity. Using -
tomografic reconstruction technique from soft X-ray emissions, it is shown that the m=2
islands with a full width of ~10 cm are located at r~25 ¢cm near the g=2 surface, consistent
with equilibrium calculation including bootstrap currents.

(4) Ideal high-n ballooning modes

The BETA code analysis shows that the discharges near ,~3 reach the stability -

boundary of ideal high-n ballooning modes, based on the measured pressure profile and
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the calculated q profile indicating the effect of bootstrap currents[2]. However, no
signatures of ballooning modes have been found yet. As low-m modes and Pp collapses
are localized around the rational surfaces such as g=2 and q=3, the observations rather
suggest that the pressure driven kink/tearing modes with n=1 are regarded as the most
likely candidates of theoretical approachs.

(5) Examination of disruptive 3, limit

Although the discharges in JT-60 are similar to the TFTR supreshots, a remarkable
difference is the fact that no disruptive By limit has been observed up to Bpdia~5 in JT-60 in
contrast with the clear limit at fpdia~2 in TFTR[3]. In order to compare the results of JT-60
with those of TFTR in view of disruptive Bp limit, we plot the normalized beta as a
function of the cylindrical q in Fig. 2, the normalized beta is defined as the toroida! beta
values (Bdia) normalized by I/ (HoaBy). As shown in this figure, the discharges of JT-60
have explored a new region without disruption substantially exceeding the boundary of
eBp~0.7 limiting the TFTR operation. !
6) Bp collapse phenomena i

Although the spontaneous increase of energy confinement time was sometimes
observed, this enhanced confinement was limited by the Bp collapse as the discharge
exceeds Pp~3. Figure3 shows the waveforms for two discharges with and without Bp
collapses; it is evident that the attainable Bp value is obviously limited up to ~3 by the
" repetitive Bp collapses. After the reached Bp value is maintained at deia=3._2 for ~1 s up to
t~6.1 s without Pp collapse, the confinement is deteriorated due to the m=2 activity. By
comparing these discharges, it should be noticed that both Bp collapse and m=2 activity
cause a confinement deterioration with the same order of magnitude, leading to ~20 %
decrease of the stored energy.

Soft X-ray waveforms: The detailed MHD features for the Bp collapse has been
revealed from soft X-ray measurements with 30 channels and a fast sampling of 80 ps,
designating the process of Pp collapse as shown in Fig. 4. As shown in this figure, mini
partial collapses with the inversion radius near g=2 surface precede the Bp collapse.

Soft X-ray, Tj and Vg profiles: The soft X-ray profiles just before and after a Pp
collapse is shown in Fig. 3, noted that there is a pedestal at 1~25 cm near g=2 surface just
after the collapse. In general, the B, collapse can be described as a large-amplitude partial
collapse localized around g=2 surface without precursor and successor oscillations, which
falls within ~100 ps. The observations suggest that the Bp collapse appears to be caused by
pressure-driven modes due to increased pressure gradient at q=2 surface. Figure 6
shows T; and Vy (toroidal rotation velocity) profiles at t=7.3 s just before Bp collapse. It is
found that the central plasma toroidally rotates up to ~1.0x105 m/s with high rotational
shear, though the beam momentum input remains stationary. From neoclassical theory. it
is inferred that a strong negative radial electric field is induced with a large poloidal
rotation in the vicinity of the large radial gradient of Ti(r).

Temporal evolution of soft X-ray profile: We have investigated the process leading
to the Bp collapse in detail. Temporal evolution of the soft X-ray profile is shown in Fig. 7,

where the process is separated into two characteristic phases as follows; 1) 6.1<t[s]<6.6:
m=2 modes are unstable. The profiles indicate a pedestal due to m=2 islands; 2) 6.7stis}<7.3:
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m=2 modes are stabilized and m=3 modes are destabilized, when the peaking of profile is .
extended up to the location of m=3 modes. Before the By collapse occurs at t=6.34 s, the :
m=3 modes come to be stabilized, while the pressure gradient at q=2 surface become so .
high that the Bp, collapse could oceur.

Causality in Wgqja, Tilt), Ve{r) and MHD modes: As mentioned above, the!
mechanism with improvement of energy confinement appears to be associated w1th
location of magnetic islands, toroidal rotation profile and the resulting radial electric field. ;
Figure 8 shows a causality of these phenomena such as improved confinement,
peaking of profiles and MHD modes as follows; The increase of stored energy is initiated by
the transition of MHD instability from m=2 modes to m=3 modes leading to the expansion
of enhanced confinement boundary from g=2 to q=3 surface. Simultaneously, the toroidal
rotation velocity gradually increases up to.~1x10° m/s in the co-direction inside r~a/3
accompanied with a negative radial electric field of ~400 V/an inferred from equations of
neoclassical relation and force balance. Following the increased toroidal rotation, the

central ion temperature begins to increase, which gives rise to the increase of stored

energy.
REFERENCES:
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(2] T. Ozeki et al. in Section 6.5 of this review.
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6.5 IDEAL BALLOONING AND KINK LIMITS
RELATED TO BETA COLLAPSE

T. Ozeki, M. Azumi, S. Ishida, Y. Koide, S. Tokuda and T. Tsunematsu

1. INTRODUCTION

High beta poloidal plasmas provide us the interesting features, which are the en-
hanced confinement and the sustain in the plasma current by the bootstrap current [1,2
]. However, in high 8 plasmas, beta Hmit becomes a serious problem. The limit of beta
was theoretically explained by the ideal infinite n ballooning and low n kink modes.
( where n is a toroidal mode number ) [3]. In this report, therefore, we investigate
the ballooning and kink modes stabilities of high 3, plasmas in JT-60 related to beta
collapse, and consider the effect of the hollow current profile by the bootstrap current.

2. FEATURE OF HIGH g, PLASMA IN JT-60

The high beta poloidal plasmas were produced by the low plasma current { 0.5MA<
I, <1.0MA ) with high toroidal field ( 4.5T ) so that the safety factor is high (¢, >6 ). In
high poloidal beta regime ( f,=2-3 ), the strongly peaked profile of the ion temperature
were obtained. Figure 1 shows that the profile of ion temperature, electron temperature
and electron density. The plasma current is dominated by the bootstrap current, so that
the current is broad or hollow. These current profiles are seems to be not preferable
against low n kink modes because of the low shear. As the poloidal beta increase over
3.0, beta collapse phenomena were observed. By this collapse, the stored energy rapidly
30% decrease with a fast time scale ( > 1004s ). Although no precursor oscillation are
observed just before the g, collapse, m=2 mode activity is seems to be correlated with -
the collapse [1]. From this phenomena, we summarize the characteristics of the high g, -
plasmas in JT-60, as follows; 1) the centrally peaked pressure profile exists inside of the
q=2 surface, which is estimated by the SX inversion radius, 2) the g-profile is seems to
be broad or hollow due to the bootstrap current, 3) the safety factor is high.
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3. RECONSTRUCTION OF EQUILIBRIUM

The MHD equilibria used in the following stability calculations are reconstructed
by solving the following Grad-Shafranov equation iteratively using all characteristics
described previously.

A = poRJ,, (D
&P 1 _dF

- R — e F— 9

Je=—Ryg hoR dy’ @

where v is the poloidal flux function and J, is a toroidal current density. The two
free functions, i.e., the plasma pressure dP/dy and the toroidal field function F(¢), are
obtained by the kinetic data and the surface averaged parallel current < J; > (=<J;B>
/ < B >), respectively.

The pressure profile is determined by the n., T, data from Thomson scattering mea-
surements and the T; data from CXR, as shown in Fig. 1. The ion density profile is
assumed to equal to the electron density profile, and the total pressure is adjusted by
the stored energy from a diamagnetic measurement. In the ERATO-J code analysis,
the sufficiently smoothing pressure profile is required because of the numerical accuracy.
Thus, in stead of the experimental data, the pressure profile is chosen to have the form

P oc ezp{~(5)"} + (1= ), (3)

which provides a fair description of the pressure profile in the high g, plasma of JT-60.
In this calculation, we use v of 1.02, § of 0.15 and x of 0.4 for the pressure profile of
E10196. The surface averaged parallel current is assumed as a following function in this
study,

< Jy-B > {(1- §)"}{1 + asean(~ L)) 0

Parameters, ay,..,04 and o, arc defined from the ¢ = 1 surface and the central q value,
where ¢ is a normalized poloidal flux defined as ¥ = (¥ — Yazi)/ (Viun — Vasi): Yari B0d Yiun
are the poloidal flux at the plasma axis and the boundary, respectively. Because the
center q is not measured, we have scanned the profiles for three type, as shown in Fig.2,
where the q=2 surface is defined by the observed inversion radius and the surface q are
the same value.

4. BALLOONING AND KINK STABILITY ANALYSIS

Ballooning stability analysis was carried out by solving the ordinary infinite n bal-
looning equation [4]. The flux function shape and the pressure and current profiles,
which have been reconstructed by the equilibrium code, are used for stability analysis.
The marginal pressure gradient dP/dr,, is determined on each flux surface by demand-
ing that the growth rate be zero. Figure 3 shows the measured pressure gradient and
the marginal value against ideal ballooning mode for the three type g-profiles. The
measured pressure gradient near the plasma center are close to the marginal value for
the case A,B. For the hollow g-profile cases { the C case ), the global shear is smaller
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than the case A profile, so that the marginal pressure gradient is expected to be small
near the plasma center. However, the negative local shear is produced near the plasma
center, as shown in Fig.4, and the marginal value is rather higher than the high shear
case ( case A ). This result shows that the hollow current profile, produced by the large
bootstrap current, has no bad effect on the ideal ballooning mode stability.

Next, the MHD stability against the low n ideal kink modes is computed uvsing
the ERATO-J code [5], which solves the linearized ideal MHD equations in variational
form using a finite hybrid element approach. Because the low m MHD activities were:
observed in the experiments, first, we consider the n=1 internal mode and the fixed
boundary plasma. We choose the pressure profile of the value of E10196, which is the
typical high beta discharge. Beta-scan was carried out by fixing this pressure profile
function. Figure 5 shows the squared growth rate of the n=1 kink mode against the
poloidal beta for three g-profiles in Fig. 2. The plasma with the hollow current profile
( case C ) is most unstable than that of other profiles. The dominant mode of the
unstable plasma in g, of 5.0 are m/n=2/1 for three g-profiles, as shown in Fig. 6, which-
is mixed by the higher m modes due to the pressure driven. However, the g, value (-
~3.2 ) in which the beta collapse were observed is lower the beta limit of the m/n=2/1
internal kink mode. We need the further analysis of the stability window of Jow n mode.

5. DISCUSSION

The ideal ballooning and kink mode stabilities are investigated. The hollow current
profile, produced by the large bootstrap current, provides us the possibility of the access
to the second stability regime of the infinite n ballooning mode near the plasma center,.
because the low or negative global shear and the high ¢ produce the negative local
shear. However, the hollow current is not preferable for the low n-kink mode than the
normal g-profile. The observed beta collapse is lower than the beta limit of the n=1
mode. Therefore, we must consider the following problem; 1) The stability window
against g, fixing the g-profile function, 2) The internal inductance in this calculation (-
1.2-1.5 ) is higher than the experimentally observed internal inductance ( 0.9 ), 3) The
stability window of the medium n mode ( n>2 ), 4) The effect of the resistive modes,
i.e., the resistive ballooning mode and the tearing mode. Also, we used the up-down
symmetry code, so that this code is not enough accuracy to interpret the single-null
divertor discharges in JT-60. Therefore, the further investigations are necessary.
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6.6 MHD Mode Analysis by Soft X-Ray Signals

Hiroshi SHIRAI, Shinichi ISHIDA, Keisuke NAGASHIMA
Masafumi AZUMI

Abstract

The profile of the line integrated soft X-ray intensity emitted from plasmas which have
magnetic island structure is calculated. The profile of soft X-ray intensity, poloidal mode
number, rational surface, island width are given in the calculation. The most outer phase
inversion position of the soft X-ray intensity exists near the rational surface regardless of
poloidal mode number, magnetic island width and the profile of soft X-ray intensity. The
number of phase inversion in the plasma depends on the profile of soft X-ray intensity
outside the magnetic island.

Soft X-ray signal detected by 32 channels of bolometer array installed in JT-60 gives us
useful information about MHD mode structure inside the plasma. Because we get the line
integrated values of soft X-ray signal, Abel conversion method is adopted to know the
radial profile of soft X-ray intensity. However, since the interval between each viewing
chord is about 3.5 centimeter, small magnetic island structure whose width is less than this
interval may be overlooked. Still more, island structure with different helicity is difficult to
analyze if they locate close to each other.

At present, we are developing the two dimensional tearing mode analysis code which
can calculate realistic magnetic island structure in the up-down asymmetry plasma. It will
enable us to know the line integrated value of soft X-ray intensity when plasma current,
electron density and temperature profiles are given. Before that, it is instructive to know
the rough estimation of how the line integrated soft X-ray signal is detected when there are
magnetic island structures in the plasma. In this section, we calculate the soft X-ray
intensity profile when the poloidal mode number, the radius of rational surface and the
magnetic island width is given and integrate it along the viewing chord in the circular cross
section plasma.

The profile of initial soft X-ray intensity without magnetic island structure is assumed as
follows;

=0 (&)

where 13x(0) is the initial soft X-ray intensity at the plasma center. Coefficients C1 and C2
is given so as to reproduce the profile of line integrated value of soft X-ray signal measured
in the experiment. We consider the peaked soft X-ray profile ( C1=0.3, C2=1.5 ; we call it
case I ) and the broad soft X-ray profile ( C1=0.6, C2=1.5; we call it case IT ). Figure 1
shows the soft X-ray profile (solid line) and its line integrated profile (broken line) of case I
and II. Figure 2 is the contour of the same soft X-ray intensity with (a) m=2 island and (b)
m=4 island with the radius of rational surface; ry =0.3 and island width, W=0.1 for case L.
The intensity of soft X-ray is assumed to be constant within the magnetic island. The
intensity of soft X-ray is given as; '

Isx(5,8) = I§x(@) + A Isx(1,6) 2)

where the variation from the initial soft X-ray intensity, A Isx ,inside the magnetic island is;
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A 1sx(1,8) = 19 (rs) - 18x(©) 3)
and outside the island is

.8
A Tsx(r,8) = A Isx(12.8) exp [ 2l “2 ]
C3*W 4)
for the plasma central side and : )
2(% -1
A Igx(r,0) = A Tsx( 18,,68) ex {——L—u]
sx(1,0) sx(1¥:,8) exp Py -
for the plasma edge side. Other parameters are defined as follows;
9_ o omi
WO = W|sin (19), ©
r(:i =r,+ 0.5 wo A
ATsx(12,0) = IIx(r) - 18x( 75, ) @®)

Coefficients C3 and C4 represents the degree of influences by the magnetic island structure
on the soft X-ray intensity profile outside the magnetic island. In this case, we set C3=0.5
and C4=0.1.

The profile change of line integrated soft X-ray signal with m=2 island structure when
plasma rotates 90 degree in the poloidal direction is shown in Fig. 3 (a). The solid line and
the broken line cross each other twice ( at 1=0.136 and r=0.294 ). At this point, we can see
the phase inversion in the time evolution of soft X-ray intensity.

As for the m=4 island case, the profile change of line integrated soft X-ray signal when
plasma rotates 45 degree in the poloidal direction is shown in Fig. 3 (b). In this case, the
solid line and the broken line cross each other three times ( at r=0.068, r=0.211 and
r=0.307 ). There are three phase inversion points in this case. |

We calculate the radius of phase inversion point of the soft X-ray intensity as the
function of the magnetic island width in case I and Il with m=2, m=3 and m=4 island
structure in the plasma. The results of calculation is shown in Fig.4. Three kinds of line
indicates the different C3 and C4 value. The solid line, the broken line and the dotted line
represent the case of (C3,C4) = (0.2,0.2), (0.5,0.5) and (0.5,0.1) respectively. In the
m=2 case, there are {wo inversion point in the plasma in case 1. The inner inversion radius
gradually decreases with island width, W, and the outer one is almost independent of W
and exists near the rational surface. In the case II, the number of inversion point ( one or
two ) depends on the soft X-ray profile outside the magnetic island ( depends on
coefficients C3 and C4 ). Also in this case, the outer inversion radius locates near the
rational surface. In the m=3 case, there are two inversion points in every case. The radius
of inner one decreases and the outer one increases as W increases. But since their changes
are rather weak, it is hard to know the island width from the two inversion radii. In the
m=4 case, there are three inversion points in the plasma in case L Their location weakly
depend on W. In the case 1I, the number of inversion radius ( two or three ) depends on
C3 and C4. Only, the most outer radius locates near the rational surface.

We also calculate the case of ry =0.5 with m=2, 3,and 4 island structure. To summarize
the results of calculation, the most outer seft X-ray inversion radius locates near the rational
surface for every case and it is independent of the soft X-ray profile. The number of soft
X-ray inversion radius and their location except for the most outer one, however, depends
on the soft X-ray intensity profile outside the magnetic island. Itis very difficult to know
the isfand width from the inversion point even if the poloidal mode number is recognized.
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Fig.2 The contour of soft X-ray intensity in the poloidal cross section with (a) m=2 and
(b) m=4 islands. Coefficients are C1=0.3, C2=1.5, C3=0.5 and C4=0.1.
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Fig.3 The profile of line integrated soft X-ray intensity. There are phase differences in the
poloidal direction between the solid line and the broken line. They are 90 degree
for m=2 case and 45 degree for m=4 case. The vertical lines indicate the phase
inversion point of soft X-ray intensity.
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6.7 lon Temperature and. Toroidal Rotation

Y. Koide, S. Ishida, A. Sakasai

1. Introduction

One of the characteristic features of high-Ti mode is its
peaked ion-temperature profile as well as the attained high
temperature itself. The flat Ti(r) accompanied by sawtooth (lp ~
1 MA) changes to peaked one as discharge goes into high pp regime
(Ip £ 0.7 MA). Because the incremental confinement in the peaking
region contributes to the global improved confinement, peaking
radius is one of the key parameters for high-Ti mode study. In
section 2, the width of peaking region is discussed from the
viewpoint of its relation with the rational surfaces. Toroidal
rotation velocity, which peak sometimes takes its maximum

before Ti(0) reaches at maximum, is also discussed.

2. Experimental results

First, we show that peaking region of ion temperature is
closely related to the locations of rational surfaces inferred
from the poloidal mode number of MHD oscillations.

Figure 1(a) shows the radial profile of soft X-ray emission (
Ip=0.5MA, BT=4.5T, geff=12.4. The time point is t=7.2 sec in Fig.
4 which will be discussed later.). The amplitude of m=3
oscillation is also plotted with a broken line in the same figure.
From this fluctuation pattern, g=3 surface is inferred to be
located between chs.15 and 16. Then the radius of g=3 surface is
~ 31 cm. Figure 1(b) shows the radial profiles of ion temperature

(broken line) and toroidal rotation velocity (solid line) measured
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with charge exchange recombination spectroscopy (CXRS . See
paper 8.1) at the same time point. Central Tj is high as 10 keV and
the peaking is remarkable within the gq=3 surface mentioned
above. Peaking inside q=2 surface, the ‘location of which is
inferred from m=2 oscillation, is also recognized under almost
the same controllable parameters. Narrow peaking inside q=1
surface inferred from m=1 oscillation appears under lower Qeff
=5~10. From these results, the peaking region of Ti(r) seems to
be closely related to the rational surfaces. We note, in Fig.1(a),
that soft X-ray profile also peaks, the radius of which seems to
be a little narrower than q=3 surface by the island width. Here
spatial resolution of PIN diode array is ~3.6 cm, which is ~3
times better than that of present CXRS measurement. So we shall
regard the peaking radius of soft X-ray as the representative of
peaking region, which is roughly equal to rational surfaces. Figure
2 show the qgeff dependence of peaking region ( Ip=0.4~1MA,
BT=4.5T). Data with identified poloidal mode number as a measure
of rational-surface radius, are principally selected. In this
figure, abscissa is 1/qeff and ordinate is the normalized peaking
radius defined as peaking radius divided by minor radius.
Sawtooth inversion radius is also plotted (shown with +). After
all, this figure shows the qgeff dependence of peaking region fixed
by rational surfaces. In the range of geff £ 5, sawtooth
oscillation appears, where no peaking in Tjand soft X-ray is
observed. As qeff is increased above 3, peaking inside g=1
surface appears. In the range of geff > 10, m=1 oscillation (shown
with circles) changes to m=2 one (triangles) and peaking radius
can reach at 30 % of minor radius. In some discharges, m=2

oscillation changes to m=3 oscillation, which is accompanied by
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the broadened peaking radius up to 40 % of minor radius. As
mentioned in paper 6.2, the improvement in energy confinement.
seems to be crucially related to geff and the best confinement is
obtained when no clear MHD osciliations is observed. So there is
no measure of peaking radius relevant to safety factor in this
case. However, such broad peaking radii seems to lie in the region
of g=3 surface. As seen in this figure, mode number and peaking
radius can be roughly lc!assified by a product of qeff and
normalized peaking radius.

As shown in Fig.1(b), co-directed sheared toroidal-rotation is
observed, where Vit{0) reaches at ~1x10° m/s. In usual full
injection experiments, toroidal rotation velocity is small as a
few times 104 m/s because of almost balanced injection. Figure
3 shows the time evolutions of (a) NB! power, stored energy, (b)
central ion temperature and (¢) central toroidal rotation velocity
(Ti and Vit are measured with CXRS. See paper 8.1). Accompanying
Bp collapses att ~ 7.3 and 8 sec, growth and crush in Tj(0) and
Wdia is observed. Although Vi{0) is also modulated up to ~ 1X105
m/s, it is often observed that it takes its maximum before Ti(0)

takes its maximum as seen in the first pp collapse at t=7.3.

3. Conclusions

In high Ti/Bp experiments, characteristic peakings in Ti(r) and
Vi(r) are observed. Peaking region seems to be closely related to
the rational surfaces such as g=1, 2 or 3 surfaces. The co-
directed sheared rotation often grows before ion temperature is
maximized. The study of the role of induced electric field is in

progress from the viewpoint of transport.
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6.8 Electron Temperature Profiles and Profile Consistency
S. Ishida, N. Isei and M. Sato

Characteristics of electron temperature profiles for high-Bp high-Ti plasmas in .
JT-60 have been investigated using the data on ECE measurements by Fourier .
transform spectroscopy. The procedures of obtaining the electron temperature .
profiles are described by Isei et al. in Section 11.2 of this review([1].

Waltz et al. show that the profile peaking parameter of electron temperature
is quantified between q(a) and q(a)?/3 assuming Spitzer conductivity and q(0)=1; the :
peaking parameter is defined as the peak electron temperature value normalized by
the volume-averaged value, usually written as Te(0)/<Te>[2]. In order to
characterize the profile shapes and compare the experimental results with the
picture of the g-dependent profile consistency, we have obtained the peaking :
parameters over a wide range of g(a) values. As discussed in Section 6.1[3], this -
regime with high q discharges does not involve sawtoothing modulation of the
central transport of the plasma. '

Figure 1 shows the peaking parameter of the electron temperature profile as a -
function of the qa value (the same as the cylindrical q value at the edge) for the Ip
scan experiments in JT-60, together with the observed MHD activities{3]. The values
of the peaking parameter indicate those at a peaked electron temperature during
neutral beam heating. It is found from this result that the peaking parameter is quite
insensitive to the q values over the wide range of q;~3-10 in spite of these sawtooth- |
free discharges. The similar observations have been also obtained for the TFTR:
supershot discharges[4].

The strong dependence of the peaking parameter on (a was believed to
suggest that Te(r) and J(r) profiles are strongly coupled together through the plasma
conductivity, while sawtooth oscillations vary the scaling in terms of the peaking-
parameter to some degree. However, even in the absence of sawteeth, the Te(r)%
shapes tend to be invariable to the g, values in the high-q regime. It is apparent that
the following experimental results in JT-60 contradict the assumptions of the q—f
dependent profile consistency; 1) the plasma conductivity can be predicted by .
neoclassical theory including bootstrap currents{5]. 2) the central g-values are above |
unity[3]. The experimental result in JT-60 also confirms the stronger statement of
Te(r) profile consistency, so that the old picture of profile consistency remains forced
to be reconsidered.
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6.9 Lffects of Zeff Values on High-Ion-Temperature Plasmas -

Y. Kawano, . Kubo, K. Itami, T. Sugie, S. Ishida, Y. Koide,
A, Nagashima,T.Matoba and JT-60 team

1. Introduction
Variations of Zeff values for lower divertor plasmas in high ion

temperature experiments are discussed. In a series of scanning of the
plasma current (Ip) before titanium(Ti)-flash for gettering, the Zeff
value increased from 3.9 at Ip=C.4MA to 5.3 at Ip=1.ZMA, This is caused
by the increase in the carbon concentration. After Ti-flash, stable and
low Zeff discharges were achieved at Ip=0.5HMA. In these experiments, no
obvious correlation was cobserved between the Zeff value and the ion
temperature.

2. Ip dependences of the Zeff value and light impurity concentrations
Figure 1 shows viewing chords to measure the Zeff profile for high ion
temperature experiments, ! Zeff values were deduced from Visible
Bremsstrahlung (Vis.Brems.) intensities along viewing chords. '*) Tigure
9 shows chord averaged Zeff (Zeff) profiles before and after Ti-flash
evaluated at timings of Thomson scattering. Before Ti-flash, the Zeff
value along the IN2 chord (Zeff'™2 ) is a little smaller than Zeff values
at p~0.4m, but it is basically supposed that Zeff values have almost
flat profiles at p =0.5m (here, causes for steep increases in Zeff
profiles at p =0.5m are suggested in ref.(2].) In fig.2, Zeff values
after Ti-flash are about 30%~50% smaller than those before Ti-flash at
p=0~0.5m. Figure 3 shows the correlation between Zeff values and Ip
before Ti-flash, discharge conditions are as foilows; Ip= 0.4~1.ZHA,
Bt=4.5T, Pxs: = 19~22MW, Tn, Y2® =1.6~3.2 X10'° m™® and they are
evaluated at 1.5sec after the beginning of NEBI. In fig.3, it can be
recognized that the Zeff'™?® increases with Ip. Figure 4 shows Ip
dependence of light impurity concentrations such as carbon and oxygen.
These values are evaluated by Zeff'¥? wvalues and intensity ratios of
CVI and OVI "®' neglecting contributions of other impuritiles. In fig. 4,
the carbon concentration { n. /n. ) increases from about 4% at Ip=0.5KA
to 12% at Ip=1.2MA, while the oxygen concentration ( n. /n. ) has small
values about 1~2% and does not show a clear dependence on Ip.
Therefore the increase in the Zeff'"? value is mainly caused by the

increase in the carbon concentration with Ip. Here, the maximum
temperature of the divertor plate measured by the IRTV system '’ tends
0 increase with Ip as shown in fig. 5. Since the divertor plate is made

of the carbon graphite, we can suppose that the carbon impurity mainly
comes from the divertor plate.

