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the JT-60U program

JT-60U

Objectives:*R&D for ITER physics basis
*Advanced Tokamak (AT) development towards ITER & DEMO

* high bootstrap current fraction (fgg) for steady state
* high B for high fusion output
4 A ITB )
In JT-60U, the AT development has been pursued 5 ==
base on two types of internal transport barrier '
(ITB) plasmas mainly with pedestal.

\ 0
[- High B, pIasmaJ °'3 [ Reversed shear (RS)J v

pressure

(since 1994) plasma (since1996)

 Monotonic/weak shear, * RS w or w/o current hole, X

Bp=5, fas<70%, full CD 0 p 1~ Bn=2.5, f5s<80%, fullCD "o 1"
Integrated performance, proof of principle (full CD, control...)

I

In the last two years, we have concentrated in longer pulse operation



why long pulse
JT-60U

In AT research, control is increasingly an important issue.
Robustness of AT scenario against perturbations is also a key issue.
» The fight is against key characteristic time constants in various time scales;

* energy confinement (tg) Te,
o i i - * Tp
effective part_lcle conflngment (T ) in JT-60U ™ —
* current profile relaxation (tg) S Ty i
- wall saturated with particles (t,) 0.1 1 15‘
time scale (s)

JT-60U heating limit (10s)
Genuine control must work over these time constants.

e.g.: Wherl ITI?T(BX) changes=> Q?nd Jgs changes in 1:5. But j,.; changes in .

N\

0 P 1

pressure

v

BS curre
v
total current

|

We need real long pulse plasmas to investigate control and scenario
robustness against inter-play of different times scale physics.
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1. Machine Improvement
JT-60U

« Extension of a discharge, heating/CD
and diagnostics duration

A 65 seconds JT-60U discharge



Extension of a discharge, heating/CD

and diagnostics duration
JT-60U

The max. pulse length of a discharge is extended from 15s to 65s.

Modification on controls in operation, H/CD and diagnostics
systems, but not on major hardware.

—

1+ By, flat top
: 4Tx8s =>

S~ -~2.7Tx65s.
3+ foc=110GHz => 3.9T

., .__.—— (cold plasma)

0 10s 20 fime (s) 490 60 80
.1'-' ———1—————— 13 * NB heating (formally 10s)
§A30'%— N-NB:2-6MW 3 —N-NB: <30s |
5= 90F N — tang. P-NB (4units): <30s
82 T S% 2 | g — perp. P-NB (7units): <10s
o 10F  p.nB:12-24mw SRt (unchanged)
oL+ 1+ . ' d + EC and LHRF 10s => 60s

0 20 _ 40 60
duration (s)



A 65s JT-60U discharge

E43173, B, = 2 T I, flat-top Divertor conflg ~60s JT-60U
= 310
Ip 0.5 15 s “‘ P NB _E . Ps
(MA) F dlscharge e (MW)
EC T T T .
n /1011 3E E
(m'3) 0-55_, NI T T T T e e I_;
0 10 20 30 40 50 60 70
time (s)

tangential P-NBs have reached full length (30s)

=> 30s ELMy H-mode <1.4MA at 2.7T =4007 A
=

floa%dlﬁyml?ols before thlenlas;gAEA open symbol after ; New Result (350MJ) ]

% F . o E 9300 N (no C bloom)
5A3° 7 15F LHRF@B . ¢ ]
- ) 3 C 7] D B 1
52 20F © 1 10f ] 8 200f O .
£ F ; . O D; g_ I W-shape divertor ]
5 10 :—, N-NB 1 95 :—i o ECRF c - (no C bloom) ]
o) 0:....l....|....|....|....|....: 0:....|....|....|....|... — 100 O 7]
0 5 10 15 20 25 30 0 5 10 15 20 25 30 S [ open divertor ]
duration (s) duration (s) S i (C b'°°m) ]
- : 0 - T

total injected energy into the torus => 350MJ 1 10 100

heating duration (s)



2. Long Pulse Operation
JT-60U

» Long sustainment of high
T. Suzuki (EX/1-3, Tue.)

* High recycling H-mode and saturation in

wall recycling
T. Nakano (EX/10-3, Sat.)