3.EBffect of Ti-flash
Figure 6 shows the Zeff' 2 values for a series of the experiment
before Ti-flash, and discharges shown in fig.6 are same as already shown
in fig. 3. Figure 7 shows the 7eff!¥2 values for a series after about
150 discharges from the last operation of Ti-flash, and discharge
conditions are as follows; Ip=0.5MA, Bt=4.5T, Puxpr = 17~19MW, . "?°® =
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1.6~2.4 xX10'® m™® and evaluvated at 0O.6sec and 3.0 sec after the start
of NBI. The vacuum vessel was baked up to about 300°C at the inner wall -
for both series of experiments. In fig.6, Zeff'¥? have a variance from
about 3.0 to about 5.3. It is supposed that this variance is caused by
the Ip dependence of the 7eff value as discussed in section 2. From
disruption timings noted bemeath symbols in fig.8, we have 7 diruptions
out of a series of 13 discharges before Ti-flash. On the other hand, in:
fig.7, no disruption was observed for a series of discharges after Ti-
flash. Here, average values of Zeff'™® are 3.2 in fig.8 (Ip=0.4~0.6MA,
TooU?® o= 1,6 ~2.1 X10'® n™®) and 2.6 in fig.T (Ip=0.5MA, @, Y?? = 1.6
~ 2.4X10'° m ®). Though there are some differences of discharge
conditions between in fig.8 and in fig.7, we note that Zeff'™% wvalues
after Ti-flash are about 20% smaller than those before Ti-flash. Thus,
stable and low Zeff discharges are achieved after Ti-flash.

4.Correlation between the Zeff value and the igE_Eemperature
Figure & shows the correlation between the Zeff'"? values and the ion

temperature of discharges shown in fig.6 and fig. 7. In fig.8, the ion
temperature denotes the maximum value near the plasma center, which was

"measured by CXRS. '®! And they were evaluated at same timings in fig.®
and fig.7. High ion temperatures up to about 10KeV are observed at
Teff'"? values of 3.0 and 5.3 as shown in fig. 8. Since plotted data in
fig. 8, however, are scattered considerably, we have no clear correlation
between the Zeff'™? value and the ion temperature in these series of

experiments.

5. Summary
We discussed the Zeff value and light impurity concentrations of lower
divertor plasmas in high ion temperature experiments. Results are

summarized as follows;
(1)The Zeff value and the carbon concentration tended to increase with
Ip, while the oxygen concentration does not vary significantly.
(2)Discharges after Ti-flash were more stable and have lower Zeff
values compared with those before Ti-flash.
(3)No obvious correlation was observed between the Zeff value and the
ion temperature.
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7. BOOTSTRAP CURRENT

7.1 THEORY OF NEOCLASSICAL BOOTSTRAP CURRENT
DRIVEN BY ENERGETIC PARTICLES IN A TOKAMAK

M. Azumi, M. Kikuchi and K. Tani

ABSTRACT : Friction and viscous forces of fast ions are calculated under the assumption
of isotropic energy distribution and small banana size. Derivation of these forces are
presented in detail.

INTRODUCTION

Recent experiments in large tokamaks show the existence of the neoclassical bootstrap
current . The theory of the neoclassical bootstrap current in a tokamak has been well
developed and refined in the excellent formulation of the neoclassical transport theory [1].
Various numerical codes for evaluating the amount of the bootstrap current have been also
developed. Most of theories, however, assume that a plasma consists of particles with
Maxwellian velocity distribution. For the evaluation of the bootstrap current in a plasma
intensively heated by NBI and IC, the contribution of energetic ions, or fast ions, should
be included. Kim and Callen proposed the simple model that the bootstrap current
coefficients for fast ions are the same as those for bulk ions[2]. However, the velocity
distribution of fast ions largely deviates from the Mawellian one and we have no reason
why fast ions play the same role as bulk ions. The neoclassical bootstrap current is caused
by the balance between the friction force and the viscous force parallel to the magnetic field.
These two forces for fast ions were derived by Hirshman and Sigmar in order to evaluate
beam driven current. By using these expressions, Stacey and Mandrekas studied the
toroidal current in the NBI current drive phase, including the beam driven bootstrap
current[3]. The Hirshman-Sigmar expression of fast ion friction and viscous forces was
derived by using the first Legendre harmonic component of the fast ion distribution
function and the effect of the zeroth harmonic component, that is the isotropic component,
was neglected. Therefore, these expressions are valid only for the beam current evaluation.
Then we have derived friction and viscous coefficients of fast ions under the the
assumption that they have the isotropic velocity distribution and the banana size is much
smaller than the characteristic length [4]. In this paper, we give the detail derivation of
these coefficients, following the formulation by Hirshman and Sigmar[1].

FRICTION AND VISCOUS FORCES OF FAST IONS
The basic equation is the steady state drift kinetic equation with Coulomb collision;

(vy+vp )V f=C(f)+S) 6(v-v)

where f1is the distribution function,vp, the drift velocity, C the Coulemb collision operator,
S the source and y the flux surface. Here, we have assumed that the source has the
isotropic velocity distribution with velocity of vy, In the following, we also assume that
vivy << p/a << 1, where v,v,,p and a are the collision frequency, bounce frequency,
larmor radius and characteristic length of a system, respectively. These assumptions
ensure that the zeroth order pressure tensor of fast ion is diagonal and isotropic. Now we
expand f for these small parameters;
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F=fo+f e sfl=flefls .

where numbers of superscript and subscript of f denote order of p/a and v/vy,
respectively. Then the lowest order equation is

vy V fO0= CFY + S 8( v - vp)

and, assuming v; << v << v, ( vj is the thermal velocity of bulk ions ), the lowest order
solution is

0 _St 1
7= o vi+vi,

or,

0 = I
S 4t Th v3+vE

n Tee M, T Vy 1372
vi= v3zziel e S—Z?%W‘;,‘Cth=—§—ln“;%)f+l]

where 1,7, and v, are the slowing down time, thermalization time and critical velocity of
fast ions, respectively. The suffix f, ¢ and 1 denote the fast ion, electron and bulk ion,
respectively. The first order equation and the solution are

v

Q v
faTud
Q

+g(w, v, )

where € is a cyclotron frequency, I =R Bg.and C=vylv. The function g is determined
from the solvability condition of the next order equation;

vV fi=CUrdh

Taking into account of only the pitch angle scattering, that is,

of
=2 1.¢HL
C g
we have
Ac
1B, dopg a,
’ 2 oy ;\.<C>
1-¢
<> = g-%;h ;3 C Hx)=1(x>0),0(x<0)

" At this point, we note that this expression of f1 gives the parallel flow velocity

_an e Bl guvt O 1.3 <p2a| Adh
ng <Buyg> 3 fIQ dv-v o t 4< > s

where f; is the trapped particle fraction. This flow velocity is independent on the friction.
The discrepancy comes from the neglect of the slowing-down and energy diffusion terms
in the collision operator. More general form of g , proposed by Hirshman and Sigmar, is
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e

g= 921V<B7> G(\y,v)fof

A
Then, the paraliel flows of particle and energy are given by

dh HO.-1), o=%1
<C>

nf<Buy>=n;B V]f‘l"43—n f. V<B7>[dvv4GfO

=3 an ¢ y<p? mi o 5 Pf
<Bgp> 2pfli"sz+3 fe <B>fdvv4Gf{{2v 2nf)

where

__ I |9 9% __ 1 [2mpor dpr
Vie= cfnfB{aw+efnfa‘|J, VA= CB |5 P oy oy

Pf=4n3mf dv v4 f9, rF@jdV’VGJ’O, fe=1-1

and ¢ is the electrostatic potential. Now we can evaluate the viscous force parallel to the
magnetic field by using the following expression;

<B- V. TE>=<me[d3VV//C(f1)>

2 ~ dr’
- <msB By vy fY_ <B2> <‘%C( fl' 1> >
c B* } <>

Assuming that the pitch angle scattering is dominant for the viscous force,
<B - V-n>= %f(Zﬂmfv<B2>JdVVDV4GfO

The function G is related to the flows of particle and energy in the poloidal direction. For
the particles with Maxwellian velocity distribution, the functional form of G is determined
by expanding it in a Laguerre polynomial series and by adjusting coefficients such that
moments of G give the poloidal flows of particle and energy. For fast ions, this procedure
breaks down because the series does not converge within a few terms because of the
contribution of high energy component and we have to solve the full Fokker Planck
equation in order to have the exact expression of G Instead of that, in the following, we
simply assume G as the constant in the zeroth order approximation and consider only the
friction-viscous balance for particle flow of fast ions. Then G is expressed as

1 DM By - BV
P fif 1

And finally we have
<B-V-n>= £ neme Zfny Z:;C [<Buye>-BVir]

fo Tee De Vo

Vb
where L = .5 nfmff vdv 7.3 leﬂi/E Z?nimﬁi-

2 3w 2pr J) V34V

G=

The parallel friction force can be easily calculated from
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<B. Fei>=<mgB (uy- uf,‘i) f dv vg(v) v”ngO >
i

and straightforward calculations give the following results;

2
n
<B- Fe>=-wigfr—l~e—f<B(uH-uﬁ) >

Tee
3
<B. Fis— JEBMiZIg (o my V0 g i
— Z?ni( ) ~ i

where 1_ % 1

Vg It V:é

SUMMARY

We have derived the friction and viscous forces of fast ions under the assumptions that
the fast ion source has the isotropic velocity distribution and the banana size of fast ion is
much smaller than the characteristic length of the system. Friction and viscous coefficients
of fast ions are summarized as follows;

lfe.= Nele Z%I]f
11 T ne

[+
6 = 3@ 1im; Zing (1+ﬂ) ¥i
o4y 7y mg
_ £ neme Zfny Zv3
fo Tee Te 3

M

These expressions have the similar forms as those derived by Hirshman and Sigmar, where

S, and 9, are replaced by Vg =Jvf[de/ J (valv3)fdv ;which is evaluated from the ¢

Legendre moment of fast ion distribution function, instead of the zeroth one. By using the
friction and viscous coefficients of fast ions derived in this paper and neglecting parallel
flows of electron and bulk ions, the cross field particie flux of fast ions can be computed

as;

_ 2pfrpe(HE+I)) ang

DS ey ife+ 1 O
ngf Me Z{\ v3 1+(1+2)V2N\g ong
S me A S el O
Ve 1+(1+Z2)vYVpl+HZv Ve

We note that this particle flux is the diffusive one, not the convective one which was
evaluated by Cordey[5] and Hirshman and Sigmar[1] in the case of the directed neutral

beam injection. The diffusion coefficient derived above is in agreement with the numerical
result of Monte Calro simulation within a factor of two.

ee
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7.2 Numerical Analysis of Self-Consistent Non-Inductive

Plasma Currents in Tokamaks
K. Tani and M. Azumi

Abstract

We have developed a numerical code to investigate neutral-beam-driven,
Ohmic and bootstrap currents which are consistent with MHD equilibrium.
The code can describe the effects of mirror trapping, energy diffusion and
bounce motion of fast ions on the beam—driven current. The bootstirap
current is evaluated for multi-species ions including impurity and
unthermalized fast ions. An iterative algorithm is employed to obtain a

self—consistent current and MHD equilibrium.

1. Introduction

Recent observations of substantial plasma-current driven by neutral
beam injection (1,2,3) ;lower hybrid waves [4,5] and neoclassical current
(3,6) suggest the posibile development of steady-state tokamak reactors.
These experimental results motivate us to analyse 2-D MHD equilibrium with
these non-inductive plasma currents. These currents and the MHD
equilibrium. however, strongly depend on each other. Therefore, for an
accurate treatment, a self-consistent analysis of 2-D MHD equilibrium and
the current distribution is necessary. Accordingly, we have developed a
code, ACCOME (Analyzer for Current drive COnsistent with MHD Equilibrium},
version I ACCOME employs an iterative method to deduce non-inductive

currents which are consistent with MHD equilibrium.

2. Calculation procedure

In ACCOME plasma densities and temperatures are assumed to be given
by fixed functional forms of & normalized effective minor radius p. The
variable p is defined as p=~V{{)/Via where V(y) is the plasma volume
within ¥ and Vix is the value of V at the plasma surface. Consequently,

the pressure of bulk plasma pth is also given by a function of p. In the
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presence of tritons and deuterons, the pressure of unthermalized alpha
particles p® is calculated by using an analytical solution of Fokker—Planck
equation and the local fusion reaction rate,

The MHD equilibrium is solved with a restriction th_at‘ the total plasma
current I, is kept constant at every iteration step. ACCOME has two options
to keep the total plasma current constant: one is to regulate one-turn
voltage U, with given neutral-beam-power input Pyg and the other is to
regulate Pag with fixed. U,.

From the geometric properties of the desired solution, i.e, plasma
elongation k, triangularity &6, major radius R: minor radius a and plasma
current I, we set up a Soloviev model equilibrium. With the old MHD

h iteration Y. the flux-surface—-averaged beam driven

equilibrium of the i
current (jiB); (j?DB)i (71, bootstrap current (jf.]SB)i [8], and OQOhmic current
(jﬁ’”B}g are calculated. During the calculation process for beam-driven
current, the additional pressure due to unthermalized fast ions pJc is also
calculated. Since we employ a Monte-Carlo method to evaluate the birth
profile of fast ions; the solution of (jf?DB)i involves Monte—Carlo noise.
In order to reduce the error bar, we use an averaging technique in the
iterative procedure. The beam driven current at the i iteration is given

as

€A B - LBy + LGP B
where [X]; denotes

1—,‘;}(,.

The same technique is adopted to the bootstrap current and the total plasma

pressure

kA B = 1By + HuF g,

R VR e A
[p]l_ipl'i' 7 [P it

where p= ,'pﬂ1 + p* + pf. Then the total plasma current is given by
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(inBXY = B + Wil B + (B,

From these quantities and the old values of the toroidal field function F;

and (B2 Y. we can compute the first derivative of the plasma pressure [p)’

and the quantity
FiFET = —pol FPIpY + Fi i B)) /(B ).

and use them to solve the Grad-Shavranov equation

r

A g = e RO [pY — FiFY.

All components of plasma current are calculated again with the new MHD
equilibrium. These calculation of plasma current and MHD equilibrium are
executed iteratively until both results converge. With the converged

values of {(5B), the respective toroidal current densities are given by
.1 F 1y pdV
o 1 F 1y ep dV 0N . 'BD" and ‘BS’
Js = 5z B (RZ}U,.B) A for o ='0OH ,'BD and 'BS',

where A is the area of poloidal cross section within y. The above mentioned

calculation procedure is summarized in Fig.l.
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INITIAL CONDITION

ptt (o) =n, (p)T, (p) +n, (0)T; ()
Solov'ev model equilibrium

¢. <B¥>, opl), etc.,
i=1

CURRENT DRIVE CODE

<i%B>;, <i®¥¥B>;, <ifiB>,
Tpihe), pFW), ple)
<iyB> =[<i%B>1+[<i¥¥B>1+<if'B>;
(p];

FilFi’ =—py F? (p);+F;<j; B> )/<BZ>i
pl”

MHD EQUILIBRIUM CODE

A*¢i+1 = _#URZ [p]; _Fi Fir
=i+
¢,, <Bl>,, o) etc.,

MHD STABILITY CODE

Fig. ! Calculation procedure to obtain non-inductively
driven currents which are consistent with MHD

equilibrium.
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7.3 ATTAINMENT OF THE DISCHARGES DOMINATED BY
THE BOOTSTRAP CURRENT IN JT-60

M. KIKUCHI, M. AZUMI, K. TANI, S. TSUJI and S. ISHIDA

The neoclassical bootstrap current is studied in the JT-60 tokamak. It is shown that up to 80% of
total plasma current is driven by the bootstrap current in extremely high Bpregime (fp = 3.2 ) and the

current drive product Ip(bootéuap)n_(,Rp up to 4.4 x 1019 MAm-2 has been attained with the bootstrap
current. The experimental resistive loop voltages are compared with the calculations using the ncoclassical
resistivity with and without the bootstrap current. The calculated resistive loop voltage is consistent with
the neoclassical prediction including the bootstrap current.

1. INTRODUCTION _
Non-inductive current drive is one of the most important subjects for the tokamak system. Since

Bickerton pointed out the importance of the bootstrap current in a tokamak [1], nineteen years passed
before its existence in a tokamak was confirmed. This was partly due to the difficulty of attaining low

collisionality in a high B, regime. Recent observation of the bootstrap current in TFTR [2] stimulated a
renewed interest in the transport process parallel to the magnetic field. The JT-60 tokamak can produce
highly collisionless plasmas by both ohmic heating and high power neutral beam heating up to 24MW.
Since JT-60 is the only large tokamak device equipped with nearly perpendicular NBI heating, the plasma
pressure can be increased without introducing significant beam driven current.

2. EXPERIMENTAL CONDITIONS

High power neutral beams are injected into
these plasmas from the 14 upper and lower slant
ports tilted in the toroidal direction. Eight units
are in the coinjection direction and others are in the
counter injection direction. The experimental and
diagnostics set-up for lower side divertor is
shown in Fig. 1. In order to validate stationary
analysis, discharges with the inductive loop

voltage | Vi| ( = [0.25 poR plydiy/dil).estimated
from the diamagnetic p and the Shafranov A less
than 0.1 V are chosen for the analysis. For the

highest [, discharge in the lower side divertor, the
internal inductance li is evaluated for some time

,‘Ti{r)lCXRSl

slices by the magnetic analysis to check its fn.d8 [2mm)
stationalily. Sawtooth are observed in most of the  ~'-% = TS fadt

discharges. The radial profile of the electron -, {FIm L {lF'mi I !
temperature is measured with the six-point TEEY 3.0 35 40 45 50
Thomsen scattering system. The radial profile of ) ' R otml ’ ’ '
the electron density is also measured with this

system calibrated with the FIR interferometer.

The line-averaged effective ionic charge Zegf is Fig. 1 The equilibrium configurations and the
measured with the visible bremsstrahlung at A = diagnostics set-up for the boetstrap current studyin the

lower side diverter configuration.

5232.6 A. The measured Zgpr ranges from 1.1 to
4.0. The ion temperature profile is measured by
the 8 channel charge-exchange-recombination
spectroscopy (CXRS).
3. COLLISIONALITY

The measured central electron temperature ranges from 2 - 5 keV and the ion temperature ranges

from 3 - 12 keV. The plasma transport regime via classical coulomb collision is characterized by the
collisionality parameter V' and is devided into three regimes, i.e., collisional (or MHD) regime ( V>
(Rir)"), plateau regime ( 1 < V' < (R/)"¥ ) and collisionless regime ( v' < 1). The bootstrap current
becomes significant in a collisionless plasma. The electron and ion collisionality parameters ( v, and v; )

are defined by Rqve(R/1)1-5/VT, and Rqv, ](R/r)1-5/V'1~i , respectively where v, and v;; are electron
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and ion Braginskii collision times, respectively. The transport regime characlerized by 0.1 < v < lis
called by banana-plateau transition regime in some cascs. The electron and ion collisionalities are
typically 0.2 and 0.05, respectively. 10196

The ion is in the collisionless regime while T

the electron is in the banana-plateau
transition regime. In this regime , particles
can follow their orbits without Irequent
collision.

4. TYPICAL RESULTS

The time evolution of the discharge
parametcrs are shown in Fig.2 for a typical
high poloidal beta discharge. The difference

By Born 2y, 01

N NaOmAND

¥
ur

P (MW]
z

between the diamagnetic Bp (=B,1) and the

Shafranov A (=Ppegt+1i/2) generally
decreases at the beginning of the beam
pulse due to the change of the internal
inductance and the development of the
pressure anisolropy and becomes nearly -
stationary at about I second after the onsct ?-‘"’-29 - " on

of the beam pulse. High By (=3.2) state is 030}
maintained for almost 1 s. The equilibrium |

Vi V]

7 1107w

L = 1 e r Iy
T - N W AS-—NWINONDY 00000 m——

1 R L . L
] 7

poloidal beta Ppeq and the internal ! * % e
inductance 1; are separated with the
magnetics measurement. The equilibrium Fig. 2 Temporal evolution of the discharge parameters

Bpeq and the plasma intemal inductance Ii at 10 10
t = 5.0 s are 2.9 and 0.85, respectively. ol €10196, 5.5505 -} 5
The cquilibrium poloidal beta and the o
§-1Ta

H P A

5 oine A ;';

internal inductance at t=5.5 s are 2.85 and
0.84, respectively. Thus the Poynting
energy flux across the plasma surface is
almost consumed by the resistive
dissipation and the inductive correction is
only 10%. The surface voltage calculated
from the time variation of the surface flux 3
calculated by the 6 filament magnetic fitting .
code stays constant at 60 mV during the
period which is close to the loop voltage.
The resistive loop voltage calculated using o

. « 0 0.25 0.50 075
the neoclassical resistivily and measured Te fm)
profile and Zcfr from the visible
spectroscopy is 260mV which is extremely Fig. 3 The electron temperature, the jon temperature
higher than the measurement. The  and the electron density profiles for a high Bp discharge.
measured profiles at t = 5.5 s are shown in
Fig.3. The ion temperature profile is fairly
peaked near the center accompanied by the
disappearance of the sawtooth activity
unlike the usual L-mode. The calculated
bootstrap current profile is peaked except
near the center and the calculated internal
inductance is 0.88 which is fairly good
agreement with the measurement. The
calculated current profile is shown in Fig4. :
The calculated boolstrap current is 447 kA S Lo
of the total plasma current of 481 kA while Fig. 4 Flux surface average of the J¢ profiles { <J§>) as
the bootstrap current estimated from the 2 function of the minor radius, namely the total current, the
experimental resistive loop voltage and the  bootstrap current, the ohmic current and the beam driven

current, respectively.
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neoclassical resistivity is 370kA (77%).

The current drive product T(bootstrap)TicR
in this discharge is 4.4 x 1019 MAm-2 with
the bootstrap current

5. POLOIDAL BETA DEPENDENCE
The fraction of the bootstrap current
to the total plasma current is a function of

the inverse aspect ratio € and the poloidal

beta Bp. Most important dependence
expected from the theory is the

proportionality to f3p. In order to confirm
the existence of the bootstrap current, we
have checked the proportionality of the
measured driven current to the poloidal beta

Bp. The resistive loop voltage is expressed

bY’VR'—’QNC(Ip'Ibootslrap) where One i 5
the plasma resistance expected from the
neoclassical theory which is found to be
effective in JT-60. The experimental study
of the plasma resistance is shown in section
7.5. The experimental comparison of the
resistive voltage with the theories during
the neutral beam heating is shown in Figure
5. As is clear from the figure, the
experimental loop voltage is quite
consistent with the necoclassical prediction
including bootstrap current. Defining the

neoclassical loop voltage VRNC by Onclp,
the normalized resistive loop voltage
decreases with increasing bootstrap current
as VR/VR(NC) = 1'Ib00ts[rapﬂp' Fig-ﬁ
shows the ratios of the measured resistive
loop voltage and the neoclassical calculation
including the bootstrap current to the
neoclassical calculation without the
bootstrap current as a function of the

poloidal beta (Bp. If we take into account

that Ibootstrap ~ Bp, the normalized voltage
must decrease with increasing poloidal beta

Bp. The experimental normalized voltage

decreases with increasing Pp which is
consistent with the bootstrap current
theory. The normalized resistive voltage is
also calculated using the measured T and n
profiles which also gives good agreement

the experimental result. The required Bp to
rcalize full current drive with the bootstrap
current is fairly large ( Bp~ 4) due to the

inefficient bootstrap current drive by the
fast ion.
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Fig. 6 A comparison of the ratios of the resistive loop
voltages as a function of the diamagnetic Bp. The closed circle
(o) is the ratio of the measured resistive loop voltage to the
caleulated resistive loop voltage using the neoclassical
resistivity without the bootstrap current (YVRNC)- The open
circle (o) is the ratio of the calculated ncoclassical resistive

loop voltage including the bootstrap cumrent to the YRNC .

6. DISCUSSION AND CONCLUSION _
The neoclassical bootstrap current is investigated for discharges with perpendicular neutral

injection in the JT-60 tokamak. The experim
calculations using the neoclassical resistivity wi
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existence of the bootstrap current. Upto 80 % current-drive with the bootstrap current is attained for high
Bp discharge ( Bp = 3.2). The comparison has been made for a wide range of plasma parameters I = 0.5-
2.0 MA , Bp= 0.1-3.2. The driven plasma current reaches up to 400kA with the average plasma densily

of 3.8 x1019 m-3. The current drive product up to 4.4 x 1019MA/m? are attained.

However, it seems surprising to us 1o observe such a classical behaviour for the "diffusion-driven"
current. It may be very instructive to enjoy a simplified discussion on the origin of the bootstrap current in
a tokamak. The momentum balance equation along the magnetic field line for the electron is given by,

0 = B.(-en(E+VxB)-VP,-V.IL+F.) (1)
Flux surface average of equation (1) gives
<I_3..I?1—;>= <eBE>+ <_]§'.V.He> (2)

where, left hand side represents the electron-jon friction force paralle] to the magnetic field. The first term
of the right hand side represents the electric field force and the second term represents the parallel viscous
force driven by the parallel drift of the trapped particles. The parallel viscous force originates from the
radial pressure gradient of the trapped particles. The large radial excursion of the trapped particle { or

banana width ) produces the strong parallel drift velocity of uye = Ay (dn/dr)/n (Ar; banana width)
similar to the diamagnetic drift. This parallel drift of the trapped particle preduces the net parallef force on
the passing electrons through the electron-electron collision. This viscous force is the primary driving
force of the bootstrap current and the " diffusion " is not essential but the existence of the pressure gradient
is essential. The parallel viscous and friction forces are obtained by the kinetic equation as follows,

<BV.IL>=< (P,/e—PLE)(E.V)B >= 3;-% B2 >pffug, (3)
e

<BFe> =22 <« B >(upe -y _

le St (Uye -5 (4)

where ug, , B$° and I; are normalized poloidal flow, electron viscosity coefficient ( = 1.53 {1/fc, IT;
trapped electron fraction ) and friction coefficient ( = 1.0 ), respectively. The poloidal flow is a
combination of the diamagnetic flow and the perpendicular projection of the parallel flow as

Bug,= U//e-g.jTe(lﬂPc)' . Substitution of the equation (3) and (4) into equation (2) gives a relation of the
parallel electron flow to the diamagnetic { thermodynamic ) force and electric force. The generalized
cohm's law is thus obtained as follows,

_ _ By . Teo
Jire = -entellyje = -eni| T %Te(lnpe) - m&l I (5)
The first term of the right hand side of equation (5) is the bootstrap current driven by the pressure gradient
and is independent of collision frequency because both viscous and friction forces are proportional 10 the
collision frequency ( see (3),(4) ) and the bootstrap current converges to a finite value in the collisionless
limit. On the other hand, the ohmic current is proportional to the electron collision time and the clectrical
conductivity is modified from the spitzer conductivity as,

0= e2nTee/ (M (1+155) (6)

Here, it should be noted that the viscosity coefficient 1$° appears for both bootstrap current lerm and
the neoclassical resistivity term. Thus it is natural to expect the bootstrap current if the viscosity works on
the electrical conductivily in a fokamak. From such a point of view, it may be natural to get a classical
bootstrap current when the parallel electrical conductivity follows the classical value ( instability induced
anomalous resistivity is negligibly small ).
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7.4 CURRENT SUSTAIN WITH THE BOOTSTRAP CURRENT
M. KIKUCHI, K. USHIGUSA, M. NAGAMI and M. AZUMI

The current sustain with the bootstrap current has been atteinptcd in high Bp
discharge by keeping the ohmic circuit current constant at the onset of the high power
beam heating. An enhancement of the 1/R time constant has been observed much larger
than those expected from the electrical conductivity. A comparison with the ohmic case
(hence low Pp) clearly demonstrates the existence of the non-inductive current in high Bp
regime. This enhancement of the L/R time constant is close to that expected from the

neoclassical theory including bootstrap current.

1. CURRENT SUSTAIN EXPERIMENT

In order to study the effect of the bootstrap current on the plasma current
sustainment, the feedback control of the plasma current with the ohmic circuit is shut off
during the high power neutral beam heating. The decay of the plasma current represents
the L/R time constant due to ohmic dissipation. Fig. 1 shows a comparison of the decay
of the plasma current for ohmic and neutral beam heated discharges in which OH circuit
is shut off at ~4 second. The plasma current decays following the L/R time constant. In
the low B, OH discharges, the plasma current decays with the L/R time constant T ~ 6.2
seconds. When high power neutral beam power is injected into the plasma, plasma
pressure is increased and the decay of the plasma current is significantly suppressed in
such a high [, discharge ( the decay time of 27 second att =7 second ).

T T T T T T T T T =20
0.6 1 N
i P e E1070 410 =
S 04y ] =
= E10704 7 e 10 w
bt F e’ E10704 —
Y I¢ constant ,/° ]
J £ 10701 ]
| T¢ constant ~1-10
0 1 1 I [ ! 1 ! 1 ) u
3 E10701
4
& 2 .
' E10704 i
Py e S W
0 i ? 3 4 5 6 7 8 9 10
t [sec?

Fig. 1 The current decay characteristics of the ohmic and high Pp discharges. The
feedback control of the plasma current is terminated at 4 second. The plasma current
decays following the L/R decay tme.
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Fig. 2 shows a comparison of the plasma equilibrium and the temperature profiles for
ohmic and high 3 beam heated discharges. The comparison of the plasma resistance
without bootstrap current predicts 1.75 times difference in the L/R decay time (
E10701,7s and E10704,4.65 ) which is fairly different from the measurement ( L/R
decay time ratio of 4 ). The current profile is calculated by using .the. measured T, ne and
Tj profiles under the assumption of uniform electric field although the discharges are not
stationary. The bootstrap current is expected to increase L/R time constant significantly.
The expected L/R time constant is expressed by,

= ILp dIszC
2R, (1- 28R (1)

p
The enhancement factor (1-Ip(bootstrap)/Ip) of the L/R time constant comes from the

passive current drive with the bootstrap current. For the ohmic discharge ( low Bp
discharge; E10704,4.6 sec ), the expected L/R decay time using equ. (1) is 6.2 second
while measured decay time is 6.8 second. For the high Bp discharge (E10701, 7sec,
Bp=2.53), the L/R dcca{y time is significantly affected by the bootstrap current.

[ Evo701, 465 E 16701, 75 E10704 ,4.65
1.0 4 .
0.0 1
z0.475MA = (0 449MA 0. 430MA
Iy 222.6kA I, #21.4%4 [y ==2L.2%a
I, =16.2 kA T, t14.5kA I, =1l 1%A
1.0 155713154 : 15 = 106014 : 15 :10.50%4
Jw=rap ID:2841%a) L, 73K T 10 =26 79kA | L, 2 7.0pH y 1D = 25.80k4
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4 T T 4 T T 4 T T
E10701(,4.65, Zy7 2.3 EI0TO1, 75, Ty =3.57 E10704,4.65 , Z= 4.3
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Fig. 2 The equilibrium and the temperaure profiles for ohmic and high Pp discharges.
The measut +d current decay time 1 ( = L/R Y is compared with the calculations with and
without the bootstrap current. The decay time is consistent with the calculation including
the bootstrap current except the case of E10701,4.6s.
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The bootstrap current profile is calculated by using the measured T, ne and Tj profiles.
The calculation is shown in Figure 3 together with the pressure profiles and ballooning
stability analysis. The calculated bootstrap current is 2/3 times the total plasma current for
the high Bp discharge (E10701,7sec,Bp=2.53). This large bootstrap current fraction
indicates 3 times enlargement of the L/R decay time. The L/R deéay time without
bootstrap current is only 10 second while L/R decay time including bootstrap current is
29 second. The experimental result ( L/R decay time of 27 second ) is fairly close to the
theoretical prediction (equation 1) including bootstrap current.
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Fig. 3 S-ot diagram, the current profile and the pressure

profile at 7 second of the discharge EiG701. The discharge

P10t J/mt)

is stable to the n = oo ballooning mode and the

calculated bootstrap current is two thirds of the total plasma current.

2. CONCLUSION
The current sustain with the bootstrap current has been attempted to demonstrate

the existence of the bootstrap current in a tokamak. The experimental comparison of the
L/R decay time between high and low Bp discharges clearly supports the existence of the

non-inductive current close to that expected from the neoclassical theory ( bootstrap

current ).

— 192 —



JAERI-M 90-066

7.5 ELECTRICAL CONDUCTIVITY OF THE JT-60 TOKAMAK
IN THE COLLISIONLESS REGIME

M. KIKUCHI, H. KUBO and M. AZUMI

A careful investigation of the plasma conductivity has been conducted in the JT-60 tokamak in the
collisionless regime. The resulting electrical conductivity is found to agree with that expected from the

neoclassical theory.

1. INTRODUCTION -
The plasma conductivity in the collisionless regime is strongly influenced by the existence of the

trapped particles. However the experimental investigation in the medium size tokamaks (1) indicated some
departures from the electrical conductivity of the neoclassical theory, Even in the JT-60 tokamak,
prefiminary investigation gave Zeff (catcutated from neoclassical conductivity and measured Te and Vioop )
< 1.0 in high density ohmic discharges[2]. Here we have examined fairly steady ohmic discharges in
more collisionless regime with improved diagnostics capability. The theoretical electrical conductivity is
given in the following section. The cxperimental and diagnostic conditions are given in scction 3. The
experimental comparison between thie theoretical resistive loop voltage and the measured resistive loop
voltage is given in section 4. Current profile is discussed between those expected from the neoclassical
theory and from simple Spitzer resistivity in section 5. The conclusion is given in section 6.

2. ELECTRICAL CONDUCTIVITY OF A TOKAMAK
The neoclassical conductivity relates the parallel current density to the electric field averaged over a
magnetic surface; <<j;.B> = O;<E.B> where <A> denotes the flux surface average of A. The parallel

clectrical conductivity o can be obtained either by solving the paraliel momentum balance equation[3} or
using the approximate formula. An analytic formula is given by Hirshman, Hawryluk and Birge {4]
which gives fairly good agreement with numerical results as follows,

fT CR(Z ff)fT
GIFGsp(l - 1 )(1 - : ) (1)
+EVae 1+E Ve
72 2 . 16Vmnee’inA
ZefFZ n;Z; Oop= Ne€ G(z) = z(2.67+2) - y = _Ezf;TL_
e G(Zer)MeVee 3.4(1.13+2) 3m2(5e)!-
[ 5 ) mle y
1-g)*
fr=1- ——t _ 0.563Z) . v. = Rave
This approximate formula gives slightly ( ~5%) higher resistivity in the collisionless regime
Vep <1.0 as is shown in Fig.2 of the ref.{4]. 1.0 [

The coulomb logarithm InA for the electron-

proton collision with Te = Ti including

impurity éffect in the Debye length is given 0.8
by[5] with intrinsic uncertainty up to 5%,

|¥111

InA =8.724+In TC(GV) (2) 0.6 L ]

V(Zeir+1)ne(10°°m3) X ]
This trapped particle correction is related 1o i 3
the parallel viscosity (see section 7.3 eq.6). 0.4 k" 7]

Therefore the experimental confirmation of
the neoclassical resistivity is equivalent to the
confirmation of the neoclassical paralici 0.2 N
viscosity. The trapped electron fraction It is 146ve “~
shown as a function of the inverse aspect ' .
ratio in Figure 1. PPN SO AN I B .
0 0.2 0.4 0.6 0.8 13

Fig. 1 Trapped particle fraction as a function of the inverse aspect ratio

I

— 193 —



3. EXPERIMENTAL AND DIAGNOSTIC CONDITIONS
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Two types of experimental approaches are used to study neoclassical effect on the plasma
conductivity in JT-60. One is to comparc the resistive loop voltage between experiment and theory. The
neoclassical correction gives roughly iwo times larger loop voltage compared with that calculated by
simple Spitzer conductivity. Another is 1o see current profile ( or the location of g=1 surface compared
with that deduced from sawtooth ) and to compare calculated internal inductance with the measurement.

Typical experimental
configuration and the diagnostics
setup is shown in Fig.2. The
electron temperature profile is
measured with the Thomson
scatlering system. A small
temperature correction up to 3% has
becn made to compensale the
darkening of the viewing window.
The line averaged Zefr has been
measured with the visible

bremmstrahlung at A = 5232.6
59 A, By a multichannel
spectrometer, CIII 5244.7A was
identified as the nearest line to the
wavelength band, and it was
confirmed that the bremsstrahlung
signal did not affected by any line
emission. A schematic diagram of
the Z.ff measurement system is
given in Fig.3. The absolute
calibration of the visible
bremmstrahlung has been made by
using a tungsten ribbon lamp
calibrated at the National Institute of
Standards and Technology, USA.
Because the reflectance of a fine
graphite surface is less than 20 %,
the refleclance of the real surface of
the graphite tile is estimated to be
much less than 20%. Therefore,
the effect of signal reflected by the
first wall would not be significant.

4 EXPERIMENTAL COMPARISON

" QF RESISTIVE VOLTAGE
The time evolution of the

discharge parameters Ip, fe, Vioop »
Shafranov A, B and 1; are shown

in Fig.4 for a typical low B, ohmic
discharge. The discharge becomes
fairly stational at the time shown by
the arrow. The experimental
resistive loop voltage is evaluated
from the loop voltage measurement

and the dly/dt ( calculated from Bpg,

and A ). The equilibrium flux
surface is shown in Fig.2. Figure 5
shows the measured T, and ne
profiles together with the electron
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o
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Fig. 2 Typical cquilibrium <onfiguration and the diagnostic setup
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Fig.3 Schematic diagram of the Z. measurement system
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Fig. 4 Time evolution of the low density ohmic discharpge
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collisionality parameter. The

clectron collisionalily parameter v,
is very low ( <0.1 ) but the
bootstrap current of this discharge
is very small due to low poloidal

beta value ( B, = 0.14). The
resistive loop voltage VR is
calculated using the stationary
condition Eg (r} = constant as
follows,

Vg = 2R I /j e (1)

where I = Ip - Ipt and Ipt is
the total neoclassical bootstrap
current, This resistive loop voltage
is calculated using the measured T,
ne profiles and the line averaged
Zerr.  Discharges are restricted to

low Bp ohmic discharges where the
bootstrap current is negligibly
small. We also restrict our analysis
to the discharges where the electron

collisionality parameter v, ranges
from 0.02 to 0.1. The resistive
loop wvoltage in the ohmic
discharges ranges from 0.6 V to
1.0 V. The restriction of the
discharges to the inductive loop

voltage| V| < 0.1 V validates the
stationary analysis. When we
neglect the trapped electron
correction 1o the plasma resistivity (
Spitzer resistivity }, the calculated
resistive Joop voltage is fairly lower
than the measurement. Thus the
experimental results seem (o
support the existence of the trapped
electron correction to the plasma
resistivity. The comparison of the
measured resistive loop voltage and
the calculations for various shots
are shown in Fig.6. As is clear
from the figure, the resistive loop
voltage calculated without the
trapped particle correction { shown

by the symbol A ) is significantly
lower than the measurement in
contrast 1o the previous analysis]2]
where more collisional high density
ohmic discharges arc analyzed and
the bootstrap current is not
negligible for the resistivity study.

-——
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5.CURRENT PROFILE AND ¢g=1 SURFACE-

There are many arguments on
the temperature profile shape concerning
so-called temperature profile
consistency. Waltz {6] discussed the
relation between temperature profile and
current profile using the Spitzer
resistivity with the assumption of
g(0)=1. He proposed a lower and
upper bounds for the temperature
peakedness parameter 23 < Top/<Te>
< ga . However, as is clear from the
experiments, the existence of the trapped
particle correction to the electrical
conductivity completely denies such an
argument. Figure 7 shows the safety
factor dependence of the temperature
profile pcakedness parameter Teo/<Te>
as a function of the safety factor ga.
The upper and lower bounds proposed
by Waliz are also shown in the figure.
The clectron temperature peakedness
deviates significantly in high q regime.
Figure 8 shows the current profiles
calculated with and without trapped
particle correction to the electrical
conductivity. As is clear from the
figure, the central safety factor q(0)
calculated without trapped particle
correction becomes more than 1 which
contradicts with the experimental
observation of the sawtooth acticity.

6.CONCLUSION

The electrical conductivity is
examined in JT-60 to see whether the
trapped electron correction to the plasma
conductivity exists or not. The
experimental resistive loop voltage in

low Bp regime agrees with that
calculated using the neoclassical
conductivity. The use of the
neoclassical resistivity is consistent with
the observation of the sawtooth activity
in high q regime, These experimental
evidences clearly supports the existence
of the trapped electron correction ( or
viscosity coefficient ) to the plasma
conductivity.
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8. Transport Analysis

8.1 TIon Temperature Profile Measurement

Y. Koide, A. Sakasai

1. Introduction

Charge exchange recombination spectroscopy (CXRS) has been put into
operation in June, 1988. Its hardware and data analysis algorithms are
described in ref [1]. This paper deals with the reliability of deduced jon
temperature and toroidal rotation velocity, which must be tock into
account in using these data. Some problems left to be solved are also
presented.

2. Evaluation of excess impurity temperature
Our ion temperature measurement by CXRS is based on the Doppler

broadening of carbon line because of its enough intensity. So we must
evaluate the preferential heating of impurity (scaling as Z?/mg). Deviation
from a Maxwellian in the impurity velocity distribution might also be
important especially in the case of high injection power into low density
plasma. The following discussion is somewhat preliminary based on the
stationary solution of Fokker-Plank equation with isotropic background
distribution function,
fi=f0+fo

, where f;0 is Maxwellian bulk and fp is the beam part. Generally,
distribution function of impurity is determined by took into account
collisions between protons, electrons and impurities themselves as
follows;

R ARAAN A

. Lziand Lz are collision operators describing collisions of impurities
with ions and eclectrons, respectively. Lze is for self-collisions of
impurities. Here we assume that collisions with electrons and self-
collisions are negligible for the simplicity. The first neglect is not so bad
approximation because impurity energy exchange between electron is
much smaller than that with proton (scaling as Ym/m,). The next neglect is
valid if the following condition is realized:

EZ.(_]._ 128??1!«
g2 ¥,

In usual experiments under full power injection, Zegf 2 2 (Cleanest plasma
is realized by titanium flush). So the neglect of L Jf}) is over-neglection in
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usual case. Including this effect and analysis for particular discharges are
now in progress. Here we show a result of present calculation for the

following parameters;

ne=6x101% m-3

Te=5 keV

Ti=5 keV

Zoff=2

PnBi=1.5MW/ m3

Epeam=70 keV
The resulting distorted distribution function of carbon ion is shown in
Fig.1. Maxellian distribution with T;of proton temperature is also plotted
in the same figure. In this case, distortion of f; gives rise to the over-
estimation of T; by ~8 %. As mentioned before, we neglected the self-
collisions of impurities. If we include this effect, excess temperature will
became smaller because slow speed of impurity tends to pull back to from
the drag due to fast protons. So our present result gives the least upper
bound of excess temperature.

3. Beam modulation for background estimation
Measured signal consists of charge-exchange induced component and

background component, and these must be separately estimated. As
shown in Fig. 2, modulation in #14 unit is applied for background
estimation. The validity of this method depends on the assumption that
background spectrum can be linearly interpolated from the two
background spectra at the beginning- and the end-phases of injection. In
usual cases, this approximation seems to be satisfied, which is confirmed
from the result that signal drops to the interpolated level when diagnostic
beam (#14 wunit) instantaneously breaks down. Another evidence
supporting its justification is that the CXR spectra of NeX line, which is
almost free from background component, shows the similar deduced ion
temperature (Fig.3). In the case with abrupt increase in background signal,
which may be due to carbon influx or etc..., ion temperature will be under-
estimated.

4. Cross-check of deduced Ti with other systems
JT-60 has two other ion temperature diagnostics, i.e. crystal spectrometer

(TiXXI Ko line is usually used.) and active beam scattering. Fig. 4 shows
the cross-check of @TF with T and (b)TiA'B, In these figures, three of
these show good agreement. We must check the effect of high energy
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ion,as mentioned in the previous section, and chord-integral
measurement.

5. Toroidal rotation velocity
Because the optics looks at the diagnostic beam (#14 umt) almost

tangentially, toroidal rotation is deduced from the Doppler shift of the
CXR-induced spectrum. The basis of rotation velocity is determmed from
the central wavelength of ohmic spectrum on the assumptlon that the
line emission in the ohmic phase,which comes from the very edge region
of plasma, is not Doppler-shifted. This assumption is checked by the
comparison of location of ohmic spectrum in changing the direction of
plasma current. These two cases are corresponding to the chan:ge from co-
to counter-injection. The maximum difference in velocity,among 8 spatial
chs., deduced from the two cases is <2x104 m/s So the ambiguity may be
within this range.

6. Problems in present CXRS measurement

Time resolution is restricted to be > 50 msec due to insufficient S/N
ratio.

Necessity of beam modulation means the difficulty in measuring fast
phenomena.

Beam attenuation is severe in high density plasma (ne(0) > 1020 m-3),

Sufficient clearance (~8 cm) must be kept between plasma boundary and
first wall on lower field side; otherwise deduced Tj is low (The reason for
it is not clear at present.).

Reference
[1] Koide, Y., Sakasai, A., et al., Rep. JAERI-M 89-033, Japan Atomic Energy
Research Institute, Ibaraki (1982) 243.

OISTRIBUTION FUNCTION OF CARBON Fig. 1 Calculated carbon distribution
' : : ' function. The effect of high energy
proton works on the expansion for it.

| "Estimated carbon So deduced temperature is little
: distributlon function

higher than proton temperature. The
self-collisions of impurities are not
included. The following parameters
are assumed; n,=6x1019 m3,T,=5

; g : i keV,Ti=5keV,Zef=2,PNBI=1 SMW/m
1 Ti=Tearbon s 3 and Epegm=70 keV.
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8.2 Zeff Profile Measurement !

Y. Kawano, H. Kubo, T. Sugie, T. Hirayama, ¥. Kikuchi, K. I tani, ;
A.Nagashima,T.Matoba and JT-60 team [

1. Introduction

The Zeff profile has been evaluated from the visible bremsstrahlung
intensity profile observed by a multi-chordal spectrometer for JT-60
plasmas, compared with other results from two spectrometers. Both Zeff
values have a good agreement, while sensitivities of the former and the
latter are calibrated independently. And evaluated Zeff values show flatl
profiles except the plasma edge region. :

2. Zeff profiles for divertor plasmas

Figure 1 shows viewing chords of three spectrometers. Two single-
chordal spectrometers are located at the U6 port (Ade) and the upper INZ .
port (A41), respectively. They measure the visible bremsstrahlung (Vis.
Brems.) intensity at 5232.8 £5.0 A and 5232.6 £5.5 A, respectively.
The multi-chordal spectrometer with a rotating mirror (A8d) ™' is located
at the lower IN2 port and observes Vis.Brems. intensity at 5232 3.5 A.
The sensitivity calibration of A68d is decided independently from those of
Ade and A41. Profiles of the electron density { a. ) and the electron
temperature ( T. ) measured by Thomscn scattering are used for the
evaluation of Zeff values., The electron density by Thomson scattering was
compared with the line-averaged electron density from FIR interferometers,
and calibrated.

Figure 2 shows profiles of the chord averaged Zeff value (Zeff) for
lower divertor JT-60 plasmas with neutral beam heatings of 3MW and I11U¥W.
In fig.2, the horizontal axis is the flux co-ordinaté along the plasma
minor radius. Here, plasma minor radii; a, =0.7m, plasma current;Ip=1i.0MA
, toroidal magnretic field;Bt=4.5T, respectively. In fig.2, Zeff values
show flat profile at p =0.5m, and Zeff values for Pxp: =11MW are about
40% greater than those for Pys: =3MW. It 1s supposed that the increase in
Zeff values near the plasma boundary is due to emissicns from the plasma
near the X-point (see section 4).

3. Comparison between Zeff values evaluated by A6d and evaluated by Ade

Figure 3 shows the comparison between Zeff values evaluated by A6d and
evaluated by Ade at their equivalent chords. In fig.3, shown values are
evaluated from plasmas of various conditions as follows; limiter plasmas
with pellet injection (H: prefilled, Ip/Bt=2.1MA/4.5T, before Ti-flash),
limiter plasmas with NBI ( H, prefilled, Ip/Bt=1.0MA/3.0T, 1.0MA/4.5T and!
2.0MA/4.57, after Ti-flash) and divertor plasmas with NBI (H, prefilled
Ip/Bt=1.0KA/3.3T and H, prefilled, Ip/Bt=1.4KA/4.5T, after Ti-flash). For
such various plasmas, Zeff values evaluated by ABd have a good agreement i
with Zeff values evaluated by Ade.

4. Comment on the increase in 7Zeff value near the plasma boundary
We have Zeff profiles increasing near the plasma boundary for not only
divertor plasmas but also limiter plasmas. Figure 4(a) shows the chord
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averaged Zeff profile for the limiter plasma with pellet injection ( a, =
0.86m, H, prefilled, Ip/Bt=2.1MA/4.5T, Pwu: ~ OMW and evaluated at 0. 2sec
after the injection of 3 pellets. The plasma is limited by the lower
inside wall as shown in ref.2). The Zeff profile is almost flat at

0 <0.7n (Zeff~1.8). On the other hand, Zeff values tend to increase
steeply as p increases at the cuter region (p=0.7m) (the indicated
error bar is estimated from error bars of n. and T, ). Figure 4(b)
shows the profile of Vis.Brems. intensity observed and profiles calculated
for cases Zeff=1.0 and 1.83 with using profiles of n., and T. measured by
Thomson scattering. It is noted that calculated profiles of Vis.Brems.
intensity smoothly decrease to towards the plasma boundary. While the
observed profile has certain values even near the boundary. As shown in
fig.4(c), the difference between observed and calculated (for Zeff=1,83)
values increases at the outer region, and resulted in the increase in Zeff
values. The reason is not yet clear. We are considering of a number of
causes as foilows.

1) emissions from the scrape off layer

The scrape off layer of several tens millimeter thickness was
observed for small a, limiter plasmas. Their contributions were
not accounted in fig. 4. :

2) emissions from the plasma near the limiter {and near the X-point)

Strong emissions were often observed at viewing chords near the
_ limiter (like a weak marfe) and the X-point.
3) stray lights reflected by the inner wall
It is supposed that lights reflected by the inner wall can not
affect the observed profile of Vis.Brems. intensity seriously due
to the viewing dump on it, and this Is supported by results from
the monitor TV.

4) line spectra of impurities

No strong impurity line spectrum was observed at the wavelength
range for the observation of Vis.Brems. intensities.
5) accuracies of profiles of n, amd T.
Error bars of n. and T. were not small near the plasma boundary
resulted in large error bars of calculated Vis.Brems. intensities
{see fig.4(a) for the case of Zeff value). :

8) accumulations of Impurities mear the plasma boundary (the Zeff value

increases truly).

It is suggested that there are no obvious accumulatlons of
impurities near the plasma boundary by results from the numerical
simulation with observed plasma radiation profiles. [*%

So, we suppose that the increase in the difference between observed and
calculated Vis.Brems. intensities near the boundary is mainly attributed
to 1), 2) and 5) mentioned above. But more quantitative examinations
including other factors are required to evaluate more accurate profiles of
Zeff values.

References
[1] Y.Yamashita et al., "KAKUYUGD KENKYU", 59 Supplement(1989)289
[2] Y.Kawano et al., thls report, section 2 9.
[3] T.Hirayama et al.,prlvate communication.
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8.3 Radiation Profile Measurement

T. Nishitani, K. Nagashima, T. Konde and T. Kaneko

INTRODUCTION _
Radiation losses, charge-exchanged neutral particles and heat load on the

divertor plates or limiter are main mechanism of the energy loss from the
plasma. Measurement of the radiation losses is important not only for the:
power balance study but also for impurity behavior and transport study. The
results of the global power balance study by the bolometric measurements are
described in Ref. [1].

STATUS OF THE HARDWARE

After the installation of new divertor coils for lower X-point?
configuration, the radiation profile of the main plasma was measured by two
fan arrays of bolometer and the radiated power that from the divertor region:
was measured by single bolometer as shown in Fig. 1. The lower array
consisted of 15 channel metal-resistor bolometers [2]. The upper array had
consisted of 16 channel thermistor-bolometers. Thermistor bolometer [3] was &
one of most popular detector due to its large sensitivity. The solid angle of the:
upper array was about tenth of that of lower array, so that we had employed
thermistor bolometers for upper array. However, thermistor bolometer had
been affected by electromagnetic noises more than metal resistor bolometer,
because resistant of thermistor bolometer is about 2 order larger then that of
metal resistor bolometer. And it had been difficult to calibrate the relative
sensitivities of upper and lower arrays. So the all thermistor bolometers of
upper array were replaced by the metal resistor bolometers in May 1989. After:
June 1989, more than half of the amplifiers in the lower array became out of
order one by one, which were repaired in September 1989. Thus, both upper
and lower array were available in only in October 1989.