T. Suzuki (EX/1-3, Tue.)

Long Sustainment of High g

: JT-60U
E44092, B, = 1.56 TBN=2'3 sustained for 22.3s(~13.11:£) .
L, 15" (IR g sl s J10 P Qgs~3.1-3.2
(M2)0.5 17 NNB | P-NB 15 (M) Hgo,~1.9
0 1 1 1 1 1 1 1 1 1 1 1 1 A |

By 2
0: 1 1 1 1
n/101 2E D,
-3 =
() (1) (a.u.) 1. : Dr. D. R. Mikkelsen
Phys. Fluids B 1 (1989) 333.
4
£, TER  ByHggp/dos” > 0.4
§ 2 Inductive Op 6N=2.5 and 23
® . . By=2.5x16.55  By=2.3x22.3s
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

o

5 10 15 20 25 30
sustained duration (s)

In ITER, ByHsge,/d9s* = 0.4: standard (Q=10) and =0.3: steady state (Q=5)
=> |TER Hybrid operation




High recycling H-mode

T. Nakano (EX/10-3, Sat.)

and saturation in wall recycling

wall: ~saturated

2

oOoN DA O~ N O

2 10 T T T T T T
=
= 05/@1‘%
o7 W
R oo _
1_
—_ 0 1 1 1 1 1 I
S 'L
E; 4r ‘ ‘ Y d
(@] 2+ JM u\ .l
O [ ok pdairies sl
0 10 20 30
time (s)
* P, = particles retained in the wall,

Wall saturation unveils only Iin Iong

pulse discharges.
* When wall is saturated
=D, and n, increase uncontrollably
=>cause degradation in confinement

JT-60U

0

110,28 ° Particle control under wall

=~ saturation is an important issue
In a long pulse discharge.

’_';
§ - Divertor pumping is effective
,\ to suppress increase in
S particle (dN./dt).
X
:
o 2
»
= saturated
=
X 1 . S S A _
5
=~ | W X\
Z wall not
S 0 saturated —O— '
0 1 2 3 4 5

Pumping-Rate ( x 1021 /s )




3. Extension of AT Relevant Plasmas
JT-60U

Sustainment of high g, normal shear plasma
T. Suzuki (EX/1-3, Tue.)

Sustainment of fgg~45% weak shear plasma
Y. Sakamoto (EX/4-3, Wed.)

Sustainment of fgs~75% RS plasma
Y. Sakamoto (EX/4-3, Wed.)

Compatibility with divertor

H. Takenaga (EX/6-1, Thu.)

Real time current profile control
T. Suzuki (EX/1-3, Tue.)

Development of CS-less tokamak
Y. Takase (EX/P4-34, Thu.)



By=3 sustained for 6.2s (~4.1tg) without NTMs

in normal shear (q,~1) FSuzukiEXA-3 Tue)

JT-60U
= in for 6.2 3 B, =3 for 0.8s ,
E42883,B,=1.7T <« BN 3 sustained for 6.2s > juNst before NTM ‘_,.-"
(=3 - == ' UNEPURPY NNV R P L W L R B A R
- 20(MW) (o
D, By=3 fOf?.ZS . |
(a.u) g I N
g
=0.1F
5 \
'g- 0 L I I 1 \"I
time (s) 0 02 0.4p0.6 0.8 1

* 1,=1.0MA, B=1.7T, q95=2.8-2.2, Hyygg(y2)=0.7, Ne/N,~0.6, BnHgop/Ag52~0.75

* No clear NTM observed.<= can be attributed to low q,; operation.
g=3/2 and 2/1 surfaces misalign to steep pressure gradient.

« NTM avoidance by profile control.



fes~45% sustained for 5.8s (~2.8ty) under
nearly full CD in weak shear (q,,,,~1.5) plasma

JT-60U
L0 E4104 < nearly Ul-CD_ qmA, 241, S
P\g, nne | Uos~4.5 4
10 ] 3
q 2
1
g O | | | |
SR
g ! 8.3s |
V S
A =~ 051
_ R e = I
Dadlv 2r 7 %
(a.u) 17 I . &
O5 7 9 11 13 15 =~ "0 0.2 04 06 08 1
time (sec) p

* Weak shear with q,;,>~1.5 => no NTM.
* Bn~2.4 (B,~1.73), fcp>90%(fgs~50-43%, fgp>52-47%) , Hyi9gy 2~1.0

Y. Sakamoto (EX/4-3, Wed.)




fes~45% sustained for 5.8s (~2.8ty) under
nearly full CD in weak shear (q,,,,~1.5) plasma

JT-60U
L0 E4104 < nearly Wl-CD - qmA, 2.4T,
Pns, nnB ] dgs~4.5
10 ] —— ITER_SS(I)
Py E44104 8.3s
2.56 12Hy2
fBSo_
[ __V . . AWAYAY __' -83ne/new
| o fCD1
D, 27 | 0.56
(@u) 17 0.77 P /P
o —————"_—A"t——— fuel purit rad " heat
5 7 9 11 13 15 purity

time (sec)

* Weak shear with q,;,>~1.5 => no NTM.
* Bn~2.4 (B,~1.73), fcp>90%(fgs~50-43%, fgp>52-47%) , Hyi9gy 2~1.0