COMMENTS ON RADIATION PROFILE

Generally, an Abel transformation is used to obtain the radiation profile:
from the chord-integrated radiated power. However, an Abel transformation
is valid only for a poloidally symmetric radiation profile. It was estimated.
from the raw data of the bolometer array that the radiation profile had a.
poloidal asymmetry near the X-point in the divertor discharges and around,
touched limiter in limiter discharges. So an Abel inversion was not availabie!
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to obtain the radiation profiles. In TiC molybdenum wall period, additional
three channel! vertically-viewing-bolometers and one channel bolometer
viewing near the X-point were available, so that the radiation profile was
estimated by the reconstruction using asymmetric Abel inversion. The result
showed the intense asymmetric radiation around the outer X-point.

The overlap region of the upper and lower arrays was not so large that
the reconstruction needed horizontal array. The three vertical boiometers and
one viewing near the outer X-point were taken off for install of lower divertor
coils. Therefore the reconstruction of the radiation profile became difficult
after the modification for lower X-point divertor.

The chord integrated radiation loss decreases with the distance between
the X-point and the viewing chord, which indicates the poloidal asymmetric
radiation profile in lower X-point discharges. However, INDAT system
provides the radiation profile assuming that the radiation loss is uniform in
the magnetic surface. Therefore INDAT system is not suitable to obtain the
radiation profile from the chord integrated radiation losses.

REFERENCES

[1] T. Nishitani, et al. , submitted to Nucl. Fusion.

[10] T. Nishitani, K. Nagashima, T. Sugiyama, M. Hara, H. Takeuchi and JT-
60 Team, Rev. Sci. Instrum. 59 (1988) 1866.

[11] T. Nishitani, K. Nagashima, T. Sugiyama, 5. Koide and H. Takeuchi,
Kakuyugo Kenkyu 59 Suppl. (1987) 243.

| Bolometer array (16¢h)

“Bolometers (| ch)
Divertor plates Bolometer array (15 ch)

Fig. 1 Sightlines of the bolometers in the period May 1987 - October 1989.
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8.4 OHMIC ENERGY CONFINEMENT

M. KIKUCHI, K. TOBITA,Y. KUSAMA K. NAGASHIMA
and T.HIRAYAMA

Ton heat conduction in ohmic discharges is analyzed using Ti(0) measured by the
Rutherford scattering of the He beam (AB). The ion transport loss becomes dominant
with increasing plasma density while the electron thermal conduction coefficient follows

Neo-Alcator like dependence e ~ 1/(neq) even near the saturated ohmic confinement
regime. The ion thermal conduction coefficient is found to be fairly large compared with
the neoclassical value. The gross electron energy confinement time stays constant from ne
=2 -8 x1019m3 (SOC). In order to explain such a saturated ohmic confinement, the ion
transport anomaly is considered. The ion transport coefficient is evaluated assuming
electrori transport still follows Neo Alcator dependence in the saturated ohmic confinement
regime. The calculated ion thermal conduction coefficient is fairly higher than the

neoclassical value.

1. ION TRANSPORT ANOMALY IN LOW DENSITY OHMIC PLASMAS

The energy confinement in low
density regime is studied using the T, and
ne profiles, Ti(0) with AB and the line-
averaged Zqrp from the visible brems..
Fig. 1 shows a typical example of the
measurement for a low density ohmic
discharge. The central ion temperature is
fairly smaller than that expected from the
neoclassical theory. The ion temperature
profile is calculated using neoclassical
multiplier for the ion thermal conduction

coefficient (¥;) under the constraint that
the central ion temperature matches the

measurement. The resulting y; is larger

than the ye by a factor of two. The ¥j is
20 times neoclassical ion thermal
conduction coefficient given by Chang-
Hinton[1]. The %;and . at 2/3 of minor
radius are plotted as a function ne and Ip
in Fig.2. This figure clearly indicates that
the electron transport follows the Neo
Alcator dependence ()¢ ~ 1/(qne) ) while
the ion transport shows large departure

from the neoclassical theory. The ; is an
increasing function of the density and

becomes larger than the % in relatively
low density regime. The global energy
confinement time tends to saturate at
relatively low density as is shown in
Fig.3.
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Fig. 1 Te profile measured by the Thomson .
scattering and Ti(0) mcasured by the active scaltering
of the He beam. The electron and ion thermal '
conduction coefficients are also shown.
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2. SATURATION OF THE GROSS ELECTRON CONFINEMENT TIME

The kinetic profile data base
has been accumulated during the 5
years of JT-60 experiments. The
available data set is shown in the Ip-
ne diagram in Fig.4. This dataset
contains relatively high density
ohmic discharges up to 8x1019m-3.
In such a high density plasma, we
could not observe the energy
confinement time proportional to the
line average electron density
expected from the neo Alcator

transport of the electron ( xe~1/(qne)
). The electron temperature in SOC
regime is limited by the strong
electron-ion energy equipartition.
The gross electron energy
confinement time 150 (=W¢/Pon ) 1s
plotted as a function of ig in Fig.5.
The tgC quickly saturates at about

fie=1x 1019 m3.
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Fig. 4 Operational diagram of the ohmic discharges
in (ne, Ip ) plane.
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3. INTERPRETATION OF THE SATURARED OHMIC CONFINEMENT

(SOC) WITH 10N TRANSPORT ANOMALY :

If the ion transport is the cause of the saturation of the energy confinement in high
density ohmic plasmas, the ion thermal conduction coefficient can be obtained using the
electron temperature profile because of the strong electron-ion coupling. In such a -
coupled plasma, the ion temperature can be calculated by using the electron energy balance
by assuming the transport scaling for the electron. Here we analyze the experimental data
assuming that the electron follows Neo Alcator transport.

219 1 9
T; = Te- 3;; [%ETQe‘POH'*'Prad] ( 1 )
where, Qe= ‘nch%g + %FETC (2)

The ion thermal conduction coefficient ;i can be deduced by solving the ion energy
balance equation as follows,

a3 P 3)
where, qi = -ﬂiXi% + %r-iTi (4)

The electron thermal conduction coefficient ye(m2/sec) = 1.25x1019/ne is used to
analyze the IMA , ey = 4.2 density scan. The i profiles are shown for various density

in Fig.6. The y;(2a/3) is given as a function of ne for various plasma current in Fig.6
together with the neoclassical values. The ion thermal conduction coefficient seems to be
independent of Ip and ne in the saturated ohmic confinement regime.
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4, Bt DEPENDENCE OF SOC CONFINEMENT
The SOC energy
confinement properties is checked
by the diamagnetic measurement.
H M 0.5 T T T T
Shimomura proposed a scaling of T T T
the SOC confinement as follows, 0.4 Limiter 1.AMA He
50C — :
18 =0.045SRmamBMYKA]  J 3L %-9_ % 8
z
This confinement scaling is = (0,2}
supported by JFT-2M, DIII-D etc. 5
Figure 7 shows the SOC energy &' 0.1 ne = 2.6-3.3x1019m-3
confinement time as & function of
Bt for He limiter discharges. The (.0 L ; I . ] . L s
SOC confinement time does not 0 4.0 5
show clear B; dependence. For 1.0 2.0 3. '
the divertor Bt scan, we see some Bt (T)
improvement with B¢ ( ~ B9-5).
The cause of the discrepancy is not Fig. 7 SOC encrgy confinement time by the
well understood at present. diamagnetic measurement. Tic = 2.6-3.3 x1019m-3 for
the By scan.

5. CONCLUSION

The energy confinement properties during ohmic heating in the JT-60 tokamak is
analyzed using the measured central ion temperature in low density regime and the
existence of the enhanced ion transport is confirmed. The ion thermal conduction
coefficient evaluated assuming the Neo Alcator transport for the electron has been
evaluated. The Bt scan experiment do not show clear Bt dependence of the SOC
confinement in He discharge which contradicts with Shimomura scaling.
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8.5 Comments on Heat Pulse Propagation Analysis
K. Nagashima, M. Kikuchi and T. Hirayama

The application of the perturbation method for the sawtooth
induced heat pulse propagation study has been employed as the
successful method for the estimation of electron thermal diffusivity.
in the several tokamaks [1-3]. But the obtained values were
systematically larger than the values calculated using the power’
balance analysis in the many cases. In this subsection, we consider
the problem and limitation of sawtooth induced heat pulse
propagation study.

In JT-60 the heat pulse propagation study has been performed:
using the soft x-ray detector array. So the measured data is chord-:
integrated and complicated due to the overlaps of heat and densityi
pulses, because the cut off energy of absorbing filter is set to be !
nearly equal to the plasma electron temperature and the measured?
soft x-ray intensity is comparably sensitive to both the clectron ,
temperature and electron density perturbations. Moreover, the.
several intrinsic problems exist in the electron temperature;

perturbation equation,

—— ———
——

T;  dPe

3 dTe 1 d r oT. Xe aT 5 Te e

39129 (4 ——-——( rTley -3 Leli Cle 0 (g

2 at Toar or Lo or Tel gr 2 ¥ 2 T oT. o (D
_ 1 [3To 1 (2)

where Tj(r,t)sz,o(r)+ﬁ(r,t) (j=e, i represent electron and jon,
respectively.) and the density perturbation is neglected. ye, L, Te, Pe |
and teq represent electron thermal diffusivity, density gradient scale |
length, electron particle flux, energy source to electron and electrom?
ion energy equipartition time, respectively. In the usual heat pulse:
propagation study, only the first term in the right hand side of eq.(1)
i1s considered as the basic diffusion equation, but the energy?
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equipartition and the source terms become considerable in the
reallistic condition. The second and third terms, which are due to the
bulk density gradient and the particle flux, are considered to be
negligible compared to the other terms except in the edge region.

As easily understood in eq.(1), the equipartition term becomes
dominant in the high density and low temperature plasma, and the
energy source term becomes considerable only in the high power
heating case. Firstly, using the assumption that the heating power is
deposited spatially constant and Pe has the temperature dependence
of Te-3/2, the energy source term is estimated as,

15! (3)

Pe 3P _ 3 16 e¢ Pin[ MW ) _ .
0T, 2 Te 2 n/E+19[m=3] TelkeV)

b2 [

where €. and Pjp represent the electron heating ratio and the total

input power, respectively. In the case of full NBI power(Pin=20MW)
and low density in JT-60, 15 is estimated to be 20-40 msec. As the
interested time interval for the heat pulse propagation in JT-60 1s
about 10 to 20 msec, this energy source term does not become
dominat but it can't be neglected in the high power heating case.
Secondly, the eguipartition term is estimated using eq.(1) including
the first and fourth term. For example, the peaking time of electron
temperature perturbation at r/ap=0.58 are plotted as a function of
electron density in Fig.l. In the calculation, the parameters are set to
be ne(r)=ne(0)(1-(r/ap)2)0-5 [m=-3], Te(r)=2.0(1-(r/ap)2)1> [keV],
effective ionic charge Zerr=1.0+3.0/n¢(0), xe=1.5/ne(0) [m?2/sec], the
sawtooth inversion radius rg=27 c¢m, and the ion temperature
experiences no sawtooth oscillation. These parameters approximately
correspond to the case of ohmic discharge in JT-60. In the figure the
acceralation of heat pulse due to the equipartition term can be seen
and its effect results in the increasing of the estimated thermal
diffusivity. |

As above mentioned, it must be paid a caution for the estimation
of thermal diffusivity from the heat pulse propagation, except for the
fortunate case of low density and low heating power where the basic
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diffusion eqution is not invalid. In Fig.2 the peaking times of soft x-
ray intensity(chord-integrated) are shown as a function of line-
averaged electron density. These points are obtained from the
discharges of Ip=1.0 MA, B=3.5 T, hydrogen species, limiter
configuration and ohmic heating, where the electron density
perturbation is small relative to the temperature perturbation. The
peaking times saturate in high density region as can be seen in Fig.1, -
but it is indeterminable whether the saturation is due to the effect of
equipartition term or not. In the low density region of Fig.2 (which
are fortunate cases), it is easy to see that the thermal diffusivity 1s
improving with electron density and it consistents with the results of
power balance analysis and the ohmic energy confinement scaling.
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Fig.1 A electron density dependence of the peaking time of electron
temperature perturbation as a example of the effect of
equipartition term in eq.(1).
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Fig.2 The measured peaking time of soft x-ray intensity as a
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8.6 L-mode Transport Analysis I !
- Transport Analysis of JT-60 Plasmas with L-mode Characteristics - i

T. Hirayama, M. Kikuchi, H. Shirai, K. Shimizu, and Y. Koide

Local heat transport in L-mode plasmas has been studied, using interpretive code and set
of consistent experimental data. Effective heat dlffuswmcs Xeff estimated at plasma radii of
a/2 and 2a/3 present the same parameter dependencies of P as the L-mode, Goldston scaling.
Xeff also has a clear density dependence.

1. Introduction
Understanding transport process is a key issue of tokamak research. In order to obtain an

energy confinement scaling extrapolated into the reactor regime, we have been studying the .
physics of transport process, working on the global and local confinement behavior of L-
mode plasmas.

Local heat transport properties have been analyzed in L-mode phases of divertor (single
null X-point), and limiter discharges with hydrogen neutral beam heating into hydrogen plas-
mas, based on sets of consistent experimental data including ion temperature profiles by
CXRS measurement[1]. Parameter dependencies of effective heat diffusivities locally deter’
mined are compared with those of global confinement scaling on the L-mode. Total kinetic
stored energy is divided into three parts of electrons, ions and beam components, and
parameter dependencies of each energy content are studied for comparison with a global en-
ergy confinement characteristics.

2. Experiments and Analysis

For limiter and divertor discharges, plasma configuration are slightly shifted inside
(major radius of 2.9 m), so that diagnostic measurement works as close as to the central
region of plasmas. Profile data used for transport analysis, are electron temperature from Th-
omson scattering and ECE[2] measurements, eiectron density from 8 ch Thomson scattering|
and 2 ch FIR, radiation profile from 16ch borometric measurements(3], and Zeff from visible
Bremss[4]. However, particle confinement time needed to estimate particle flux is given by a
scaling from a previous work[5].
Global Confinement Characteristics |
For sets of consistent experimental data, the total |
2 " a kinetic stored energy including beam components cal;
culated by OFMC code shows good agreement with I
A the diamagnetic measured stored energy within 15% :
errors (Fig. 1). In order to distinguish from contribu-;
tions of electrons and ions to the stored energy, esti-

Wy (MJ}

' ﬁ mated total kinetic stored energy is divided into three|
b Lo ma parts of electron, ion and unthermalized fast 1ons, and :
T i shown as a function of the plasma current in Fig. 2; at
6 ® 3IMA the region of 3.0x101% < 7, < 4.0x10!° m?3 and
% : ) 9.6 < Paps < 10.1 MW, For divertor discharges with 1
W* (M) MA, the electron stored energy increases with the rise
Fig. 1 Comparison between dia- in the plasma current. On the other hand, the ion
magnetic measured energy stored energy exhibits no any increment with the plas;
content w" and kinetic, total ma current. The beam components are also constant,

stored energy including beam
component.

because of fixed electron density and constant, net
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input power. This experimental evidence suggests that the ion stored energy 1$ reduced not
only by serious dilution of ion density, but also might have relative weak current dependence.

1.0 1.0
O LOMA(D} 1, - 1L.OMA
I ;j m(ﬂﬁ)’ 4 ¥, 2 3x10! 3
E O 15MAD} g
= 05T o ~ 05l 4
-3 g - 2
% 1 2 % 10 20
Ip (MA) Plbs (MW)
1.0 r 1.0
O 1.0 MaA(D) I, =1.0MA
+ 1.8MA(D) By 2 3x1019m?
= 4 2.0 MAL) =~
& ost ] & osf
= g *° S PPN oy
0.0 : 0.0 :
0 1 2 0 20
Ip (MA) Pnbs (MW)
1.0 - . . Lo
O LoMaA M, 2 3x10"*m?
+ 15MA
§ A 10MA g
~ 0.5f R \—; 0sr
3 =2
2 g -
L A, 1. s 0‘0
e s 1o 15 2.0 0 10 20
Ip (MA) Plhs (MW)
Fig. 2 Divided stored energy contenis as a func- Fig 3 Divided stored energy contents as a func-
tion of Ip, for rigorcus data set; tion of total input power Pabs for IMA, divertor
2.8<71.<3.9x10'%,9.6<P <10. IMW. Open sym- discharges, at ne=3.0x 10" mr2a)electron stored
bols show divertor discharge and closed one lim- energy;b) ion stered energy; C)UthfmahZCd
iter discharge:a) electron stored energy;b) ion beam energy.

f;?;ed energy;cunthermalized beam energy con- Njaxt the P, dependencies of distributed ki-
) netic energies are shown in Figs.3, for divertor
discharge with [=1.0 MA. The electron
stored energy increases by a factor of three, whereas the ion only by 50 %. The beam compo-
nents increase with input powers. Since the slope of each kinetic stored energy against the
absorbed power can be defined as the incremental time of each energy, the components of
stored energy are presented by using the incremental tine, as follows,

We = WR + TPy,

Wi = W (- T Pavs),

Wb = Ti)nc( Pabs - POH )E Ti)ncpabs-
Using above relations, the energy confinement time is reduced to

p
Mﬁ_ " fci:nc_*_ Tinc (+ Tinc)
Pabs inc inc

Accordingly, the summation of each mcremental time TN+ Tp'° (+ T5'°) is strictly same as
the incremental energy confinement time ’CE . The incremental confinement tme for IMA,
lower X-point discharges has been reported to be 4525 ms(6). In Figure 3, itis found that the
incremental times for electron, ion and beam component are 2622 ms, 8£3 ms and 2532 ms,
respectively. The summed incremental time results in 5947 ms. Both incremental times are

almost the same, within their error bars. Therefore, the incremental energy confinement time,

TE =
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’CiE“C is sufficiently attributed to the incremental energy of electrons and beam components,
and there is a little contribution of ions to Tg . This slight contribution of ions is part of the :
evidence supporting the idea that power degradation of global confinement is mainly due to
degradation in ion transport. Again, the situation is much complicated, because Zeff increas-

es with heating power.

Local Transport Analysis _
In a data set for relative lower density .<3.0x10**m? and up to moderate heating power
(Pabs<10 MW), we can separately determine electron thermal conductivity,K, and ion thermal

conductivity, ;. In Fig. 4, thermal conductivities at
r=a/2 are shown as a function of total input power, Paps

T . : : :
& 10 for discharges with I;=1.0MA and 2.0MA. Figure 1-3
= Ip=1.0MA . - . L
2 glreais on shows that for [,=1.0MA, ; significantly increases in
£l o ° S %o proportion to Paps and is about three times Ke at ’
gl o 14 Paps~9MW. However, Ke slowly grows with input |
S 0 . i s | * w0 powers. As for discharges with I,=2.0MA (Fig. 4-b),
v 8 a8 450 cleciron . : T .
z B K; also rises and becomes comparable to K. with in-
g0 2z 465 10 creasing P, although K. is larger than x; at low power
£ Pabs(MW) E Tabs g Ke g ! powe
T level of AMW. The large value of X, may be attributed
S oo to the remained, ohmic confinement characteristic that
=] ; . . . . :
% drr=al? N 4 becomes worse with higher current in low density re- |
Zal —ar-xt— . . gimes. From Figs. 4-a and -b, it is found that x;has |
z . : : i
g o) P { aw clear I, dependence; k]MA-2k2MA at Py 6MW. i
S it /"” ion ] Against to that, k. has no-Ip dependence. Therefore, afs
- N for relative, low density regimes, we can conclude thalt
£ 7 P:bs(h,nf,) pon the power degradation of global confinement is mainléy

due to degradation in ion transport.

Next, we have analyzed a data set for relatively
higher density :23x10"m3y 1n such density re-
gimes, it is very hard to separately determine the elec-
tron heat diffusivity, Xe and the fon heat diffusivity, Xi,
because the uncertainty in the electron-ion energy ex-;
change term becomes too large. Therefore, in the fol
lowing, we will discuss the effective heat diffusivity as a local transport parameter. |

The effective heat diffusivity, averaged over both species of electron and ion, is defined |

Fig. 4 Power dependencics of thermal
conductivities (r=a/2), in which circles
show Kjand triangles K. Open and
closed symbols present diverter and
limiter discharges, respectively: a)
I,=10MA ; b) [;=20MA,

by

B(TIATT) + ———
2 2

pqVpi*>

oT., 9T

- — 4+ n:
(nc ap lap

o
j (Py+Pne-Pr)pdp !
0

Aetf (P) =

in which fast ions from neutral beams are excluded from ion density, n;. Figure 5 shows spa-
tial profiles of Xett for 1.5 MA, divertor discharge scanning total input power from 4.6 MW t
16.7 MW, in which electron densities are rigorously fixed to (4.3~4.9)x10m3, 1t is found
that Xefr grows across the radius with increasing total input power.

Figure 6 shows the dependence of Xeff(a/2) on the total input power, Paps. The results show |

that Xeff(a/2) roughly increases in proportion to the function of Pg{;i and is systematically re--
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Fig.6 Xeff(a/2} as a function of total
input power.

duced to smaller values with higher current. These parameter dependencies are consistent
with the global confinement, L-mode scaling (Goldston scaling). The current dependence of

4.0 L S a—

BMWEP 1 S1ZMW

3.0

2.0 L

Zerr(af2) (m¥s}

1.0

6.0 I T T I - 1
00 10 20 38 40 50 60 74
me (x10'"m-3)
Fig. 7 The density dependence of

Xeff(a/2) for a fixed input power.

Yeff(a/2), however, seems to be lost in higher power re-
gion (~17MW). This is related to a density depen-
dence of Xeff. Figure 7 shows Xeff(a/2) as a function of
electron density. For constant input powers, Xeff sig-
nificantly decreases with increasing electron density,
whiles a global confinement characteristics has no or
weak density dependence.

Summary

In divertor discharges with Ip=1.0 and 1.5 MA,
global confinement characteristics have been studied
on the dependencies of the kinetic stored energy con-
tents divided into three components of electrons, ions,
and unthermalized fast ions. The ion stored energy has
no any dependencies on the plasma current and the
total input power. This results suggest that the deterio-
ration in energy confinement for diverted discharges

with g<3 might be ascribed to ion transport characteristics. Really, the incremental confine-
ment time, Tf © is decided by the increments of electron and beam energy components. The
ion stored energy has no or weak contribution to the Tg

As for relatively, low density regimes, the power degradation of global confinement is
mainly due to degradation in ion transport. The results of local transport analysis show that
the spatial profile of Xeff grows across the radius with increasing input power. In addition,
Xeif roughly has the standard L-mode dependence (p%; ).
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8.7 L-mode Transport-II{ Ion Transport Anomaly )

M. Kikuchi, T. Hirayama, Y. Koide, H. Yoshida and H. Shirai

Abstract Ton transport properties are
studied during the high power neutral beam
injection using the profile data base obtained
in the L-mode transport experiments. Ion
transport loss is found to be a dominant loss
channel except high Ip low power limiter
discharges. The ion conduction loss is
significantly reduced for the divertor
configuration compared with the limiter
configuration. These data suggest that the
ion transport coefficient is a decreasing
function of the poloidal field. The electron
thermal conduction coefficient seems to be a
decreasing function of the electron density
even in the high power regime with some
power degradation ( ie. positive temperatue
dependence ) .

1. ENERGY LOSS CHANNEL OF
THE L MODE DISCHARGES

Typical example of the profile
measurement in a low density limiter
discharge is shown in Fig.1. The measured
ion temperature stays low although more
than half of the heating power goes to the
ion. The total kinetic energy including beam
component agrees with the diamagnetic
measurement. If we assume the neoclassical
ion thermal conduction, the calculated ion
temperature and the total kinetic stored
energy significantly deviate from the
measurement. The calculated ion thermal
conduction coefficient is significantly larger
than that of the electron. Figure 2 shows the
power loss partitioning at r= 2/3a for various
loss channels, electron and ion conduction
losses and convection and radiation losses.
As is clear from the figure, the ion
conduction loss plays major role in the
limiter IMA L-mode case. Such a property
is also observed in the divertor low plasma
current cases ( Ip < 1.5 MA ). On the other
hand, the conduction loss of the electron is
found to be larger than that of the 1on for the
high current limiter discharges at relatively
low power ( 2MA, Pabs<lOMW ) as is
shown in Figure 3. .
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L o Ti{CXRS)
* e Ti{aB)
T e Ti{Tixx!
Hip=1MA,Limiter N
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Fig. 1 Typical example of Te and Ti profiles.
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Fig. 2 The energy confinement and power
Iosses from various Joss channels evaluated
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2. ELECTRON AND 1ION
THERMAL CONDUCTION
COEFFICIENTS

The electron and ion thermal

conduction coefficients ( Xe and x; ) are
evaluated at 1/2 of the plasma minor
radius for various discharges. Figure 4

shows Y. and xjas a function the
absorbed power for 1MA limiter
discharges ( see Fig.1 ). The ion thermal
conduction coefficient is significantly
higher than the electron thermal

conduction coefficient. The yjincreases
with heating power. On the other

hand,the ye shows little or no power
degradation. Tt should be noted that the
line average electron density is not kept
constant for this power scan. The electron
density increases with the absorbed
power ( e~ (0.9-2.4) x 1019m~-3
increases with Paps ( 2-15MW ). This
observation will be discussed in section 3
in more detail. On the other hand, the
transport process in high current limiter
discharges { Ip = 2MA ) is fairly different
from the low Ip ( IMA ) case. The
electron conduction loss shares a
significant fraction of the power flow as
shown in Fig. 3 and the ion thermal
conduction coefficient is reduced
significantly compared with IMA case by
a factor of 2-3. However, it is more than

10 times the neoclassical value. Figure 5
shows the power dependence of the
thermal conduction coefficients for the
2MA limiter discharges. The ion thermal
conduction coefficient tends to increase
with the absorbed power. But the electron
conduction coefficient stays relatively
constant or slightly decreasing. In this
power scan, the electron density
increases with power , g~ ( 1.5-3.7 ) x
1019m-3 .

Although we have tried to obtain 2.7MA
limiter data set, the strong equipartition
between electron and ion prohibits to
separate electron and ion transports.

1IMA, Limiter

10 | I v
.| ¢ |
0 %i(al2)
36 e -
E ¢
=k / .
[2%)
a /2)
yela
2 O ‘
oD__o_a__o o
0 1 | I
0 10 20
Pabs (MW)

Fig. 4 Electron and ion thermal conduction
coefficients at r=a/2 for IMA limiter power scan,
The error bar stands for the xi|error by the
assumption of the main impurily( carbon and

oxygen ).
2MA, Limiter
10 T ] |

Xe s i (m2/sec)

b2
I

Bt o -
® Ye(al2)

| l . 1

0 10 | 20

Pabs (MW)

Fig. 5 Electron and ion thcrrhal conduction
coefficients at r=a/2 for ZMA limiter power scan.
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For the divertor discharges, we have made power scans with relatively constant

density operation.
conduction coefficients.

Figure 6 and 7 shows the power dependences of the thermal !
Both electron and ion thermal conduction coefficients are |

significantly reduced compared with the limiter IMA case. This is relatively trivial reason
for the observation of almost same confinement times in limiter and divertor IMA

discharges. As is seen in the figure, the e stays constant or increases weakly with -

heating power while the ¥; increases strongly with heating power.

IMA, Divertor

10 T T T

(=
]
|

£

Xe, i (m2/sec)
|

Pabs (MW)

Fig. 6 Eiectron and jon thermal conduction
coelficients at r=a/2 for IMA divertor power
scan,

3. ne AND T DEPENDENCES

OF e
As is clear from Figures 4 - 7,

the e 1s relatively constant in the power
scan for both divertor and limiter
configurations. Fig. 8 shows the
operational diagram of the kinetic data set
in ( Pabs, ne ) plane. As is given in
section 8.4 ( Ohmic Energy Confinement
), the xe is inversely proportional to the
electron density at least in the linear
regime. Therefore, it is natural to expect

ne dependence of %e even during the
high power heating.

1.5MA, Divertor

10 [ |
8 - —
o
3
T 0r i
E
TAr xi(al2) h
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0 f I .
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Fig. 7 Electron and ion thermal conduction
coefficients at r=a/2 for 1.SMA divertor power

Fig. & Operational diagram for the L mode transport

experiments.
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Fig. 9 shows the n, dependence of the for the limiter power scan in which nd and Pyps are

linked following the operational diagram shown in Fig. 8. The . shows weaker ng
dependence compared with ohmic discharges possibly due to the increased clectron
temperature by the NBI heating. The correlation with the local Te is also shown in Fig.

10

l I I I I 4 7 T '
Limiter o 1.0MA Limiter o 1.0MA
A Z.O0MA 4 2.0MA
3 — T ]
,C—)\ o
\% A & © Ak 4
L — w2 A |
A
= © x A E % 00 4 4
— O ~ O
@ O A " OO Q A
=1~ — = y
0 { | I i { 0 I ) 1
0 2 4 6 1 2 3

n, (107m?) Te (keV)

Fig, 10 The electron thermal ¢onduction
coeificient as a function of local electron
temperature for the limiter power scan (1 =a/2 ).

Fig. 9 The electron thermal conduction coefficient as
a function of local electron density for the limiter

powerscan (r=a/2).

For the divertor discharges, the % does not show clear ne dependence as is
shown in Fig. 11 and the T, dependence is more enhanced as is shown in Fig.12.

T T T ; | 4 T l ]
Divertor C 1.0MA Divertor 0 1.0MA
A 1.5MA A 15MA
3 ®OLTMA L ={7MA
)
B S
4 IS
v —
T2 . s 2 .
E 0 — o
— o 40 & A P
@ 1 — O | | A — }— 6 B -
0 ! | 1 I I 0 ! i L
0 2 4 6 1 2 ‘ 3
N, {lOIgm‘s) Te (keV) i
Fig. 11 The clectron thermal conduction coefficient Fig. 12 The electron thermal conduction
as a function of local electron density for the divertor  coefficientas a function of local electron
temperature for the divertor power scan (r=a/2 ).

power scan (r=a/2).

4. CONCLUSIONS |
The parametric dependences of the thermal conduction coefficients ye and xj are

evaluated using the kinetic data set obtained during the L mode transport experiments. The
ion conduction loss is found to be a major loss channel except high current low power

limiter discharges. The power degradation of the ¥ is extremely large compared with the
Yo Almost no power degradation of the Y, is related to the favourable dependence of X
on the density.
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8.8 L-MODE TRANSPORT Il

ION TEMPERATRE PROFILE ANALYSIS OF JT-60 PLASMA
BY ION TEMPERATRE GRADIENT MODE

Hiroshi SHIRAI Toshio HIRAYAMA, Masafumi AZUMI

Abstract

Ion temperature profiles of neutral bearnn heated plasmas in JT-60 have been studied by using thermal
diffusivities based on the ion temperature gradient mode (i mode} turbulence proposed by Dominguez. The
calculated ion temperature profile is compared with the cxperimental data measured by charge exchange
recombination reaction. They show considerably good agreement in the divertor plasmas with Ip = 1.0 ~ 1.8 MA,
Pas= 1.3 ~ 167 MW , Te = 1.2 ~ 5.0 x 10" m® and in the limiter plasmas with [p= 2.0 ~ 2.7 MA.,
Pare=3.0~17T4MW. e =15~ 6.5x% 10" m3. In the 1.0 MA limiter plasmas, however, the calculated ion
temperature becomes much higher than that of experimental data. High ion temperature shots with low plasma
current cannot be reproduced by this model, either.

Ion temperature profiles of neutral beam heated L-mode plasmas in both limiter and
divertor configurations in JT-60 have been analyzed in the wide range of plasma
parameters; Ip = 1.0 ~ 2.7 MA, Pus = 1.3 ~ 174 MW, e = 1.2 ~ 6.5 x 10 m-3, In the
analysis of ion temperature profile, we assume the ion thermal diffusivity to be written as
the following formula;

xi = Chi x?i + CTE/CE x) TE/CE + chocIasstcal (1)

where the thermal diffusivity based on the ion temperature gradient mode (Ni mode)
turbulence proposed by Dominguez [1], x?i, and the M; mode threshold value proposed by
Romanelli [2], Mic, are

Ti_ 5 Q% ( 2Ti1mﬂi)”2 1
Yoo2 .20 TR 1+ -6(MiMic
2 exp(6(MMic)) o
1 <02
Tic = Mic(€n) = (en202)
1+2.5(,-0.2) (e,202) (3)
Other parameters are defined as follows;
dInT; ,dInn dT; _ (&)” 21
n;= drI/ dre, ann/ilzn, LTizTi/_,drl’ Wre M. qR’

kGT (miTc)l',2
Wre = ST TTeR, kg =0.3 p3! =
IdnCBt eBt , 8 2 Ps , E= LD/R
The second term of the RHS of equation (1) is contribution from the trapped electron mode
and the circulating electron mode [1],

XTE/CE gm—;e—{ gl min( 1, W4eE )-{-w*e max( 1, Vei )}

kG Vei Wie e ( 4)
which is added to the Xi formula to reproduce the enhancement of edge transport. The
third term is Chang-Hinton's neoclassical diffusion coefficient [3]. Coefficients are set
C" = 0.5 and CTF/CE = 0.2 for every shot.

The ion temperature profile is calculated by the ion energy balance equation. The profile
of Ne, ny, Te, Ty, Zeff, PNBI, PNBi, Prag are fixed. As for the current profile, we set
Jp)=JO) (1 - pz)q - assuming q(0) = 1. The calculated ion temperature profile is
compared with that of experimental data measured by charge exchange recombination

reaction.
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Figure 1(a) is the profile of thermal diffusivity of 1.5 MA divertor shot ( E10737,

Pae = 11.1 MW, iy = 2.9 x 10” m-3). The thin solid line, the broken line and the dotted
line are contribution from the M; mode, the trapped electron mode and the neoclassical
diffusion respectively. The thick solid line is the sum of them. Except for the very near to
the magnetic axis and the plasma edge region, where the neoclassical diffusivity or the
trapped electron mode becomes large, T; mode is the dominant in the bulk plasma region.
Figure 1(b) is the comparison of thermal diffusivity by the model above (solid line) and that
calculated by the steady state analysis with both electron and ion temperature profiles fixed
(broken line). The comparison of the calculated ion temperature and the experimental data
is shown in Fig.1(c). They show good agreement.

Figure 2 shows the comparison of jon temperature profiles by the calculation and
experimental data with different plasma current, (a) 1.0 MA, (b) 1.8 MA, () 2.0 MA and
(d) 2.7 MA ( Paps = 9.7 ~ 12.1 MW ). The case (a), (b) and {c), (d) are divertor and
limiter shots respectively. Good agreement between calculation results and experimental
data can be seen with fixed coefficients of C% and C™™CE | The ion stored energy obtained
by the calculation and that of experimental data is compared in Fig. 3. Divertor shots with
I, = 1.0 ~ 1.8 MA and limiter shots with I = 2.0 ~ 2.7 MA are included. They show good
agreement

We have got almost the same result by using the Xi model based on Mi mode proposed
by Lee & Diamond [4], which has strong T: dependence but has weak 1, dependence;
shear parameter dependence and the Xi model model proposed by Romanelli [1], which has
no I, dependence. Their formula of Xi have the same temperature dependence, which is
proportional to T1+3 .

Even if the second term of RHS of equation (1) is replaced by the Intor type scaling;
Cnter 5 x 1017 / n. where we set C™°7 = (0.3, the calculated ion temperature profiles agree
well with the experimental data. This indicates that the ion temperature profile is weakly
depends on the edge transport model if it is not dominant in the bulk plasma region. It can
be said that M; mode is a plausible candidate for the ion conduction loss mechanism in the
bulk plasma in the plasma parameter region mentioned above, although some mechanism of
the thermal diffusivity enhancement in ihe plasma peripheral region must be considered.

In the 1.0 MA limiter discharges, however, the Xi model mentioned above alone cannot
reproduce the ion temperature profiles in the experiment. Figure 4 is the profile of (a)
thermal diffusivity and (b) ion temperature ( E10774, Py = 9.2 MW, Tie = 2.5 X 1019 m-3
). Apparently ion temperature in the experiment is much lower than the result of
calculation. We have only two more 1.0 MA limiter shots which are available for the ion
transport analysis but they also show the disagreement of calculation and experiment. This
may be results from the fact that the ion stored energy has strong I dependence in limiter
discharges, whereas weak I, dependence in divertor discharges {5].

As for the high ion temperature plasmas with low plasma current (less than 0.5 MA) and
large neutral beam heating power { more than 15 MW ), the bulk plasma transport cannot
explained only by this model, either. Figure 5 is the result of calculation. The comparison
of Xi profile between the calculation (solid line) and the steady state analysis (broken line)
(Fig.5(a)) shows the fairly difference. In the steady state analysis, the value of Xi is small
in the plasma center region and large in the plasma edge region, while in the calculation Xi
value is almost the same in the plasma. This results in the less peaked ion temperature
profile by the calculation than experimental data (Fig.5(b)).
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In summary, Xi model based on the Ti mode turbulence is partially successful in _
explaining the ion temperature profile in the experiment. We must still more investigate the :
transport model for the low current limiter shots and high ion temperature shots. :
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8.9 High-Ti Transport Analysis
T. Hirayama, Y. Koide, S. Ishida, M. Kikuchi, H, Shirai, and N. Isel

High ion temperature (Ti(0)=8~12ke V) was observed at high
Pp(=2~3) plasmas, with peaked profiles of ion temperature and ¢lectron
density. This enhancement is mainly due to improvement in ion transport.
The electron transport shows no change between discharges with L- and
high-Ti modes. The improved transport is restricted only to a central
regime inside a/2. At peripheral region (2a/3), the heat diffusivity
increases up to the L-mode.

1.Introduction

Extremely peaked ion temperature profiles and well peaked electron den-
sity profiles have been observed in diverted, high poloidal beta plasmas
(Bp=2-3) with near-perpendicular hydrogen neutral beam injection. In such
high T; modes, the central ion temperature is about two times the electron
temperature. There are many types of MHD activitics observed, especially in
relation to the degradation of confinement. MHD characteristics of high-Ti ;
plasmas are described in the section of 6. Here, the discussion will be limit- -
ed only to an improved transport property observed in high-Ti phase. The
electron thermal transport and ion thermal transport are compared in both
discharges of L- and high-Ti phases for a single null X-point, medium
density, NBI heated discharges.

2. Experiments and Transport Analysis

Transport analysis procedures are described in the session of 8.6 and dis- |
charge operation for high-Ti mode in the session of 6.

In Fig. 1, typical profile data of high-Ti plasma with I,=0. 5MA,
Pans=17MW, and B,=4.5 T, are presented, compared with profiles of I.-mode.
The most remarkable features are peaked profiles of ion temperature and
electron density. The difference in birth profiles of neutral beams (Fig. 1-b)
is a little and heating powers deposited to electrons and ions are almost the
same inside a half radius. Therefore, the feature of peaked profiles could not
be ascribed to differences in heating profiles but to substantially improved
confinement.
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Fig.2 Comparison between peaking factors of
ion temperature profiles and electron den-
sity profile.

A peaking factor of ion temperature,
Ti(0)/<T;>, is shown in Fig. 2 as a
function of a peaking factor of elec-
tron density, ne(0)/<ne>, In spite of
the large uncertainty in profiles, the
clear relation between both peaking
factors is sufficient that we can still
conclude that the ion temperature
profiles are peaked more than the
electron density profiles and become
more steeper with decreasing plasma
current.

The local transport analysis, using

sets of experimental data including the ion temperature profile
measurements, indicate that at a central region inside a half radius the
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effective heat diffusivity 1s apparent-
ly reduced to a smaller value by
factor of 2-5 than in the L.-mode
(Fig. 3). At a peripberal region (
>2a/3), the effective heat
diffusivities increase up to a L-mode,
which is responsible for relatively
low confinement time about 50ms,
although hot temperature modes with
T;(0)=8keV and T.(0)=4keV are pro-
duced at a central region.

With a large difference in elec-
tron and ion temperatures, we carn
separately determine electron heat
diffusivity, %e and ion heat
diffusivity, ¥i. Figures 4-a and -b
show spatial profiles of each heat
diffusivity, in comparison with those
of L-mode discharge. (Of course, .
since we cannot separately determine

I ‘1.0 Ye and i in L-mode discharge, the

values of X¢ and ¥ are shown ina
region lied between Xt and Ye/Yi.)
The results show that ; in high-Ti
mode is significantly improved
inside a half radius than in L-mode.
Really, xi is close to neoclassical at
r<a/3. On the other hand, the im-
provement in Y is small across over
radius, but is , however, subject to
large uncertainty. In spite of the
larger error bars, the decrease in the
ion heat diffustvities allows determi-
nation that the enhanced ion
temperature is mainly due to im-
provement in ion transport.
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3. Discussion and Summary

Since small contribution of ions to the increment of total stored energy
is found in the divertor, L.-mode discharges, as increases the heating power,
it is reasonable that the reduction of ; is responsible for the improved
transport observed in high-Ti mode. The improved transport is strongly re-
lated to the peakedness of electron density profiles. It has been pointed that
i decreases with increasing density and that particle and ion heat transport
might be related [1]. It seems possible to consider that the enhanced
confinement regimes observed in the presence of peaked density profiles are
related to ion temperature gradient mode (i mode) induced transport. How-
ever, the analysisf2] show that the anomalous ion transport induced by the T
mode in combination with the trapped electron mode results in broader ion
temperature profiles due to growing trapped electron mode instead of the
stablized ni mode.

Peaked profiles of ion temperature and electron density are observed, fol-
lowed by a large difference between electron and ion temperatures. The heat
diffusivities of ion are significantly reduced to smaller values by a factor of
about two to five in high-Ti mode than in L-mode. The central ion heat
diffusivity (<a/3) is equal to neoclassical. However, the improved
confinement is restricted to a central regime inside a/2. At peripheral region
(2a/3), the heat diffusivity increases up to the L-mode.
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9. Helium Ash Experiments

9.1 NBI System for Central Helium Fueling
Masaaki Kuriyama and NBI group

1. Introduction
On purpose to simulate a helium ash exhaustion in a fusion reactor,

a neutral helium beam was injected into the JT-60 plasma by using NBI one
beamline unit out of 14 units. Since the JT-60 NBI[1] was designed as a
neutral hydrogen beam injector, a few modification were required to
operate helium beam. ‘Those are a magnet intensity to bend a residual
ion beam because of the difference of the mass weights between hydrogen and
helijum ions, and a pumping system to evacuate a large amount of helium gas
in a beamline chamber since the present cryopump be cooled down to liquid
helium temperature cannot evacuate the helium gas.

In this report, the operation, the beam characteristics of the helium
beam and the pumping system for helium gas by using the JT-60 NBI are
presented.

2. Operation and beam characteristics of helium beam

Since the mass weight of helium ion is four times heavier than the
hydrogen ion which is regularly operated in the JT-60 NBI, the intensity of
magnetic field at the bending magnet must be increased to maintain the same
orbits of helium ions as those of hydrogen ones. The maximum current of
the power supply for bending magnet coils on the JT-60 NBI is limited to
1500 A, and the maximum magnetic field generated is about 1.7 kG at the
center of the magnet. Thus, the maximum acceleration voltage with the
helium beam is limited to below 35 kV. And furthermore, the acceleration
power supply for the JT-60 KBI is limited to the acceleration voltage of
oner 30 keV.

In the helium beam accelerations by the JT-60 NBI ion source, the one
stage acceleration system[2] which could extracted a large amount of ions
in a lower beam energy level was used, because the helium beam operation
range with the JT-60 NBI is limited to such a low beam energy of 30 - 35
keV described above. It can be altered easily from the original two
stage acceleration by changing the connectlon of the power supply cables to
the ion sources.

Previous to the helium beam injection into the JT-60, the helium beam
characteristics including neutral beam power has been measured with the
proto-type unit for JT-860 NBEI. The beam extracted was 18 - 23 A per
source at the acceleration wvoltage of 30 - 31 kV for 5 sec. The arc
voltage and arc current were roughly 100 V and 400 A, respectively. The
arc efficiency,defined by the amount of the acceleration current divided by
arc power,was 0.5 A/KW. It was about 60 % compared with the case of
hydrogen beam of 0.8 -0.9 A/kW with the same ion source. The beam
current more than 23 A could not be extracted due to the unbalanced arc
discharge, though the beam current of 23 A did not reach an optimum
divergence judging from decreasing of the heat loads to the beamline
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components  with increasing beam current as shown in Fig.1. The
acceleration voltage could not be raised up higher than 31 kV Dbecause the
beam divergence 1is a change for the worse. The neutral beam power
injected into a target tank is about 200 kW with an ion source as shown in
Fig.2.

After the beam extraction tesis on the proto-type unit,_tHe helium beam
infection Into the JT-60 was performed using one unit out of 14 units. The
wave forms of the acceleration voltage and current with a helium beam

operation are shown in Fig.2. In this case,the helium beam of 38.9 A was
extracted from two sources at the acceleration wvoltage of 31.5 KkV, and
injection power was about 400 kW. The maximum beam pulse length on the

helium beam injection into the JT-60 was 3 sec.

3. Pumping system for helium gas

In the helium beam operation, a special gas pumping system which
could evacuate a large amount of the helium gas was required. The
present cryopump system of the JT-60 NBI can not pump out the helium gas.
A cryo-sorption pump[3] was adopted to pump out the helium gas. The SF6
gas vas condensed on the surface of the present cryopanels which are cooled
down to below 4 K ahead of punping the helium gas. The condensed surface
layer of SF6 gas has a capabilty of helium gas pumping at a liquid helium
temperature range. The layer does not have pumping capability at the
temperature of liquid nitrogen, though the SF6 gas will condense at the
temperature range below -50 degree centigrade. Thus, the SFE gas have no
need to be condensed to the shevron buffles which are cooled down to the
liquid nitrogen temperature. The SF6 gas feeder tubes made of stainless
steel were set up between the cryopanel and the shevron buffle in the
cryopump inorder to condense the gas onto the cryopanel only. The SF6 gas
is spouted out to the cryopanel from a lot of tiny holes of 0.2 mm in
diameter with a pitch of 20 mm. The +tubes are heated up over the
temperature of freezing point of SF6 gas by flowing directly the electric
current.

Prior to helium gas pumping operation, the SF6 gas of about 80000 Pa.m3
was Tfed onto the large size pump{ 1 m in width x 4 m in height x 4 panels)

9
and about 6000 Pa.m” onto small size pump{ 0.6 m X 1 m X 2 panels). The
wave forms of the beamline pressure with beam injection are shown in Fig.3.

The total pumping speed achived with six panels (total pumping area: 15

mz) of the cryo-sorption pumps was about 800 m3/s for helium gas at the

pressure of the order of 10"3 Pa. The cryo-sorption pump was operated

well with long pulse helium beam injection up to 3 sec, and any problem was
not found.

4. Summary

1) The helium beam injection for Investigating fusion alpha particles
exhaustion was performed using one unit of the JT-60 NBI. The helium beam
current extracted was 40 - 45 A with two sources at the energy of 31 keV,
the neutral helium beam power obtained was about 400 kW.
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2) A large amount of helium gas pumping was confirmed by wusing SF6 gas
condensed cryo-sorption pump. The pumping speed for helium gas achieved

was about 800 mB/S.
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9.2 Divertor Residual Gas Mass Analyzer System

in Helium Ash Experiments

T. Arai, A. Kaminaga and J1-80 Team

1. Introduction
For tokamak reactor design, characteristics of helium

ash produced by DI reaction I1s one of the key issues.
Therefore, experiments on helium ash exhaust is important
in existing mashine. In helium ash experiments,
measurements of neutral pressures of hydrogen and helium
in divertor region 1is one the important items for
evaluations of neutral pressure build-up and helium
enrichment factor. For this purpose, in JT-60 lower
divertor experiments, the neutral pressures of helium and
hydrogen near inner divertor region were measure by a
magnetically shielded residual gas mass analyzer.In this
paper, description of the RGA system and typical
experimental resulis are described.

2. Description of RGA System ‘

Figure 1 shows overview of the RGA system in this study.
RGA used in this study is MSQ 150 produced by ULVAC
Co. (Japan). This RGA was attached to lower port and
lacated on floor of torus hall. Vertical and horizontal
components of magnetic field at the location of the RGA
are 200 Gauss in flat—-top of Ip=2.2 MA discharge. To
reduce these magnetic field to acceptable level, magnetic
shield was used. Delay time of this system is about 0.4 s.
Minimum scanning time is 0.1 s. Scanning range of mass can
be selected by digital switch. Signal from the RGA was
transfered to central control room by optical fiber
through a CAMAC system in the torus hall. In the control
room, RGA signal was stored in hard disc memory of
‘personal computer (PC3801E, NEC). After completition of data
acqguisition, wave form of the RGA mass spectrum was

displayed.
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3. Results
3.1 Caliburation of RGA

To obtain absolute neutral pressures of helium and
hydrogen, caliburation experiment was done * in  JT-60
machine. Helium or hydrogen gas was injected'during 306 to
60s to obtain steady state condition inside vacuum vessel.
Absolute neutral pressures were measured by caliburated
ionization gauge of torus main pumping sysftem. Relation
between the RGA signal and the absolute neutral pressure
was obatined. Using sensivities of the ionization gauge as
0.491 for  hydrogen and 0.022 for helium, sensivities of
the RGA are 0.014 Pa/A for hydrogen and 0.022 Pa/A for

helium.

3.2 Divertor Experiment

Figure 2 shows typical wave form of RGA mass spectrum
in 1 MA divertor discharge. In this case, scanning range
of the RGA was m/e=1 to 6. Hygrogen NB was ingjected in t=
4 s to 8.5 8. Helium NB was injected in t=4.5 s to 6 s.
After a start of +the hydrogen NB, increase of hydrogen
neutral pressure was obserbed. Also, helium neutral
pressure increase. In the NB heated divertor discharges
with helium NB fuelling, both neutral pressures increase
with ne®* . This characteristiés is promising for helium
ash exhaust with open divertor. High density operation is
necessary for efficient ash exhaust.

4. Summary
In JT-60 lower divertor experiments, magneticaly

shielded RGA was used. Results are summarized as follows;

- Magnetically shielded RGA can be used in JT-60 lower
divertor experiments.

— Neutral pressures of hydrogen and helium were
measured with a scanning time of 0.1 s in the range
of m/e=1 to 6.

~— Density dependences of the neutral pressures show
hydrogen and helium pressures increase with ne?
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9-3 Helium Ash Exhaust Experiments in Lower Divertor

H. Nakamura, K. Tobita, Y. Koide, T. Hirayama, T. Arai
T. Itech, A. Kaminaga, K. Kikuchi, H. Kubo, M. Kuriyama
Y.Kusama,M.Mizuno,T.Sugie,K.Tani,Y.Tsukahéra

1. Intreoduction

To realize quasi-steady DT burning plasma, control of
helium ash produced by DT reaction is one of key issues.
For this purpose, investigations on helium ash exhaust and
transport are important. In previocus experiments, helium
ash exhaust was studied in ohmically heated discharges([1],
[2] and helium ash transport in additionally heated one
with Pabs=1.2 MW[3].But, in these experiments, the heating
powers are not enough high to simulate a reactor-grade
plasma. Also, in these experiments, helium was injected by
gas puffing. But, in the helium ash produced 1in DT
reaction, helium ash has centraly peaked profile.
Therefore, to study the helium ash characteristics in the
conditions of .high heating power and central helium
fuelling, the helium ash simulation experiments have been
done with 10 MW to 20 MW of +the hydrogen neutral beam
injection heating and central fuelling by 30 keV helium
neutral beam. Characteristics of helium ash exhaust on
neutral build-up and enrichment factor have been studied.

2. Experimental Apparatus

Fig.1 shows the major diagnostics in the helium ash
exhaust experiments. He® fuelling beam is injected with
beam energy of 30 kev and fuelling rate of 0.2Pam /s. Fig.
2 shows calculated deposition profile of helium beam. The
line integral electron density of the main plasma was
measured by a 3 channel sub-milimeter FIR interferlmeter.
Neutral partial pressures of hydrogen and helium are
measured by magnetically shielded residual gas mass
analyzer with time delay of 0.4 s in the inner divertor
side. Scanning time from m/e=1 to m/e=6 is 0.1 s. In the
divertor region, Hf and Hell intensities were measured by
spectrometer with view angle around the X-point and the
divertor plate.Helium particle density in the central
region was measured by injecting He probe beam with the
beam energy of 160 keV to 200 keV.