Integrated performance <=> the ITER steady state domain

Y. Sakamoto (EX/4-3, Wed.)




fes~75% sustained for 7.4s (2.7tz) under nearly
full CD in reversed shear plasma

JT-60U
E43046 < Nearly full CD (~16TE)0.§MA, 3.4T,q95~81.g
[ e e S —— 20 | | T 1 T
' P 10 —0—5.1s |
110 NB —=8—6.3s
—e— 10.8s
(MW) . sl 10.8 |
- O 6 B 7
4t _
2 | | | |
10 | | | |
8 - -
T. 6 -
(keV) 4+ —m—6.3s -
—eo— 10.8s
21 —x%—124s
OO 0.2 04 06 08 1
time (sec) P

 Very high confinement characteristics:
Hisaw2~1-7 (Hgp~3.0), fas~75%, fgp~20%, p,=2.2-2.3, By~1.7, ng/ngy~0.55
* Although qg; is yet high, demonstrates steady state with high fgg

Y. Sakamoto (EX/4-3, Wed.)




Compatibility of AT plasmas S

with high density and divertor

JT-60U

* ITB plasmas can raise n_/ng,, due to peaked n.(r) =>edge n_ can be lower
=> necessary to increase radiation for divertor compatibility.

2 -~ * N/Ngyy IS iNncreased by tailoring n&T
: L] RS 1 ITBs using various fueling (NB, HFS
S15F @ ] pellet, gas-puffing and impurity
z [ Highp, M A O D: seeding) and configuration.
T 1Q%H_m£e © % U 3. confinement is kept, f,_, increased.
O.Sf ..’. L .‘. | | I T R T |
1 T T I 'ﬁjl m
11 ® ] %} IEII %] ]
R 08%¢ oo OH i ]
G i . |:|
0.6% o ]
i ...I | | T B

0.4 LSt
06 07 08 09 1 11 1.2
nJ/ngw  Double lines : impurity seeding



4. Progress in physics studies

JT-60U
 NTM suppression by ECCD

K. Nagasaki (EX/7-4, Thu.)

« Confinement of high energy ions
M. Ishikawa (EX/5-2Rb, Thu., poster Fri.)

« Current hole
T. Fujita (EX/P4-3, Thu.)

Measurement of mode island
T. Oikawa (EX/P5-15, Fri.)
Transient electron heat transport
S. Inagaki (EX/P2-12, Wed.)
low (3 disruption in RS plasmas
M. Takechi (EX/P2-32, Tue.)
Disruption mitigation
M. Bakthiari (EX/10-6Rb, Sat., poster Fri.)



|dB/dt|/f (a.u.)

o
[

o
o

o
»

o
N

o
o

Early ECCD is more effective for an NTM
suppression, even at high 3

JT-60U

E41650,3.66T,Q, Late ECCD E41693,3.66T,Q, Early ECCD
1.5 L UL DL B L B DAL 30; 1.5 orrprrrhp e 30;

< 1 320 7 1

_ 05 310 2 0.5

S 0 0% 3 of

= 1 3= 1

) 2 = 3

— 4 5 9 10 *

| e Early ECCD|
A Late ECCD

Pec (MW)

|  Early ECCD is more effective to suppress NTM:

—island size (~|dB/dt|/f) quickly suppressed
—less power for full stabilization

—calculated necessary power for full suppression
based on mod. Rutherford eq. agrees well with
the experiments (arrows).

K. Nagasaki (EX/10-3, Thu.)




Early ECCD is more effective for an NTM
suppression, even at high 3

= ==
ZEE 2 X IE.E 3 C
;%éag} :Eéag;
T ¥ Ot
2=, 10 | 2 10 |
g g
%‘ B %‘ = .: , ;__],:,1.' A
£ £ | R
. Dz 3 4 5
trme 5]
0.8 . . . . -
I o early eccp] * Early ECCD is more effective to suppress NTM:

A Late ECCD

—island size (~|dB/dt|/f) quickly suppressed
—less power for full stabilization

—calculated necessary power for full suppression
based on mod. Rutherford eq. agrees well with
the experiments (arrows).

Early ECCD is also effective at higher g,=3.

|dB/dt|/f (a.u.)
o o
@

o
)

o
(=)

Pec (MW) K. Nagasaki (EX/10-3, Thu.)




Confinement of energetic ions

at ALE M.ishikawa (EX/5-2Rb, Thu., poster Fri.)