3. Results
Enrichment factor n is defined with the equation of
7= (Mye/Nu I°TY /(nye/ny I¥*'¥, where ny. and ny are

particle densities of helium and hydrogen in divertor and
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main plasmas. In this study, 7 was calculated by the
modified equation of (Pye /2Pu2)P'Y /(A ne/2ne)™*!¥ where
A ne is increment of the density afterthe helium gas puff,
ne 1is the electron density, Pua. 1is partial pfessure of
helium, Pu2z is partial pressure of hydroggnf

(1) NB heated discharge with helium gas puffl4]

In neutral beam heated discharges, the helium gas was
fuelled by‘two different fuelling modes. In short pulse
mode, helium gas was injected with fuelling rate of 2.5
Pam /s x 0.2 s before or during the NB heating. In long
pulse mode, fuelling rate of helium gas was of 0.5 Pam /s
X 0.2 5 during the NB heating. Pyxs is & MW to 18 MW, ne
is (2~6) x10'® m?3, Ip is 1 MA and Bt is 3 T to 4.5 T.
Fig.3 shows density dependence of the hydrogen and helium
pressures in short pulse fuelling mode. Although exact
density dependence is not obtained, both pressures increase
with similar density dependence. Fig. 4 shows density
dependence of the enrichment factor in short pulse mode
and long pulse one. In the short pulse mode, 7 is 0.1 to
0.3 in ne= (2 ™~ ,5.5) x10'* m ~3. On the other hand, in
the long pulse mode, 7 is 0.7 to 0.8. This high enrichment
factor 1is considered +to be caused by shielding of the
fuelled helium in edge plasma.

(2) NB heated discharge with helium NB injection

To simulate helium ash in plasma core region, helium
neutral beam was injected with beam energy of 30 keV and
fuelling rate of 0.2 Pani /s in 2 s during the hydrogen NB
heating. Discharge parameters are Ip=1 MA,Bt=4.5 T, Pxp= 10
MW to 18 MW, and ne= (3—~5) x10!'¥m 3. Figs.5 shows density
dependences of the hydrogen and helium partial pressures.
Both pressures increase in proportion to ne® , although
fuelling rate of helium beam is constant. Helium build-up
is induced by enhanced recycling in the divertor plasma.
Fig.6 shows the density dependence of the enrichment
factor 71 . Enrichment factor is 0.3 to 0.6 and increases
with ne. This linear dependence of the enrichment factor
on ne can be explained by parameter dependences of Pye, Puz
x ne?® and constant helium fuelling rate. These results
suggest that high density operation can reduce required
pumping speed of helium ash in divertor region.

4. Discussion

To explain characteristics of helium ash exhaust in
JT-80 lower diverter, simple zero pcint mode has been
applied. Particle balance equations are as follows;

dNm Nm
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Nm
(Pdiv - Pmain)C = R ———  —-ommmeeeees ?)
Tp
Nm
PdivSp = (1-R) — = Q -mmemeees (3)
Tp

where definitions of each parameter are

Nm - Total Number of Helium in Main Plasma

Q : Fueling Rate or Generation Rate of Helium
Tp : Parlicle Confinement Time of Helium
Pmain ; Neuiral Pressure around Main Plasma
Pdiv ; Neutral Pressure in Divertor Region

R ; Recycling Coefficient

C : Conductance between Plasma and Divertor

Sp ; Pumping Speed

For steady state conditions, neutral pressure in the
divertor region is calculated by Pdiv= Nm/(Ct p ) assuming
C >»Sp. In case of ne=1x10%° m 3, Nm=8.4x10'?, ¢ ; is 26 ms
and C is 260m /s, calculated neutral pressure in divertor
region is 0.025 Pa. This value is by a factor 4 small to
the value estimated by the experimental result, which is
0.1 Pa. This difference is caused by ambiguities in
particle confinement time and conductance between main
plasma and divertor region.

5. Summary
In helium ash experiment-with JT-80 lower divertor
discharges, the following results are cobtained.

- In NB heated discharges with helium gas puff, enrichment
factors are 0.1-0.3 in short pulse helium puff and 0.7-
0.8 in long pulse helium puff.

— In NB heated discahrges with He beam fuelling, He and H,
neutral pressures increase with ne® .Enrichment factor
is 0.3-0.86 and increase with ne.

These results show that helium ash exhaust is promising
in open divertor of fusion reactor. In future, experiment
on helium transport is necessary.
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9.4 Central helium density measurement
K. Tobita, Y. Kusama, T. Itoh, H. Nakamura, Y. Tsukahara, M. Nemoto
and H. Takeuchi

Radial alpha density profile is one of keys to understanding the transport of
alpha ash in a fusion plasma. The alpha density is one of the most difficult quantities to
be measured. Possible methods for measuring it are charge exchange recombination
spectroscopy[1], and nuclear techniques which make use of the d(d,n)3He, 3He(d,p)c
and t(d,n)a fusion reactions[2]. In this section we describes the helium density
measurement using double-electron transfer reaction, Hegw2t + Hep0 -----> Hepl +
Hey2*, where He2+ and Hep? represent thermal alpha and probing atomic helium,
respectively. The cross section of this reaction is over 10-16 cm? below a reduced
energy of 50 keV/amu. This technique is applicable to the alpha velocity distribution
measurement{3] as wéll as the density measurement. The number of. Hel detected

within a velocity of v and v+dv is given as follows:

Naer(V) dv = ny ng fu(v) G200V - VD) [V - ¥ (1-A1) (1-A9) p %% AVdv (y

where ny, ng, fo(v), ¥V and vy, are the number density of the probing beam entering the
plasma, the alpha density and the velocity distribution function of alphas, the velocity
of a neutralized alpha and the velocity of the probing beam, respectively. The detection
efficiency of the particle detection system, the observing solid angle of the system and
the observation volume in the plasma are represented by Tp, AQ and AV, respectively.
The transmission of the beam from the plasma boundary to the plasma center and that
of the produced He0 from the center to the boundary are denoted by (1-Ay) and (1-Aj),
respectively, and the cross section for double-electron transfer is represented by G20.
Integrating eq.(1) over v from O to o, we can determine ny when the efficiencies of the
diagnostic beam and the detecting system are known.

Measuring system consists of a 100-200 keV He diagnostic beam and a

calibrated E//B type neutral particle analyzer (Fig.1). The diagnostic beam typically
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injects 0.2-0.35 A of ground-state and 0.06-0.11A of metastable atoms. The
metastables are of no use in the measurement bécause almost all of them disappears in
the edge plasma because of their short mean free path. The line-of-sight of the analyzer
intersects the beam line at the plasma center at an angle of 5.3°. The analyzer selectively
detects helium atoms. |

Figure 2 shows time evolutions of the electron line density (ngl), the injected
beam power (PNp), the flow quantity of puffed gas (Q), Hell emissivity (HelIdiv) in
the divertor and the central alpha density (ngp) hydrogen discharges with and without
He gas puffing. Existence of alpha in the no gas puffing shot is due to release of He
gas from the first wall. Difference in nyg in both the shots is 4,5x1012cm3 att= 7.0
s. This value is comparable with the alpha density inferred from the electron density
difference (Afi/2 = 3.5x1012 cm-3). Time evoluﬁon of them for a long He puffing shot
is shown in Fig.3. In the’period of t = 5.0-6.0 s, the alpha density increment Angp/At
(= 1.5x1012 cm-3/s) agrees well with the value estimated from Af,/2At (= 1.5x1012
cm-3 /s). Although He gas is fed at a constant Q and the emissivity of Hell from the
divertor plasma rises linearly with time, the density increment of ngo decreases with
nel. This result shows that the ratio of central helium density to the electron temperature
saturates at 6% in this case. Excessive accumulation of helium in the central region is

not observed.
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10. Disruptions

10.1 STATISTICAL ANALYSTIS OF DISRUPTIONS
I. Yonekawa, T. Kimura and the JT-60 team

1. INTRODUCTION

Clarification of tﬁeldisruption phenomena in tokamak operation is one
of the important issues for nuclear fusion development. For cbtaining some
qualitative explanations of the disruptions, we have investigated statisti-
cally the characterisics of the disruptions, and their relations to the
operation conditions at JT-60. The statistical survey was reported in
ref.[1] of the disruptions in the JT-60 operation before the development of
the lower X-point divertor configuration. This paper describes the survey
of the disruptions occurred in the past five-year operation from the first

plasma to the lower X-point divertor operation.

2. RESULTS AND DISCUSSIONS

The disruption shots, which are picked up among about 9000 shots from
the first plasma in April, 1985 to the end of the advanced experiment(I} in
October, 1989, are statistically investigated on the following items; the
frequency, the discharge phase occurred, the decay speed of the plasma
current, their features in the NB injected heating experiments, etc.
(1) Frequency of disruptions

As shown in Table 1, the average frequency of the disruptions occurred
in the whole period of JT-60 is about 30%. A lot of disruptions took place
at the operation phases for step-up of plasma current after the first
plasma and just after the replacement of the first wall of TiC coated
molybdenum to graphite in 1987, and in the duct cleaning shots for NB
injection system after the long discharge cleaning. Table 2 shows that the
disruption frequency depends on the additional heating method. The average
frequencies in the NB heated discharge shots and the RF wave heated ones
are 36% and 18% respectively. This difference suggests that one of the
main causes of the disruptions may be the density limit. The frequency in
the operation for the plasma heating combined with NB and RF waves is 28%,
which corresponds to the average in the individual heating operation.
(2) Decay speed of the plasma current

The decay speed of the plasma current dIp/dt in all of the JT-60

— 244 —



JAERI-M 30-066

disruptipn shots is summarized in Fig. 1. The maximum value of the decay
speed of the plasma current increases linearly with increasing the plasma
current. The minimum value of the plasma current quench time is about 6
msec. The decay rate of the Tastest disruption iIs 470 MA/sec, which was
obgserved just after turning the NB power off in the SVMK limiter discharge
(EB841). The number of the disruption shots where the decy speed exceeds
the design value of 270 MA/sec amounts to about 4 % of the total disruption
shots in the operation before the modification for the lower X-point diver-
tor operation. On the other hand, the numer of the disruption shot with
the Ip decay speed over the design value 1s only one. As shown in Figs. 2
and 3, there is no significant differnce between the maximum values of the
Ip decay speed in the limiter and divertor operations after the modificaion
for the lower X-point divertor.

As shown in Fig. 4, the maximum value of the Ip decay rate is related
linearly with increasing Ip in the limiter discharges before the modifica-
tion for the lower X-point divertor. In the limiter operation after the
modification, howevef, the maximum Ip decay rate saturates with increasing
Ip over 2 MA as shown in Fig. 3. This fact suggests that the coupling of
the plasma current to the poloidal field coil current may change due to the
modification of the poloidal field coils.

{3)Features of the disruptions in the neutral beam heating experiments

As shown in Table 2, in the NB heating experiments about two third of
the disruptions took place after its input power off and no disruptions
were observed at the start phase of the power input. The number of disrup-
tion shots during the power Input amounts to about 7 % of the total NB
heated shots. Most of the above disruptions occurred in the operation for
the duct cleaning and in the operation combined with NB heating and pellet
injection after the dlvertor modification. The rest of the disruptions
occrred in the low-g, the reverse of the toroidal field direction and the

Ne injection operations.

3. SUMMARY

The disruptions in the JT-60 operation from the first plasma to the
end of the advanced experiment (1) are statistlically investigated on the
frequency, the discharge phase occurred, the decay speed of the plasma
current, the features of the disruplons in the operation of NB heating,
etc. These results must be help of further investigations for the explana-

tion of the disruption mechanism in the tokamak.
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Table 1 Disruption frequencies at JT-60

FY 1985,1986 1987 1988,1989
First Wall TiC(Mo) | Graphite Graphite Whole Period
{C) Before (D) After (E) {CY+(D)+(E)
Modification Modification
Configuration for LX Divertor for LX Divertor
Limiter (A} 152/374 350/912 736/2433 1238/3719
(40.6%) (38.4%) {30.3%) (33.3%)
Divertor(B) 370/1902 222/639 785/2521 1377/5062
(19.5%) (34.7%) (31.2%) (27.2%)
Total Number 522/2276 572/1551 1521/4954 2615/8781
{A)+(B) {(22.9%) (36.9%) (30.7%) {29.8%)
I

LX Divertor: Lower X-point Divertor

Table 2 Diéruption Analysis of NB lleating shots

FY L/D

'85 1:14
§

'87 D:20

'88 L:76
S

'8BY D:26

OH NBI
1296/3800 669/1872
{33.3%) (35.7%)

Just power On power
on
0 136
{0%) (20.3%)

——— T — — — — — = —

331/1858
(17.8%)

Puring
power down

B2
(12.3%)

NB with
Pellet
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10.2 Magnetic Energy Loss During Major Disruptions
N.Hosogane

1. Introduction :

There are two phases for energy loss in a disrutpion; heat quench
phase and current quench phase. In the heat quench phase, thermal energy
of plasma is released very fast through the ergotic magnetic structure
caused by the MHD activities. The plasma is rapidly cooled in this phase,
and the plasma resistance increases by an order of 100-1000. As a result,
the plasma current decays very rapidly. In the current quench phase, the
magnetic energy of the plasma and the poloidal magnetic field coils is lost.
Some of the magnetic energy is dissipated due to the plasma resistance,
some is lost through the induction of the vessel current and the generation
of runaway electrons. The magnetic energy loss is much larger than the
thermal energy loss in JT-60. The energy loss in disruptions is critical for
designing large tokamaks. It is, therefore, important to evaluate the energy
loss in each branch, and to understand the energy loss mechanism. Here,
the magnetic energy loss is discussed.

2. Evaluation of magnetic energy loss for disruptions
The magnetic energy dissipated in the plasma is expressed as

A N N N At N-1 AL
AWdiss. = J Rpdt=-ACQY, D, %—Mijlilj) > J RilZ7de+ Y, | Vididt (1)

: i=t j=1 i=1 J, k=1 ),
where Ip and Ij's are plasma current and poloidal magnetic field coil (P/S

coil) currents, Mjj's are self-inductances (i=j) and mutual-inductances (i#j)
between them, Ry and R;'s are their resistances, respectively. Vk is applied
voltage of P/S coils. At is disruption time. The energy loss given by the left
hand side of Eq.(1) includes the energy loss not only due to the plasma
resistance, but also due to the generation of runaway electrons. Here, the
vessel current induced by the disruption is neglected. The energy loss
through the induction of the vessel current is discussed in section 3.
Assuming that the plasma inductance is constant during a disruption, the
right hand side of Eq.(1) can be calculated. For lower X-point divertor
plasmas, outer X-point divertor plasmas and limiter plasmas, Lp's =M11)
are assumed to be 7.8 pH, 7.1 pH and 7.1puH, respectively.

Figure 1 shows a typical disruption of lower X-point divertor
discharge. The plasma current is 1.7 MA. The major disruption occurs at
7.05 sec. The current quench time is about 15 msec. The variation of
magnetic energy before and after the disruption is 12 MJ, and the dissipated
energy loss is 10.5 MJ. The ohmic input energy during the disrutpion is
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small (0.1 MJ). The average dissipated power is about 700 MW. The
dissipated energy is roughly equal to the magnetic energy of plasma current
stored in the space between plasma and the P/S coils including the inside of
the plasma. This is because the resistance of the vessel current is so large
that the vessel does not decouple the plasma current with the P/S coils even
in the fast phenomenon.

Figure 2 shows the d13$1pated energy loss as a functlon of plasma
current. The dissipated energy is proportional to the square of plasma
current, and increases up to about 24 MJ for a disruption of 3.1 MA limiter
discharge. At the same plasma current, the dissipated energies for lower X-
point divertor discharges are large compared with those of other limiter
and outer X-point divertor discharges since self-inductances of plasmas are
large.

3. Measurement of Induced Vessel Current

The vessel current induced by disruptions was measured with two
Rogowski coils installed inside and outside the vessel. The induced vessel
current at its peak is shown in Fig.3 as a function of plasma current Ip(0)
just before disruptions. The sampling time of the measurement is 5 msec, so
that there may be errors of about 25 %. For 3 MA disruptions, the induced
vessel current is about 0.3-0.4 MA. The induced vessel current Iyy depends
on the disruption speed. Figure 4 shows the ratio Iyv/Ip(0) as a function of
dIp/dt. The ratio Iyy/Ip(0) is about 10 %. The variation of Iyy/Ip(0) is weak
compared with dIp/dt although the induced loop voltage is proportional to
dlp/dt. This is considered to be due to the skin effect for the fast disruption.

Since the vessel current is not uniform, the dissipated energy loss
through the vessel current is estimated using the simulation of the induction
described in section 4.

4. Simulation of the induction of the vessel current

To check the measurement of the vessel current and to estimate the
dissipated energy loss through it, simple simulation of the induction of the
P/S coil current and the vessel current by disruptions was carried out. In
this calculation, the vessel is divided into 18 blocks, and is replaced with 18
filament coils having resistances equivalent to those of the blocks.

A typical calculation result is shown in Fig.5. In Fig.5(a), the plasma
resistances before the disruption is 0.5 p<, and increases up to 0.5 m&2 in
0.1 msec and 2.5 mQ exponentially so as to quench the plasma current as
observed in the experiment. The resistance of 1 m€ corresponds to that of

plasma with electron temperature of about 10 eV. Such low temperature is
reasonable since plasma should be significantly cooled in the hard
disruption. In the calculation, the disruption speed is about 500 MA/sec, and
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the induced vessel current is 0.4 MA. This disruption speed is almost the
maximum speed observed in the experiment (450 MA/sec) , and the
calculated vessel current is almost the same level as measured in the
disruption. Therefore, it is considered that the calculation result is not far
from the experiment. The variation of magnetic energy is shown in
Fig.5(b). The magnetic energy drops from 34 MJ to 12 MJ during the
disruption. The energies dissipated through the plasma resistance and the
vessel resistance are respectively 20 MJ and 1.7 MJ. The ratio is almost
independent of the disruption speed, and is about 10 %.

To compare the result of JT-60 with other machine having the vessel
with low resistance, for example, JT-60U, ITER etc., the same calculation
was made under the condition that only the resistances of the filament coils
were changed. The results are shown in Fig.6(a), (b) and (c), where
Ryv/Ryv(0) indicates the ratio of the resistance of the vessel. From these
figure, the followings are found. (1) The vessel of JT-60 is resistive, and
the most of the magnetic energy stored in the space between plasma
(including plasma itself) and the P/S coils are dissipated in the plasma
(WjouD)- (2) As the vessel resistance becomes.small, Wjoul becomes small
and saturates at a certain level. This level corresponds to the magnetic
energy of plasma inside the vessel. (3) If the plasma resistance rises up to 1
m&, the disruption speed becomes fast. This is because the inductance of
plasma becomes effectively small due to the decoupling by the conductive
vessel.

5. Conclusion |
The dissipated energy in the plasma during the disruption is
proportional to the square of the plasma current, irrespective of the
disruption speed, and is 24 MJ at 3.1 MA. The induced vessel current in JT-
60 is roughly 10 % of the plasma current before disruptions. The energy
loss through the vessel current is order of 10 % of the total magnetic
energy loss. The vessel of JT-60 is resistive, so that the effect of the vessel
is small on the energy loss in disruptions.
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10.3 Radiation Loss in Major Disruptions

N.Hosogane and T.Nishitani

1. Introduction

Radiation loss is a favorable energy loss channel in major
disruptions. Energy loss through radiation is distributed to the wide area
of the first wall, so that it does not damage locally the first wall. In the
specification of deSIgmng ITER, radiation loss is treated as a main energy
loss channel in the current quench phase[1]. However, there is few
presentation mdlcatmg that radiation loss is a dominant one in this phase{2].
Therefore, it is very important to confirm it experimentally in large
tokamaks.

2. Radiation loss of limiter and outer X-point divertor plasmas in
disruptions

Radiation loss of limiter and outer X-point divertor plasmas was
measured with a 15 channel bolometer array installed at the lower side
port[3]. Since the time resolution is not good enough to study the time
evolution of radiation’during a disruption, time integral of radiation loss
during the current quench phase is discussed.

Figure 1 shows typical profiles of chord integral of radiation loss
mtegrated during the current quench phase The profiles indicate that there
is strong asymmetric radiation near the inner wall. Abel inversion cannot
be used to evaluate the total energy for such asymmetrlcally distributed
radiation. Instead, a method of profile fitting is used. The radiation
distribution is assumed to be a following function with parameters of

C1,C2,C3,0, B and v.
P(x.y)=Pol(1-CoYAEA)+ CI(1-C (P TP CoI(1-CodE )T Cy)),

where a is minor radlus and O=tan- 1(x/y) These parameters are adjusted
so as to fit the chord integral of radiation loss obtained from the assumed
distribution to the measured profiles. An example is shown in Fig.2(a) and
(b). The total radiated energy loss is not sensitive to the assumed
distribution as long as it is an asymmetric one with a maximum near the
inner wall as shown in Fig.2(b). The error due to the uncertainty of

distribution is £ 5%. Figure 3 shows the total radiated energy loss as a
function of the dissipated energy in the current quench phase. Here,
the radiation is assumed to be uniform in the toroidal direction, and the
dissipated energy is obtained in the way described in (4]. This figure
indicates that the radiated energy loss is almost equal the dissipated energy
loss. The energy loss through the vessel current is about 10 %. The energy
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loss through the generation of runaway electron is not certain. In ITER, it
is estimated to be 0.1x(dissipated energy loss) Taking into account these

energy loss, the radiated energy loss is somewhat overestimated, but is still
a dominant energy loss channel in the current quench phase.

3.Radiation loss of lower X-point divertor plasmas in disruptions

Radiated energy loss during disruptions of lower X-point divertor
plasmas were studied in the same way as limiter and outer X-point divertor
plasmas. For the measurements, both the upper(ch.16-30) and lower(ch.1-
15) bolometer arrays[3] were used. Figure 4(a),(b) and (c) show the
profiles of radiated energy. As shown in these figure, different profiles
were observed shot by shot. The Ha intensities measured from three
vertical ports(R=2.5, 3.0 3.5 m) were saturated during the disruptions, but
the order of their recovery informs us that the plasmas are finally pulled
toward the inner wall for the horizontal direction. It is clear that the
profile shown in Fig.4(a) corresponds to the plasma pulled toward the
divertor plates. The profile in Fig.4(b) is considered to touch the inner
wall although the chord integral profile of radiated energy is not
sufficiently reconstructed from the assumed radiation distribution. As for
the profile in Fig.4(c), it is impossible to reconstruct it, supposing that the
radiation is dominant near the inner wall. Another radiation loss seems to
exist near the limiters at 30 degree of poloidal angle. In this discharge, the
plasma surface is kept to be close to the LHRF launcher for the application
of the LHRF power. The launcher is located just at the 30-degree limiters.
This may results in the time evolution of the radiation loss which brings the
profile measured in the experiments.

Figure 5 shows shows the total radiated energy loss as a
function of the dissipated loss of magnetic energy in the current
quench phase. As shown in this figure, the proportion of the radiated
energy loss is about 70% for the high current disruption(1.5-1.7 MA). For
the low current disruption(l MA), the proportion is small less than 40 %.
Compared with the result of limiter and outer X-point divertor, the
proportion of radiated energy loss is small, but is still dominant.

4. Discussion and conclusions

In a disruption of 3.1 MA limiter plasma, it was observed that the
radiated energy reached 22 MJ in the period of 19 msec until the plasma
current disappeared. The averaged radiation power is 1.2 GW in this
period. Is it possible to realize such large radiation power?

Suppose a plasma with the following parameters; plasma volume

V=45 m3, 1;=5x10""m3, Z.;=5 ( carbon 13 %). To obtain radiation
power of 1.2 GW for this plasma, radiation power parameter Q given
by Prad/(nenzV) is required to be 8.2x10732W/m3. This corresponds to
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the maximum value obtained at electron temperature of 8 eV in the coronal
model. In case of disruptions, the radiation power parameter is not
sensitive to electron temperature because the effect of increase in particle
recycling raises it in the higher temperature[S]. Therefore, radiation power
of 1.2 GW can be obtained if plasma parameters are close to the above
ones. Note that this is an estimation for the radiation pewer averaged on
the time and space. To more strictly check it, it is necessary to use space
and time resolved parameters, and to know the degree of toroidal
uniformity of the measurement.

In conclusion, radiation loss is a dominant energy loss channel for
magnetic energy in the current quench phase. The proportion of measured
radiated energy is almost 100% of dissipated loss of magnetic energy for
disruptions of limiter and outer X-point divertor plasmas, and is about
70% for disruptions of lower X-point divertor plasmas.

[1] Status of work on disruptions (ITER-IL-PH-8-9-1,March 1989)
[2] J.A.Wesson et al. , Nuclear Fusion 29(1989)641

[3] JT-60 Team, JAERI-M 89-033, Section 2.4

[4] N.Hosogane, Section 10.2

[5]1 M.Shimada et al., Nuclear Fusion 22(1982)643
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10.4 Heat Flow to Divertor Plates and Energy Balance in Disruptions

N.Hosogane, K.Itami and R.Yoshino

1. Introduction .

Thermal and magnetic energy of plasma is lost very fast in disruptions. The heat
flux to the plasma-facing components is very large, and is a serious problem for designing
tokamaks. However, there is few information on the characteristics of heat energy loss;
heat deposition places, proportion of heat flow to each place, deposition profile, etc. It is an
urgent matter to answer these questions in large tokamaks.

In JT-60, heat flux to divertor plates was measured with a fast scanning IRTV

camera(At=0.4 msec) for disruptions of lower X-point divertor plasmas|1]. In this paper,
the experimental results are described from the above view points. In addition,
incorporating the radiation loss and the magnetic energy loss discussed in sections 10.2 and
10.3, energy balance in disruptions is presented.

2. Heat flow to divertor plates in disruptions

Figure 1 shows a disruption of 1.7 MA discharge. LHRF power is applied until 7
sec. Disruptions occur at 7.022 sec(minor disruption) and 7.030 sec(major disruption). At
the heat quench phase of the major disruption, sudden temperature rise up to larger than

1100°C(saturated) was observed at inside divertor plates. The temperature rise was
asymmetric at inside and outside divertor plates, which may depend on the helical magnetic
structure of plasmas. The heat flow reached up to larger than 1000 MW at the major
disruption. The heat pulse is within 0.8 msec(two scans of TV camera).

Figures 2(a),(b) and (c) show temperature profiles of the divertor plates, heat flux
profiles in the heat quench phase and magnetic surfaces at the divertor. The numbers 1, 2
and 3 in Fig.2(c) respectively indicate scrape off layers which are 1, 2 and 3 cm apart from
the separatrix surface(solid line) at the mid-plane of the torus.

The temperature profile before the disruptions has a peak at the place of R=3.19 m
where the steady LHRF power flows. The heat flux to the inside divertor plates rises up to
larger than 350 MW/m2(saturated). The half width of the heat flow is about 5 cm at 7.0304
sec. It is found that peaks of temperature and heat flux due to the disruptions appear at
about 5 cm outside of the steady peak position, which corresponds to the scrape off layer
of 3 ¢m for the steady divertor equilibrium. Such heat deposition patterns have also been
found for disruptions of NB heated plasmas from the photographic observation using the
IRTV cameras shown in Photo.1, The magnetic fitting results from 7.030 sec to 7.032 sec
show that the plasma column is pulled inward and downward during this phase by order of
1-2 cm, which may include errors due to the eddy current, but the magnetic configuration
near the X-point remains almost unchanged. The outward shift of the heat flux may be
explained as follows. The plasma particles expand outward during the disruption, while the
plasma column shrinks at the same time. So that, when the plasma particles released flow
along the magnetic lines, they possibly move to the outside magnetic lines, and flow to the
divertor plates outside of the peaks of the steady heat flow. It should be noted from these
results that the peak temperatare of divertor plates in disruptions is appreciably lowered,
and the divertor plates damaged by the heat flow of disruptions are different from the places
of steady heat flow.

It is also investigated by the photographic observation as shown in Photo.1 at
which legs of the separatrix lines at the divertor the heat flow appears. Figure 3 shows a
statics of the places where large heat flow is observed in major disruptions for different
discharges conditions. It is found that there is a tendency that the heat flow appears at the
inside leg when Ip is positive, and vice versa when Ip is negative. This tendency may be
explained by the helical structure of plasmas in disruptions. This result is considered to
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indicate that the damage in divertor plates will tend to be one-side if the plasma discharge is
operated under the condition of the same direction of plasma current. The more data is
necessary to confirm it.

3. Energy balance in disruptions . :

Figure 4 shows time evolutions of the dissipated magnetic energy discussed in [2],
ohmic input energy, diamgnetic stored energy, soft X-ray signal from the plasma center,
heat energy loss to divertor plates, radiated energy loss in the disruption. The ohmic input
energy is estimated from the external coil currents and voltages of the power supplies. The
detailed time evolutions of the heat energy during the minor and major disruptions are
respectively shown in Fig.5(a) and (b).

In the minor disruption, the heat loss rises up to 0.25 MJ in 0.8 msec as shown in
Fig.5(a). The heat loss in this period corresponds to the release of thermal energy in the
region where the m=2/n=1 and m=3/n=2 mode grow[3]. The heat energy loss successively
rises up to 0.65 MJ in 5 msec until the soft X-ray signal of the central channel(CH24) stop
decreasing. The decrease in stored energy is estimated to be 0.12-0.18 MJ including errors
due to the oscillation caused by the vertical displacement. The ohmic input energy during
disruptions is about (.1 MJ. The dissipation loss of the magnetic energy of the plasma is
considered to be negligible, because the appearance of positive loop voltage suggests that
there is no decrease in internal inductance which is a energy source of the dissipation. The
total energy released during the minor disruption is roughly 0.2- 0.3 MJ. This value
explains half the heat energy loss observed in the experiment although the radiation loss is
neglected.

In the heat quench phase of the major disruption, the heat energy loss rapidly rises
up to about 1 MJ in 1 msec as shown in Fig.5(b). The heat energy loss increases up to
about 3 MJ at the end of the current quench phase. From the bolometric measurements[4},
the plasma seems to touch the walls in the current quench phase, so that the heat flow to the
divertor is considered to be partially obstructed. The stored energy of 0.3-0.35 MJ is
released in the heat quench phase. The ohmic input energy from the external coil system is
0.1 MJ. The other source for the heat energy loss is the dissipation of the magnetic energy.
If the negative spike observed in the heat quench phase is caused by the decrease in internal

inductance, the magnetic energy to be dissipated is given by 1/2p,()RAlin2. Assuming
Alj=0.2, the dissipated energy of 0.54 MJ is expected. Thus, to be balanced to the heat

energy loss of 1 MJ, the dissipation of magnetic energy corresponding to Alj=0.2 is
required.

The energy balance in the current quench phase is obtained by comparing the
dissipation of the magnetic energy, the joule input energy from the external coil system and
the thermal energy with the heat flow to the divertor plates and the radiated energy loss.
Figure 6 shows the balance of these energy inputs and losses, where the dissipated energy
loss through the vessel current is neglected. This energy loss is about 10 %{2]. It is found
from this figure that the energy loss in the current quench phase is balanced by the heat
flow to the divertor plates and the radiation loss, and the radiation loss is a dominant loss
channel. This result is obtained under the assumpton of the toroidal uniformity of the
energy loss. The validity sheuld be checked in the future.

4. Conclusion

Large temperature rise larger than 1100°C is observed in the heat quench phase of
disruption of a 1.7 MA discharge. The heat flow to the divertor plates appears at about 5
cm outside of the peaks of the steady heat flow. There is a tendency that the heat flow
appears at the one-side leg of separatrix line at the divertor under the condition of the one-
side direction of plasma current. In the heat quench phase, the heat energy observed is
larger than the thermal energy of the plasma. The energy loss in the current quench phase is
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balanced by the heat flow to the divertor plates and the radiation loss, and the radiation loss
is a dominant loss channel.

[1] K.Itami et al., section 10.6 in this review.
[2,3,4,5] N.Hosogane et al., sections 2, 5, and 3 respectively. ‘
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10. 5 Collapse of Magnetic Structures and
Thermal Energy Release in Disruptions

N.Hosogane and K.Itami

1.Introduction

In general, m=2/n=1 tearing mode grows before major disruptions
and causes minor disruptions. The m=2/n=1 mode couples with the
m=3/n=2 mode , which results in the collapse of the magnetic structure,
and the release of the thermal energy of plasma. To understand how the
thermal energy is released, it is important to study the correiation with the
magnetic structure of disruptive plasmas.

2. Soft X-ray profiles in minor disruptions

Figure 1 shows the arrangement of two soft X-ray arrays and an
IRTV camera for measurement of heat flux to divertor plates. The two
measurement system is 140 degree apart each other in the toroidal
direction. Figure 2(a} and (b) show soft X-ray profiles before and after a
minor disruption for different discharges (a) qeff=2.4, pellet, limiter and
(b) qeff=3.9, OH, divertor, and amplitudes of soft X-ray oscillations of
m=2 mode just before them. It is found from these figures that the soft X-
ray profiles outside of the region shown by arrows are scraped out by
minor disruptions, while the shapes of the profiles inside them remain
almost unchanged. Such characteristics of soft X-ray profiles are found in
common for various disruptions ( density limit, peilet, integer Geff,
divertor, limiter etc.) Figure 3 shows a relationship between 1/qeff and
channel numbers for sawtooth inversion, indicaticn of arrows and the
maximum amplitude of m=2 mode shown in Fig.2. The channel numbers
indicated by arrows are between the above channels. This suggests that the
m=2/n=1 mode couples with the m=3/n=2 mode, and the thermal energy in
the coupling region is rapidly released, but is kept in the core region.

3.Correlation of thermal energy release and collapse of magnetic
structures

Figures 4{a) and (b) show time evolution of heat flow to divertor
plates and soft X-ray signals for a disruption of lower X-point divertor
discharge. The equilibrinm configuration at 7.030 sec is shown in Fig.1,
which almost does not change from 7.020 sec to 7.032 sec. The profiles of
soft X-ray during the minor disruption are shown in Fig.5. As described
above, the soft X-ray profile are scraped out in the region outside of a
certain surface corresponding to the the channel number 13 in the first
stage from 7.021 sec to 7.022 sec. While, the central part remains
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unchanged in this period. The decay of the central part is observed in the
next stage from 7.022 sec¢ and 7.024 sec, and is slow compared with the
first stage. Such a change in soft X-ray profile is well correspondent to the
time evolution of the heat flow shown in Fig.4(a). In the first stage, the
heat flow to inner divertor plates rapidly increases and decreases in about 1
msec, while the heat flow in the next stage, which appears to both sides,
seems to increase after 7.0225 sec and continues until 7.025 sec. Therefore,
it may be considered that in minor disruptions, the thermal energy is firstly
released due to the collapse of the magnetic structure where the the
m=2/n=1 and m=3/n=2 modes grow, and is successively released from the
central region of plasma maintained.

Figure 6 shows time evolutions of the heat flow to the divertor
plates and the soft X-ray signals measured with the upper and lower PIN
arrays in the major disruption. The heat quench starts at 7.0292 sec. The
soft X-ray signals suddenly increases at 7.0296-7.0298 sec, and oscillate in
large amplitude until 7.0305 sec. The behavior of the heat flow seems to
correspond to those of the soft X-ray in two periods, 7.0292-7.0295 sec
and 7.0296-7.030S sec, although it is impossible to check the exact
correspondences because the time resolution of the IRTV measurement is
0.4 msec. In the first period, the heat flow begins to increase. The heat
flow suddenly increases up to larger than 500 MW in the second period,
and decays in 1 msec. The detailed behavior and correlation between them
are discussed in the following.

The changes in soft X-ray profiles measured with the upper and
lower PIN arrays are shown in Fig.7. The profiles measured with the
upper PIN array seem to indicate that the hot core shifts upward from
7.0295 sec to 7.0297 sec. At 7.0298 sec, the soft X-ray signals of the upper
PIN array decrease, and on the other hand those of the lower PIN array
increase. This seems to indicate the the hot core moves clockwise in the
configuration shown in Fig.1, and moves to the region below the mid-plain
at 7.0298 sec. It should be noted that the edge profile from CH.1 to CH.10
of the lower PIN array continuously increases when the hot core does not
rotate to the lower side of the plasma yet. The heat flow to the divertor
plates measured at the other toroidal section 140 degrees apart the soft X-
ray measurement suddenly increases in this period, so that it possibly
generates influx of carbon impurities. The effect of impurities from the
divertor plates is considered to be observed by the PIN array from CH.1 to
CH.10 which view the region up to about 20 cm from the divertor plates,
and raises the edge profile of the soft X-ray. Also, the impurity influx
“explains the increase in intensities of all the soft X-ray signals in
disruptions although there is other possibilities of increase in electron
density and the effect of the helical structure of the plasma caused by the
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MHD instabilities. The further detailed discussion on the effect of the MHD
instabilities on the heat flow is given in section 10.5.

4.Conclusion ‘

In minor disruptions, collapse of magnetic structures where the
m=2/n=1 and m=3/n=2 modes grow occurs and thermal energy in this
region is released. In the study of a major disruption, it was observed that
the thermal energy was released when the hot core rotates. The increase in
the edge of the soft X-ray profile was observed which suggested the
impurity influx from the divertor plates due to the high heat load.
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10.6 Study of the energy release to the divertor
at the disruptive instabilities
K.Itami, N.Hosogane, K. Nagashima

Transient heat load at disruptions is a major unknown to be
resolved for designing fusion reactors in future. The f{irst
measurement of the energy release to the divertor has been carried
out by using thermographic technique with a time scale of few
~ hundreds of microseconds. The results including several new findings
are presented in this paper.

The heat load at the disruptions has been studied for LHRF heated
discharges and OH discharges. The quantitative analysis is only
obtained by the data acquisition of digitized data of IRTV camera with
the fastest possible sampling rate. Since the  temperature easily
exceed the highest measurable temperature, it was impossible to
measure the behaviors in beam heated discharges.

The precise measurement of the time evolution of the heat flux
has revealed that the large portion of the stored energy is carried to
the divertor plates by the MHD instability ( probably island )
structure in a time scale of a few milliseconds and that the abrupt
loss of the thermal energy is strongly correlated with a growth of
MHD instabilities. The shot 9998 demonstrates a lot of features which
are typical for the thermal quench at the disruption. Thus we follow
the disruption phenomenon in the shot 9998. Figure 1 shows the time
evolution of the maximum temperature at the inner half of the
divertor and at the outer half respectively. Figure 2 shows the soft-X
ray signal on the chord viewing the edge and middle of the plasma
and the magnetic fluctuations from the Mirnov coil in the shot 9998.

An important common feature is that a major disruption is
preceded by minor disruptions. The maximum value of heat flux
observed at the minor disruption ranges from several tens to 300

MW/m?2. The disruption phase starts with the growth of m/n=2/1 or
3/1 tearing modes. A clear growth of the instability is only seen at
the first minor disruption. At the shot 9998 a m/n=2/1 tearing mode
grows up before the first disruption and the phase of the mode locks
for 40 ms. Although the a large portion of stored energy is lost
before the first disruption and the magnetic signal shows the
irregular fluctuations, the plasma survives and reheats. It is found
that the saturated MHD modes survives until the termination of the
discharge from the analysis of the mode.

As shown in these figures, the minor disruptions associated with
the thermal quench occur at t=6.74 sec , 6.76 sec , 6.815 sec , 6.92 sec
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and 7.02 sec. It is not straight forward to estimate the energy
deposition at minor disruptions , because the toroidal symmetry
shouldn't be wvalid. From the measurement of the heat deposition
during the quasi-steady mode, it was found that the peak value of the
heat flux is four times as large as the averaged heat flux over the
period of the mode .[1]. Thus the calculation based on the toroidal
symmetry may overestimate ( or underestimate ) the real value. In
case we assume a toroidal symmetry, it is estimated that 50 to 300k]
of the stored energy -is lost with MHD instabilities in few milliseconds
at minor disruptions. In this shot 200kJ to 300 kJ is lost at the each
minor disruptions. Since the diamagnetic calculation indicates the
energy loss at the each minor disruptions is 100kJ to 200kJ, the
energy balance may be explained. After the first minor disruption the
nonlinearly grown-up MHD instabilities survive until the major
disruptions. These are wusually identified as the combination of m=2
and m=3 component. Compared with low g discharges( such as the
shot 9998) , higher safety factor ¢ discharges need a wider island to
expand from the rational surface ( g = 2 surface ) (o the edge of the
plasma. Thus it is observed the magnetic fluctuations at the energy
release in high ¢ discharges are up to twice ( ~2% of equilibrium
poloidal field ) as large as those in low g discharges.

Heat flux profile during the major and minor disruption shows a
great variety of behaviors, such as oscillating , mode locked etc. These
behaviors correlate with the growth of the nonlinearly saturated
mode. Fig 3 and 4 show the fluctuating heat flux during the major
disruption in the shot 9998 and the shot 9961.

The heat flux profile  at the disruption is different from the profile
at the steady state. It is found that the heat flux due to the disruption
is deposited outside the steady state heat flux. This deposition imply
the the heat flux is carried along the outer flux tube. These feature is
common to the minor and major disruption. Figure 5 show the
temperature rise due to the minor disruption. As shown in this figure,
heat flux due to the LHRF heating is deposited around the separatrix,
the transient heat flux due to the minor disruption is deposited more
than 5cm out of the steady heat flux both at the inner divertor and
outer divertor.

After the rapid release of the stored energy in the thermal quench
phase, the plasma current start to decrease rapidly in the current
quench phase. The release of the energy after the last minor
disruption is shown in the Figure 6. In the current quench phase
additional few MJ of the energy is deposited at the divertor in a time
scale of a current decay ( typically ten to twenty milliseconds ). The
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total power deposited at the divertor plates may exceeds stored
energy because of the increased resistive ohmic input power during
the disruption phase. The energy balance during this period will be
discussed elsewhere [2]. One point to note is that the heat load is
preferentially large at the inner divertor during the -current quench
phase, while such a asymmetry is rather weak in the thermal quench
phase.

Summary .

The first measurement of the energy release to the divertor is
carried out by wusing thermographic technique with a time scale of
400 microseconds. It has revealed that the large portion of the stored
energy is carried to the divertor plates by the MHD instability (
probably island ) structure in a time scale of a few milliseconds and
the abrupt loss of the thermal energy is strongly correlated with a
growth of MHD instabilities. A major disruption is preceded by minor

disruptions and it cause the huge feat flux ( more than 400 MW/cm?2
at maximum ) and the energy deposition of several hundreds of kilo
joule at the divertor.

Reference
[1] JAERI-M 89-033 Section 12.4.
{2] N. Hosogane et al. this review

Figure Captions

Fig.1 Time evolution of the maximum temperature at the inner
half of the divertor and at the outer half respectively.

Fig.2 Soft-X ray signal on the chord viewing the edge and
middle of the plasma and the magnetic fiuctuations from the
Mirnov coil in the shot 9998.

Fig.3 Heat flux during the major disruption in the shot 9998 .

Fig.4 heat flux during the major disruption in the shot 9961.

Fig.5 Temperature rise due to the minor disruption.

Fig.6 Integrated power deposited at the divertor after the last
minor disruption. The rapid release of the stored energy in
the thermal quench phase and the current quench phase.
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‘ 11, Diagnostics
11.1 20-Channel Grating Polychromator Diagnostic System

S. Ishida, M. Sato, N. Isei and A. Nagasima ‘

A twenty-channel grating polychromator diagnostic system has been built to
measure electron temperature profiles and electron temperature fluctuations in JT-
60[1]. As details of the used diffraction grating spectrometer, based on a cross Czerny-
Turner type of grating instrument, are described in the reference of [2], this paper
presents the subsequent progress in this diagnostic system. The schematic of this
system is indicated in Fig.1.

In Fig.2, the characteristic frequencies as a function of the major radius for the
JT-60 plasma is shown together with the fundamental electron cyclotron frequency
and the harmonics; oy indicates the upper cut off frequency, wUH the upper hybrid
resonance frequency, Wpe the plasma frequency, and wl, the lower cut off frequency.
The electron temperature can be measured in the region without overlaps of the
second and third harmonics as shown in this figure. Second harmonic emissions
with extraordinary modes for the plasma over 90-300 GHz is utilized, corresponding
to By=2.0-4.8 T.

We have measured the instrument function of the grating polychromator by
rotating the grating with a grating constant of d=3.0 mm as shown in Fig.3; in this
case, millimeter waves with 137 GHz are injected into the entrance aperture of the
spectrometer from a monochromatic microwave source. This result shown in Fig.3
manifests that all the channels have almost the same frequency resolution of
A/ AA~130. :

By turning over the grating plate grooving both sides, this grating
polychromator is able to cover a wide range of frequency corresponding to that of
the toroidal field maintaining high grating efficiency of 0.7-1.0. Figure 4 shows the
covering ranges of A/d (A is the wavelength) without the harmonic overlaps as a
function of the central toroidal field (Bp); in the range of 0.7<A<1.0, grating
efficiencies higher than ~0.7 are achieved. Therefore, a grating plate with d=2.0 mm
and d=3.0 mm is available for the toroidal fields of ~2.0 T to ~4.5 T. The grating angle
is automatically set up between the discharges following an algorithm based on the
grating equation and the geometry of the spectrometer. '

Tall S-band waveguides (WRJ-3; 34.0x72.1 mm) with ~38 m long are installed to
guide the millimeter waves emitted from the plasma over the biological shield wali
to the grating instrument located in Diagnostic Regulation Room [; the electric
vector is set to be parallel to the long side of the waveguide. The horn antenna is
installed at the diagnostic port of P16-54-U in the torus hall with the viewing angle
of +7.6" to the equatorial plane. The waveguide bends in the transmission line are
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composed of seven H-plane bends and two E-plane bends; including seven grating
bends with 90" bending. The total losses for the waveguides are measured to be ~7.1
dB at 137 GHz. Measured transmissivities for each transmission component are
listed in Table 1, showing that the total transmissivity of this system comes to be
~0.01. The observed signal levels of emissions are consistent with the levels
estimated from this transmissivity, taking account for the sensitivity of ~4 kV/W
for the InSb detector.

Figure 5. shows the initial result to measure the electron temperature
fluctuations at R~3.10 m and R~3.16 m in pellet experiments with injection of
neutral beams and lower hybrid frequency waves. In this figure, a rapid decrease of
electron temperatures followed by pellet injection is observed along with sawtooth
oscillations. At present, the system has some initial problems as to electrical noses
picked up at the detectors and the preamplifiers and softwares for the signal
processing. Therefore, after settling these problems during the long shut down
period in JT-60, this system will be completed in the JT-60U experiment in 1991.

REFERENCE:

(1] M.Sato, S. Ishida, N. Isei et al., 14th Int. Conf. on Infrared and Millimeter
Waves, Wurzburg, Germany, 1989.

[2] S.Ishida, M. Sato and T. Matoba, JAERI-M 89-033, p239.
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Table 1
Measured transmissivity TINE (3]
Window 0.58 Fig. 5
Waveguide 0.20
Grating spectrometer 0.26
Exit aperture 0.89
Detector 0.38
{including optical filters)
-~->Total transmissivity ~0.01
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11.2 ECE Calibration for Fourier Transform Spectrometer
N. Isei, S. Ishida, M. Sato, A. Nagashima and T. Matoba

INTRODUCTION: In order to obtain absolute values of the electron
temperature from electron cyclotron emission (ECE) measurements, the sensitivity
calibration of a system is indispensable. Normally, this is done using a calibration
source which has a known radiation, such as a black body using a microwave
absorber (ECCOSORB). However, calibration sources were hard to be located in the
vacuum vessel in JT-60. Therefore the frequency dependence of the sensitivity for
our Fourier transform spectrometer system1) (FTS) is obtained on the basis of
electron temperatures obtained from the Thomson scattering system (TS). While
the statistical calibration (5C} method has been used so far, the obtained temperature
profiles involve some problems. Recently we have newly developed the fitting
normalization (FN) method in order to obtain a more accurate profile of electron
temperature. In the followings, first, the SC method and the problems are discussed.
Next, the FN method and some examples of its application are presented. Finally,
conclusions and our future plan are presented.

STATISTICAL CALIBRATION METHOD: The SC method is used to obtain
electron temperatures except for peripheral region of the plasma. Figure 1 shows a

typical electron temperature profile obtained by this method. In this method, the
ratios of electron temperatures measured by the TS to non-calibrated values
measured by the FTS are calculated. Calibration factors are obtained from these
ratios. Measuring positions of the TS are eight points. Electron temperatures at
center region of the plasma are not measured by the TS, because the laser beam path
of the TS is situated off axis. So, the ratios of TS value to FIS value are averaged on
each frequency over the many discharges at several toroidal magnetic fields (By), in
order to obtain the calibration factors for each frequency at all the needed frequency
region. Figure 2 shows the frequency dependence of the ratio of TS value to FTIS
value for several By values. In this figure, the dotted lines stand for the region where
electron temperatures are not measured by the TS. Since the data corresponding to
the peripheral region of the plasma are not used, the calibration factors are obtained
without much influence of reflection. This influence is thought to be caused by the
viewing angle of 46.7° to the equatorial plane. Many data on the ratio are averaged
so as to reduce the influence of statistical errors involved in the TS data.
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There are the following problems involved in this SC method. Firstly
peripheral electron temperatures are overestimated, because influence of reflection
is not taken into account in the calibration factors. Secondly electron temperature
profiles have some systematic dips or humps, because the ratio of TS value to FIS
value has a little scattering according to the plasma parameters such as
configuration, current and By. Figure 2 shows that the ratio seems to decrease with

decreasing B.

FITTING NORMALIZATION METHOD: The FN method aims at improving
the SC method, and providing more accurate profiles of electron temperatures. This
method has the following features and ways of calculation. Normalization factors
are obtained for each By in order to reduce the scattering according to Be. The TS data
fitted to a function are adopted in order to increase points of the ratio, because the
TS values themselves do not cover all the needed frequency region as shown in
Fig.2. In this method, the TS fitting data which have little dips or humps and small
error bars must be selected. Normalization factors are calculated at each

experimental condition of configuration and plasma current in addition to the B
values. Figure 3(a) and (b) show typical electron temperature profiles obtained by
this method. Profiles obtained by this method have no systematic dips or humps as
shown in Fig.3(a) and (b), and have normal values even at peripheral region of the
plasma as shown in Fig.3(b). It is considered from Fig.3(b) that the FTS data are in
good agreement with the TS data. Figure 4 shows comparison with the TS data for
many discharges. In this figure, electron temperatures at half a minor radius of the
plasma are used to compare the FTS value by this method directly with the TS
value, because a direct comparison at center of the plasma can not be done due to
the lack of the TS data. By using the FN method, we calculated the peakedness of
electron temperature profiles. These results are presented in section 6.8 |

Problems of the FIN method are as follows. Firstly the FTS data by this method
do not eliminate the influence of errors of the TS data, because normalization
factors are calculated from one TS fitting data. Secondly normalization factors have
to be calculated at each By, configuration and current of the plasma. Thirdly this
method requires good quality of the TS data.

CONCLUSIONS AND FUTURE PLAN: The FN method has newly
developed, and appropriate profiles of electron temperatures are obtairied by using

the TS data without using a calibration source.
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The influence of reflection of ECE should be considerably reduced on JT-60U
because of the use of the horizontal diagnostic port. Since it will be still hard to take
calibration sources into the vacuum vessel owing to increasing radio activity, we
have a plan of developing the calibration system which has simulated apparatuses
such as an observation window. Although the calibration is done sufficiently using
a calibration source, measured electron temperatures have to be cross-checked
against values obtained by other measurement systems. Thus the FN method is

useful for.

REFERENCE
1) M. Sato et al. , Kakuyugo Kenkyu Vol.59 Supplement (1988) 47.
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Fig.3(a) Typical T profile obtained by

the fitting normalization method.

Fig.3(b) Typical Te profiles obtained by

the FTS (FN method) and the TS.

Fig.4 Comparison between the FIS
data (FN method) and the TS data at
half a minor radius of the plasma.
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ABSTRACT. A broadband reflectometric system in O-mode operaticon has been

developed on the JT-60 tokamak.

For the density profile determination,

full

Ka~Q band fregquencies of BWOs have been swept for the continuous measurement

of the group delay of reflected waves.

The system also comprises a fixed

frequency reflectometer with 24 and 34 GHz Gunn oscillators for the density

fluctuation measurements.
test results are presented.

1. INTRODUCTION

The limited viewing access and
agsymmetric D-shaped plasmas on JT-60
make millimeter-wave reflectometry an
attractive diagnestic for density pro-
file measurements[l-3]. For a reflec-
tometer the Abel inversion of the
phase informaticn is performed along
the line of sight, so only a single
viewing chord, and no symmetry assump-
tion, 1is required. From the disper-
sion relation of the O-mode wave, the
phase delay ¢ of a reflected wave is
written in the form:

x
¢=Mf ~#1 - ni{x}/n, dx-lE
c
¢}

2 3
where Tc¢ and w(x}) are the cutoff
density and cutoff frequency, respec-
tively. Position of the reflecting

layer x can therefore be determined by
the following integral equaticn{4].
oy () 1

2
Do)} -0l do

x =<
T dmw

=)
The required quantity to measure is
the group delay [t=(1/2n) (d¢/dw)] of

the propagating wave to the cutoff
layer and back, Therefore, the inci-
dent frequency must be swept over a

range, corresponding to the expected
plasma densities.