JT-60U
E43014, Ip=0.6MA Bt=1.2T  In a JT-60U weak shear plasma, N-NB drives

Puns~ 4-8MW, ENNB~387keV bursting mode in the TAE freq. range.
<neutron emission> => Abrupt Large Event (ALE)

line-integrated neutron

_ o P m IR .« How are energetic ions affected?
S Mode ampllltud? | | 'ALE
©
- 4} - . . . .
@ | N <energy distribution of neutral particle>
—_— 0 T L T | | | |
‘u_:\” 14\total neutronrate . . | ; 100 I I ' ---'befor ALE 7]
=12 | NN | : s 10| vl hraby after ALE Exn
o R | .
_ 4.8neutron pfofile ch.1 (r/a~0.08)' w9 | | | M i‘
<~.:\n 4'4MWM 4 l
s AT VT vl
2 1:6neutron profile ch5(r/a~0 62)| | |-<l]-= Ok--
2 | 1 1 \ 1 L
5 MVW/ W{W 0 50 100 150 200 250 300 350 400
! ) ) C \ energy [keV]
1. 6 4'7 4|8 49 . . . .
' ' time (s) ™ ' * Only ions in limited energy are affected.

=>Agrees with AE resonant condition

=>Contribution to theory/modeling towards
burning experiments.



Stiffness of current profile

T. Fujita (EX/P4-3, Thu.)

in the current hole (CH) region

A CH can be formed
in an RS plasma.

vl

S

245 —..current hole
1r %“. 7]
e (LWL
Eo L.' L
1F \ \\ /)/ / .
2 3Rmm *
1.2 LILEL I LI I LILE
& 1 9
c 0.8
g 0.6 current
= 0.4 hole
0.2
0 } I L L I L 1 I L 1
0 02 04 06 038

115
110

Y

20

JT-60U

« Current drive in the current hole was attempted
with ECCD, NBCD and inductive E;, but in any
case no current was generated both for co and
counter directions.

e => Current clamp

fEC 5 E41777, 5.80s
3 L L AL I WL L BN
| ctr-ECCD |
— 2 4 1
£ £ I
< 1 4 <0
= \ =
= it -

N

jectiBD*iBS+iOH

_2:|||||||||
0 0.2 04

\.
' co-ECCD | "fc’ ca"’l

11 111 L] | (|
04 06 038 1
p

08 1

I A
0.6
p




5. ELMs, pedestal, divertor, SOL and plasma

wall interaction
JT-60U

* Energy loss at ELMs, Type | and grassy domains

N. Oyama (EX/2-1, Tue.)

H-mode pedestal (JT-60U/JET comparison)

G. Saibene (IT/1-2, Wed.)

Plasma wall interaction (PWI)
T. Tanabe (EX/P5-32, Fri.)



N. Oyama (EX/2-1, Tue.)

AWFE, y in grassy ELMs is 0.4%-1.0% of W,

JT-60U
» Grassy ELM can be an attractive alternative to Type | ELM.

* It is confirmed that grassy ELMs affect only limited region. <=> simulation.
* From the profile measurement, AW, is estimated as 0.4-1.0% of W in
grassy regime.
Example of stability analysis

0.2 Normalized Te reduction using ELITE, P. Snyder et. al
—e-Type | ELM - Grassy ELM (n=13)
—&—-Grassy ELM ?CEI95~6.O ;

t L
0.1
Q |—
0 2 L
06 07 08 09 1.0 0.6



N. Oyama (EX/2-1, Tue.)

AWFE, y in grassy ELMs is 0.4%-1.0% of W,
JT-60U

» Grassy ELM can be an attractive alternative to Type | ELM.

* It is confirmed that grassy ELMs affect only limited region. <=> simulation.

* From the profile measurement, AW, is estimated as 0.4-1.0% of W in
grassy regime.
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Summary

JT-60U
« Extension of pulse length of JT-60U plasmas.
fas 6o f i i2.5 P
40'....| . Q .......I|lr|'| . . .:2
1 duration/ty 10

Entering new domain in time scale
—in view of current relaxation, no significant phenomenon observed.
=> ITER hybrid scenario
future issues: j(r) control, scenario robustness in >t scale.
—wall saturation unveils in 15-20s
- effect on confinement, but active pumping works effectively.

* Progress in development of AT relevant plasmas
* Progress in physics studies
 Design study of machine upgrade is underway. (H. Tamai (FT/P7-8))



JT-60U presentations

Shown in Red(8): presented in this overview, in Green(7); not presented

JT-60U
Tue. Wed. Thu. Fri. Sat.
T. Suzuki G. Saibene M. Ishikawa T. Oikawa T. Nakano
(EX/1-3) (IT/1-2) (EX/5-2RDb) (EX/P5-15) (EX/10-3)
N. Oyama Y. Sakamoto |H. Takenaga |T. Tanabe M. Bakthiari
(EX/2-1) (EX/4-3) (EX/6-1) (EX/P5-32) (EX/10-6Rb)
S. Inagaki K. Nagasaki M. Ishikawa
(EX/IP2-12) (EX/7-4)| (EX/5-2Rb,P)
M. Takechi M. Bakthiari
(EX/P2-32) | (EX/10-6Rb,P)
T. Fujita
(EX/P4-3)
Y. Takase

(EX/P4-34)