2. DESCRIPTION OF THE SYSTEM

The reflectometric system for
JT-60 is composed of two independent
reflectometers; a broadband reflecto-
meter for density prefile measurements
and fixed frequency reflectometer for
density fluctuaticn measurements. The
schematic diagram of the system is de-

A description of the system and the preliminary

picted in ¥Fig. 1. In its final form,

the breoadband reflectometer will be
composed of fast-sweep (>20 GHz/ms)
YIG/BWO eoscillaters in a frequency

range 2-110 GHz (corresponding to the

le 20
critical density of 5.0x10 -1.5x10
-3
m ). A novel feature of this system

is that the group delay is measured
continucusly, while multichannel nar-
rowband sweep reflectometers [Ref. 2]
require the interpolating process for
the estimate of group delay profiles.
23-75 GHz radiation is combined into a
single X-band wave-guide, and it is
launched into JT-60 through Brewster
windows for the improvement of VSWR.
The transmitting and receiving horn
antennas are separated and their beam

width is 2.2 . 2-18 and 75-110 GHz
outputs are launched by different set
of antennas. The addition of the 2-18
GHz band is aimed to improve the reso-
lution for the profile determination,
calculated by the above integration
formula. Modified Ridge-type direc-—
tional coupler has been employed for
the preliminary experiment with Ka/Q-
band BWCs, and it will be replaced
with a three-guide hybrid(5] coupler
to extend the frequency range up to 75
GHz. In order to suppress the mode
conversion, oversized waveguides are
2-dimensionally arranged, and the re-
duced-height corner bends have been
employed on all the oversized corners.
The reflected wave 1is mixed with the
local c¢sgillator power generated at a
directional coupler for the homodyne
detection. The homodyne beat signals
are processed with digitizers and a
time-interval analyzer (HP5371A).
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Fig. 1 Schematic diagram of the JT-60
reflectometer.

Diagnostle
port 3.25m

Plasma center
3.04m R

For fixed frequency reflectome-

try, the system also comprises 24 and

19
34 GHz (correspeonding to 0.6x10 and

1.3x10¥9m ) phase-locked Gunn oscil-
lators. The frequencies of the re~
flected signal are double-converted to
2 MHz, and the amount of phase shift
is monitored by fringe counting elec-
tronics. Gunn oscillators can also be
swept in a narrowband (340 MHz/5 ms)
frequency to yield the local value of
the group delay, which functions to
corroborate the broadband data.

3. TEST RESULTS

In the present diagnostic lay-

out, the incident wave 13 injected
vertically down inte the plasma.
Therefore, notwithstanding the expect-

ed signal-to-ncise ratio of 15 dB (in-
cluding the estimated reflection loss
of 20 dB at the critical density
layer), intensity of the reflected
wave experiences severe deterioration,

I ! ! 1 L 1
20 25 30 35 40 45 50

m

according to the relative position of
the magnetic axis and anntenna radia-
tion pattern. The appreopriate posi-
tion of the plasma center has been de-
duced to be 0.15 < AR < 0.25 m by the
result of ray tracing calculations and
the result of experiment which shifts
the horizontal plasma position. Fig.
2 shows the intensity of the reflected
wave {lower figure) as a function of
the plasma position (upper figure) .
In this experiment, the plasma posi~
tion has been shifted by 0.35 m in 5.%
s, and the intensity of the reflected
wave peaks at the axis of the diagnos-
tic port. Examples of ray tracing cal-
culation are shown in Fig. 3, which
indicate the severe refraction of the
propagating beam.

According to the laboratory test
with a reflection plate for the broad-
band reflectometer, wheré BWOs were
swept at 0.5 GHz/ms, the resolution is
estimated to be 12.5 mm; however, the
homedyne beat spectrum is broad (Af =
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Fig.3 Examples of ray tracing calcu-
lation.

2.5 kHz for the center frequency of 30
kHz), seemingly due to the low fre-
quency stability of the BWC (Fig. 4),

The instrumental resolution of
the fixed frequency reflectometer is 1
Us and less than 0.3 mm as shown in
Fig. 5. The practical spatial resolu-
tion, however, 1is determined by the
incident frequency and the density
gradient, and it 1s estimated to be

10-30 mm. So far we have obtained in-
formation on the positional fluctua-
tion of the «reflection layer which
correspond to the penetration of the
pellets and sawtooth activities ob~
served on soft X-ray signals. In Fig.

6(a) The movement of the O.leolgm ’
layer is shown for the pellet injec-
tion experiment. The position of the
reflection layer has bkeen deduced to
be r/a = 0.98 by the Thomscon scatter-
ing measurement. It can be seen that
the penetration of pellets cnly induc-
es the temporal shift of the reflect-
ing position, and it does not signifi-
cantly raise the edge plasma density.
As for the case with the 1.3x1019m }

layer, the periodical shift of the re-—
flecting position (r/a = 0.53) due to
the density pulse induced by sawteeth
is clearly observed in Fig. 6(b).
Although, in the present diag-
nostics, the absolute position of the
reflecting layer can not be determined
by the broadband sweep reflectometer
system, result on the
continuous density profile measurement
has been obtained as shown in Fig: 7.
However, ©broadband sweep IF signal
suffers occasional frequency shifts,
seemingly due to the doppler shift at
the reflecticn layer. For this peint,
appropriate filters should possibly
enlarge the diagnostic capabilities.

a preliminary

Q band JF signal
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Fig.4 Resolution of the broadband
sweep reflectometer
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4, CONCLUSION

It has been made clear that the
incident wave should preferably be in-
jected into a plasma horizontally,
aiming the plasma center, in order to
sustain the intensity of the reflected
wave, The result of fluctuation mea-
surements and the preliminary result
on the continuous profile measurement
encourage the local determination of

Electron density ( x 10 ¥ m3)

M
f=]

£011088 t=55s

Reflectometric measurements

& ®» Absolute posit
not be determined

- "--\Q-_“_‘
Fitted by Thomson ——
scallering measurement

l 1 1 1

¢.0

0.0 0.25 0.5

Minor radius { m )
Fig.7 Freliminary result of the pro-
file measurement.
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11.4 Tangential charge-exchange neutral particle

analyzer with wide energy range
M.Nemoto, Y.Kusama, K.Tobita, H.Takeuchi and JT-60 Team

Charge-exchange (CX) measurement is an important method to
study behaviors of ions in NB and/or RF heated plasmas. Remarkable
beam ion acceleration phenomena had observed in previous
experiments on JT-60. One of them was that ICRF waves were driven
by higher power NB injection and interacted with beam ions!)>-3). The
other was that LHRF wave accelerated hydrogen beam ions
perpendiculaly up to 400keV4),

Since all of them had been measured by perpendiculaly installed
CX neutral particle analyzers, tangential CX measurement was
required to establish features of ion energy distributions of
additionaly heated plasmas. From previous experimental results, an
tangential CX neutral praticle analyzer was required to have a wide
ecnergy range up to 500keV for H?. In addition, a size of that had to
be compact in order to install in a limitted space for a measurement
system. The developed analyzer is E//B type and uses the
acceleration method which an acceleration tube between a stripping
cell and a magnetic pole is equipped. Therefore, wide energy range
from 1keV to 500keV 1is available to H? energy distribution
measurement.  An arrangement of MCP detectors was modified in
limitted space for HO/D0 or HO/He? energy distributions
measurements. The energy resolution was developped from range of

8.8%-2.6% in previous detectors to that of 6.5%-2.0%.
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The newly developped analyzer called NPA-a(3) is installed on JT-
60 and views plasma with the sight-line shown in Fig.l. Fig.2 shows
typical energy spectra measured by the analyzer and the other
perpendicular analyzers on NB heated plasmas with and without the
acceleration by beam driven ICRF wave. From a comparison with
those spectra, it resulted that beamr_driven ICRF wave accelerated
beam ions perpendiculaly.

The analyzer is successfully operated and useful data are acquired

routinely.

References

1) JT-60 Team, JAERI-M 88-063 (1988)381.
2) Nemoto,et al., JAERI-M 89-033 (1989)215.
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11.5 Spatial Resolved Hard X-ray Measurement
K. Nagashima, T. Nishitani and H. Takeuchi

To measure the hard x-ray spatial and energy distributions, 4
channel Nal(T1) scintillation detectors were installed on JT-60 as
shown in Fig.1. This system consists of Nal(Tl) scintillator, photo-
multiplier and pulse height analyser, and its measurable energy
range was set to be about 50 keV to 1 MeV. The spatial and energy
resolutions are about 8 cm and 10%, respectively. Due to the
limitation of the floor space, the enough radiation shield could not be
installed around the detectors, so the signal includes not only the
incoming x-ray through the lead aperture but also the scattered back
ground signal. To reject the effect of the latter, we employed one
detector viewing the plasma peripheral region as the back ground
monitor, which was blinded with the lead plate (see Fig.l).

The typical energy spectra are shown in Fig.2, which was
measured in the lower hybrid current drive discharge. The measured
energy spectrum is characterized by its intensity and declination. In
a series of current drive experiments where the injected power
spectra of LHRF were varied using the newly installed multi-junction
launcher [1] (N1 scan experiment), the characteristic behavior of hard
x-ray spectra could be observed. Increasing the N; of injected RF
spectrum, the central intensity of hard x-ray decreased and its
spatial profile became broadening. It indicates that the RF power was
absorbed in the more peripheral region with increasing Ny , and that
the current profile became broader with increasing N . The latter
fact was confirmed by that the internal inductance l; became smaller
with increasing Ni .

The declination of the x-ray energy spectrum corresponds to a
temperature in a case of maxwellian distribution. But in the case of
hard x-ray, the high energy electron tail is far away from a
maxwellian and the measured energy spectrum in a perpendicular
direction to the electron current is complicated due to the parallel
and perpendicular components in the electron velocity space [2]. So,
the declination is only the indication of the spread of electron
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velocity distribution. In the above mentioned Niscan experiment,
the declination became steeper with increasing N:, and it indicates
that the spread of electron velocity distribution corresponds to the
phase velocity of injected RF spectrum,

In order to acquire the more useful information for the high
energy electrons, the measurement in a tangential direction is
necessary. For JT-60U, we are ready for the same type of hard x-ray
measurement systems with 8 channel in perpendicular direction and
both in co- and counter-direction. |

References
[1]1 IKEDA, Y., et al., Nucl. Fusion 29 (1989) 1815
[2] VON GOELER, S., et al., Rev. Sci. Instrum. 57 (1986) 2130
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11.6 Zeeman polarimeter

N.Nishino,H.Kubo, A .Sakasai, Y.Koide, N.Akaoka, T.Sugie
Y. Tsukahara, T.Ito and H.Takeuchi

A diagnostic technique for poloidal field measurement utilized He9 beam

probel) is developed in YT-60. He spectra is split to ® and ¢ component by Zeeman
effect due to the magnetic field. Viewing from normal direction to the magnetic

field, the unshifted m component is polarized to the magnetic field direction.
Therefore, if the direction of the toroidal magnetic field is known, we can calculate

the poloidal field to measure the polarized angle of the © component. He 2s-3p
(5015.7A) line is a suitable line for this purpose because the polarizer can be used in
visible wavelength region.

1. Active Beam and Optical System
The beam energy and its deviation are 200 keV and smaller than 0.2%. This
energy is decided to enlarge the beam penetration in a plasma and to obtain Ti(0) by

Rutherford scattering method?). The intensity of the beam is 0.6A. The diameter

and the divergence are $50 and smaller than 0.18°, respectively. Three pulse can be
injected per shot. The total optical system is shown in fig. 1. The He light is
gathered by condensing lens, and is focused an image of the beam. The light from
an image is collimated by second lens. The direction of polarization of this light is

rotated 45° by A/2 plate, and the light passed through the wollaston prism is split

two polarized components. Two A/4 plates are to make the polarization light to
circularly polarized light. Each component is focused just on the up or down side of
entrance slit of the spectrometer by condensing lens, relay lens, and an image
rotator. The transmittance and the resolution of the wavelength are important,
because He light intensity is smaller than two order of magnitude typical line spectra

of tokamak plasma and the splitting width of © and o components are below than
1A, Therefore, the littrow type spectrometers are used to meet this condition. The
characteristics of spectrometers is shown in table 1. The entrance and exit slit consist
of up and down side for measuring two polarization component and center part for
wavelength calibration. The exit optical system is set to guide the light of the
polarization component into the detector, which passed through the up or down side
of the exit slit. The exit optical system consists of focusing lenses and a band-pass
filter. The free spectral range of this spectrometer is narrow, therefore the exit
optical system has a band-pass filter. It is necessary to use the detectors of which the
quantum efficiency is high. The quantum efficiency of the photomultiplier is usually
lower than 0.25. Therefore, APD is selected, because the quantum efficiency of
APD is higher than 0.3 at 500 nm. APD is about 0.5 mm in diameter, and a detector
has a pair of APD to measure the each component of polarization. The maximum

count rate under Geiger mode is higher than 107 cps. The characteristics of APD is
depend on the temperature, thus, the electric cooling system (perze element) is used
to get stable gain. The usual temperature of the APD and the error of temperature is -
50° and within 0.2°C, respectively. TMP (50 I/s) is used to make vacuum inside the
detectors for avoiding ice of the surface of the APD. To measure He spectra
accuracy, absolute wavelength calibration is needed. Therefore, the wavelength
calibration by Ar laser are designed to be able to carry out in situ wavelength
calibration any time. Four optical fiber are guided to the center of the entrance slit of
each spectrometer. The light of Ar laser entered into entrance slit is focused at the
center of the exit slit and detected by PD. The error of the wavelength calibration is
below than 0.001nm and the reproducibility of the wavelength is good.
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Total transmittance is represented by the product of the transmittance of the
each assembly.
Tto(a_[': TprsxTc

Qiotar=Qdx Tiotal , ,
where T, T, T, are the transmittance of the pre-optical system, spectrometer,

exit optical system, respectively. Qg is the quantum efficiency of the APD.
Tp=0.9, Ts=0.4, T=0.6 and Q4=0.3 then Qyoa1=0.064.

2, Exberimental Results and Discussion

The angle 8 between the horizontal axis and the direction of the magnetic force
line is obtained to deduce the ratio of two APD signal which are represented by the
horizontal and vertical direction of the He light, respectively.

9M=Atan( -ii (1)
¥

Fig. 2 shows the angle of the magnetic force line viewing from this system in
L- and H-mode discharge by LH. This angle is decided the average of the several
pulses. The angle of channel 4 (plasma periphery) in H-mode is larger than that of
L-mode, and the angle of channel 1 ( near plasma center) in H-mode is smaller than
that of L-mode. Thus, it is seemed that the current distribution in H-mode is more
flattened than L-mode. However, the angle obtained is larger than that of prediction
by EQSEL code3, It seems that the error of the angle consist of the setting error of

optical assembly, the mixing of % and 6 component and the statistical error. The

optical axis of the A/2 plate is declined 22.5° to the horizontal direction intended to
rotate the horizontal direction of polarization of light by 45°. If the axis is declined

22.5°+66 to the horizontal axis, then the horizontal direction of polarization of light
will change 45°+286. The wollaston prism is installed of which axis is vertical. If
the axis is declined 80, to the vertical axis, then the horizontal direction of
polarization of light will change 86,. The split width of 7 and two & component
are 0.4A, 0.8A, and the doppler broadening is 0.34 typically. Therefore the APD
signal is contained not only 1t component light but also the ¢ component light. The
wavelength of the spectrometer is set down to 0.2A from the center of the &
component to eliminate the ¢ component light. As a result, the ratio of the intensity
of n component light and total light is 0.85. The n and ¢ ratio is 0.2 (=0.15/0.85 ).

Then, the relationship between the true 8 and the measured OM is represented as
follows.

AB=0,, -0, 6,, = tan’ (/\/ ——H tam 6 ) 2)
M
tan 20+A

The largest error in this measurement is the statistical error by photon number
because the photon number per pulse is several hundreds. The angle error due to the
statistical error reaches several degrees, therefore, several pulses are used to
determine the angle of the magnetic force line of plasma discharge. The error bar is
already shown in fig.2

3. Summary

We have just started to measure the current distribution in JT-60. However,
JT-60 was shut down after this period, no more date have been gotten. The data is
qualitatively good, but the quantity is poor. That is future problem. In conclusion,
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new diagnostic technique for the local poloidal field measurement is developed in
JT-60. This apparatus consist of pre-optical system, spectrometers, and detectors.
The transmittance of this optics is 0.2 and the quantum efficiency of APD is higher
than 0.3.

References
1.T.Itoetal : JAERI-M 86-114
2. K. Tobitaetal ; Nucl. Fusion 28 10 (1988) 1719
3.S.Tujietal : JAERI-M 86-006
Table 1 Specification of Spectrometers
Type Littrow type
Wavelength Region 495nm~675nm
Resolution < 0.01nm at 500nm
< 0.02nm at 670nm
Lens 0] 100mm
f 1194mm
F-number 12
grating ruling 79 g/mm
blaze 75.58°
size 102mmx254mm
coating Al coating
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ENLARGE FIGURE OF DETECTOR

Fig.1 One channel of the optical system is shown. Ar laser system is installed
for in situ absolute wavelength calbration.
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Fig.2 Angle of magnetic force line obtained by zeeman polarimeter in L- and
H-mode are shown.
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11.7 Multichordal charge-exchange recombination spectroscopy on JT-60U
(Plan)
Y. Koide, A. Sakasai, H. Kubo,
N. Akaoka, T, Sugie, H, Takeuchi
1. Introduction :

Charge exchange recombination spectroscopy (CXRS) will play an
important role also in JT-60U experiments. This paper deals with the plan
of CXRS system on JT-60U. As written in paper 8.2, some problems are left
to be solved. A new system is designed so that these difficulties are
overcome and higher time and spatial resolutions are expected.

2. Hardware

Figure 1 shows a schematic view of the planned CXRS system. For the
simultaneous measurements of background components along chords
which do not view beam lines, two sets of optical head are equipped,
which method has been successful in JIPP T-IIU and JFT-2M [1,2}. If
toroidal symmetry is satisfied, estimation of background is improved and
the basis of rotation can be precise. '

Outline of viewing optics is shown in Fig. 2. Optical head consists of
quartz lens and quartz fibers, the core-radius of which is 200um.
Aluminum is adopted as coating material for the fiber, which is fit for
high wall temperature operation such as bake out. A rotating shutter is
equipped in front of the vacuum window, which prevents degradation of
transparency due to carbon coating during discharge cleaning. The back of
the shutter plate faced on the fiber is mirror-finished, which is used for in-
situ calibration of the optical system. Figure 3 shows the projection of fiber
images for (a) tangential and (b) perpendicular systems. The numbers of
fibers are 110 for each tangential and 250 for perpendicular systems,
respectively, where such many fibers are effective for raising S/N ratio,
simultaneous measurements of other species and testing with other
different types of detectors . Spatial resolution is ~7 cm for the tangential
array, and ~1 cm (edge) and ~6 cm (around half radius) for the
perpendicular array, respectively. Time resolution depends strongly on the
signal strength. The minimum resolution is 16.7 msec for the CCD
camera. For the perpendicular array, there are 10 fibers for each spatial
point. Because the pixel size of the PCD array is large enough to detect all
of these light, higher time-resolution is expected.

References

[1] Ida, K., Hidekuma, S., Rev. of Sci. Instrum. 60(1989) 867.

[2} Ida, K., Hidekuma, S., Miura, Y., JT-60/JFT-2M Workshop, JAERI Naka
Japan, 1989.
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Fig. 3 Field of view of CXRS system.
(a) tangential (b) perpendicular.
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12. First Wall

12.1 Post-experiment Observation of First Wall

T.Ando, H. Takatsu, M. Yamamoto, K. Kodama,.T. Arai,
A. Kaminaga, T. Sasajima, H. Horiike

1. INTRODUCTION

Material behavibr'of graphite divertor plates and limiters during ten-
month operation in 1989 Is described in this section.

puring shutdown period in late 1988, heavily damaged graphite tiles
were replaced with new ones. Especially, edge tiles placed on bellows-
overhanging sections of the divertor plates were changed to C/C composite
(carbon fiber reinforced graphite) to improve thermal shock performance
against enhanced heat 1load due to a torocidal gap (~30 mm). Besides, in
order to carry out an inpile material test for JT-60U divertor plates,
several grades of C/C composites with high thermal conductivity were placed
on the divertor region during this period.

Damages and integrity of the divertor plates and limiters were examined
within the vacuum vessel during the venting period in May and at the
beginning of November after all experiments on JT-60 were finished.

2. OPERATION HISTORY AND DAMAGE OF FIRST WALL

Main operation parameters and shot data in this period are summarized
in Table 1. High power and long pulse heating experiments were performed
and total absorbed heating energy per discharge was approximately 100 MJ.
Percentage of the number of disruption shots was approximately 25 %.

Typical views of divertor plates and limiters after wuse 1in all
JT-60 operations are shown in Figs. 1 and 2, respectively. Overall
integrity of divertor plates and limiters was maintained admirably as in the
previous operation in 1988. The behavior of damaged graphite tiles was
similar to that reported in ref. 1. Numbers of damaged tiles examined by
visual inspections are listed in Table 2. Shallow erosion was observed on
the edge region of a large number of divertor tiles with a slight level
difference between adjacent tiles. Eroslon depth was less than 1 mn. The
rest of the top surface of divertor plates was not eroded, but covered with
glossy-looking redeposited carbon layer along inboard and outboard high flux
zZones. Cracks were observed in some of the eroded tiles. Three graphite
divertor tiles next to a toroidal gap (~30 mm) located at the bellows
section and an opening for diagnostic port were broken.

Almost all of the damaged graphite limiters were edge tiles located at
bellows sections with a gap, 500 mm long in the toroidal direction. Cracks
were observed on the heavily eroded tiles. The observed cracking pattern
was several straight-line cracks initiating at the eroded edge and
propagating in the toroidal direction. On the contrary, the inboard
- midplane 1limiter tiles placed on the rigid sector were eroded flatways on
the plasma-side surface and tortoise ghell-shaped cracks were observed.

Frosion induced by arcing between tiles was observed on the inboard
limiter tiles which were attached to different backing plates and contacting
with each other due to a screw loose during operations.

The number of broken protection tiles attached to the outboard area of
the vacuum vessel was relatively large compared to those in the previous
operations, which was probably resulted from excessive heat load on the edge
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region during LH experiments because these graphite tiles were placed
discretely in the toroidal direction to Keep big opening for various ports.

Figure 3 shows the C/C composite divertor tiles (CC-312} placed on the
edge of the bellows section, where the graphite tiles installed previously
were heavily eroded and broken by locally concentrated heat load. This
material is 2-D felt-type carbon fiber composite with relatively high
thermal conductivity (perpendicular to lamination) and superior mechanical
strength compared to those of the lsotropic graphite used in JT-60. The
edge C/C tile on the outboard separatrix zone (electron-drift side) was
heavily eroded with a depth of 3-4 mm, but cracking was not observed, which
was a great contrast to the damage behavior of the graphite tiles. This
result indicates that €/C composite has superior thermal shock properties
and is suitable for armors in enhanced heat load region.

3. INPILE TEST OF C/C COMPOSITE FOR JT-60U DIVERTOR PLATES

Five grades of advanced C/C composites (PCC-2S, MCIfelt II, MFC-1, CX-
2002U, CC-312) and a pyrolitic graphite were installed in the divertor
region and exposed to the actual divertor plasma. These tiles were attached
to two test sections at different toroidal position (#1 & #5 sectors) from
Jan. to Apr. and removed in May. Similar test was continued with new
tiles,placing at #4 & #5 sectors from June to Oct.. Figure 2 shows these
C/C tlles after exposure 1n divertor operations. The plane of lamination of
these tiles was identical with poloidal direction, except for tile G.
Slight erosion was observed on the edge In some of the tiles, which was due
to slight level difference between tiles. Considerable erosion was observed
on tile B with the largest level difference as shown in (b). Thermocouples
were inserted in tiles of grade B to measure temperature during operations.
The observed maximum temperature of tile B shown In (a) and (b) were around
1000 ©°C and 600 °C, respectively (base temperature: ~250 0C). All of these
C/C composites performed admirably without cracking or breaking. Difference
in damage behavior among these materials was not clearly seen in this fest.

REFERENCE
[1] JT-60 Team: JAERI-M 89-033, section 11.1 by H. Takatsu, et al. (March
1989} .
Table 1 Operation history of JT-60 in 19ag Table 2 Number of damaged graphlite tlles
Jan.-Apr., June-Oct. Operation perlod Divertor plate Limiter Protection
Number of discharges 1351 1905 Grade of damage Bellows Rlgid sector tile
Jan.-Apr.
Number of disruptions 324 482 {A} 48 many 47 [
(B} 1 10 T8
Number of additional 1091 1548 {C) 0 4 9 ()
heating shots (D) 0 g 1 10
(NB power>10 MW) {412} (502}
June-0Oct.
Absorbed heating <21.8 <23.2 {A) 46 many - -
power (M¥W) (B) 5 30 143 26
{C) 2 8 2 1
Heating time(s) <5.5 <6.0 {D) 2 1(sn) 2 30
Stored energy{MJ} <2.6 <3.2 Number of tijies 640 750 —80C0
(A): Eroded, (B}: Eroded with fine cracks,
Plasma current {MA} <3.2 <3.2 {C): Eroded with macro cracks, (D} Broken.
' (#): including grades (B) and (C).
?;;ir:?r heat flux <b <5 {»+): tile located at the opening of vertical port
m
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1 Lower divertor plates after coperation in 1989, showing inboard and
outboard separatrix traces running in the toroidal direction. Tile
edges are eroded due to slight level difference between adjacent
tiles (<1 mm) and redeposited carbon is observed on the non-eroded

surface'alongihigh flux zones.

Fie.

$ ! ! o : 358
Fig. 2 Tnboard .limiters after operation in 1989 (#8 sector). Graphite tiles
on the electron~drift side ({left side) were slightly eroded, but
serious failure of the tiles was avoided by adjusting the level of
nmidplane tiles by 2 mm which were damaged in the previous operations.
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p

outside (b} #5

sector

inside = <--> Bt

(¢) #4 sector | outside {(d) #5 sector

Fig. 4 C/C composite divertor tiles after use in
L . s JT-60 operation for inpile materfal test.
<--> Bt. Inside ' A:PCC-2S, B:CX-2002U, C:MFC-1,
D:Pyroid, E:MCifelt II,
F:CC-312(/ ), G:CC-312(L}
(a}&{b):operation I{Jan.-Apr.)
(c)&(d):operation II(June-Oct.)

Fig. 3 C/C composite divertor tiles(CC-312(1))
after use in the operation from Jan. to
Apr., placed at the edge of bellows section
(#3-#4). Center tile is not broken in
spite of considerable erosion due to locally
concentrated heat load.

outside
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