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Abstract : Recent experimental progress in JT-60U advanced tokamak research is presented;
sustainment of the normalized beta (/?N) ~ 3 in a normal magnetic shear plasma, the bootstrap
current fraction (/BS) ~ 45% in a weak shear plasma and ~ 75% in a reversed magnetic shear
plasma in a nearly full non-inductive current drive condition for longer than the current relax-
ation time. Achievement of high-density high-radiation fraction together with high-confinement
in advanced plasmas was demonstrated. Achievement and foundings in long pulse operations
after system modification are presented as well. A 65 s discharge of 7P = 0.7 MA was success-
fully obtained. As a result, high-/?N of 2.3 was successfully sustained for a very long period of
22.3 s. In addition, a 30 s standard ELMy H-mode plasma of Ip up to 1.4 MA has also been
obtained. Effectiveness of divertor pumping to control particle recycling and the electron den-
sity under the wall retention was saturated was demonstrated. These achievement and issues
in the development will be discussed.
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1 Introduction

For development towards ITER advanced op-
erations and steady-state (SS) tokamak fusion
reactor, sustainment of high confinement with
high normalized beta (/%), high bootstrap cur-
rent fraction (/BS) to the total plasma current
(Ip) and heat/particle handling to be compatible
with the divertor is one of the most important
issues. ITER hybrid operation is defined as high
output long pulse discharge for high fluence, and
ITER steady-state operation is denned as Q (fu-
sion gain) > 5 in a full non-inductive current
drive (CD) steady-state. In a steady-state toka-
mak fusion reactor, a value /BS ^ 70% is typi-
cally required [1], and /3N ~ 3.5 or even more
(4-5) would be required. This is the so-called
advanced tokamak (AT) concept. Towards these

targets, JT-60U AT-relevant plasmas, one with
weak magnetic shear ("high-/?p plasma", /3P de-
notes the poloidal beta) and one with reversed
magnetic shear ("RS plasma"), have been pur-
sued by utilizing various heating/current drive
systems (neutral bema (NB); positive-ion base
NB: P-NB, negative-ion based NB: N-NB, ra-
dio frequency (RF); elecgtron cyclotron range
of frequency: ECRF, lower hybrid range of fre-
quency: LHRF). Both plasmas have good con-
finement characteristics owing to a formation of
the internal transport barrier (ITB). An ITB
is also beneficial to raise /BS- An edge trans-
port barrier, in other word the H-mode pedestal,
also contributes to improve confinement and to
raise /BS- A high-/?p plasma has monotonic or
weak magnetic shear and attained very high /?N
up to 4.8, high /BS of about 70% and full non-



inductive CD. On the other hand a RS plasma
has reversed magnetic shear with high 30 (the
safety factor at the plasma center) or sometimes
a current hole in the core region and attained
high /3|N of 2.5-2.8 and high /BS up to about
80% and full non-inductive CD. Both plasmas
have good confinement characteristics owing to
a formation of the internal transport barrie. Re-
cent JT-60U experiments have achieved sustain-
ment of good candidate plasmas for ITER ad-
vanced operations and an SS reactor based upon
these JT-60U AT relevant plasmas long enough
in view of current profile relaxation. For assess-
ment of long pulse operation in ITER and future
reactors, modification on the JT-60U operation
system was carried out to extend the maximum
pulse length from 15 to 65 s. In this paper, the
achievements and issues in the development will
be discussed [2].

2 Development AT relevant
plasmas towards ITER ad-
vanced operations and a
steady-state reactor

As described above, high-/?N and high-/es
are key issues. Towards establishment of these
goals, a profile of the current density j(p) (p
is the flux normalized radius) or the safety fac-
tor q(p) is an important factor. In this sec-
tion, achievement in AT development towards
ITER advanced operation and an SS reactor is
described in view of q(p) and its sustainment rel-
ative to the current relaxation time (TRJ . In this
paper, TR is defined as (j,o(a)a2/12, where (a) is
the volume average of the plasma conductivity
and a is the plasma minor radius [3].

2.1 High /?N sustainment in a mono-
tonic shear plasma

As described above, the purpose of ITER hy-
brid operation is to obtain high fusion power for
long duration for high-fluence. For this, higher
/?N is preferable. And qo close to but above unity
would be preferred for higher output and saw-
tooth avoidance. That is a monotonic magnetic

shear with qo ~ 1 would be expected in this
regime. One of the most important instabili-
ties that prevent sustainment of high-/?N is the
neo-classical tearing mode (NTM) in this do-
main. In JT-60U, it has been shown optimiza-
tion of the current and pressure profiles is a key
to avoid occurrence of an NTM [4]. And we had
succeeded in sustaining /?N = 2.7 for 7.4 s [5].
By further optimization of a high-/3p ELMy H-
mode plasma in a very low-ggs regime of 2.2-2.8
(here 595 is the safety factor at the 95% toroidal
flux) with / p = 1 MA and B% = 1.66 T (the
toroidal magnetic field at the plasma major ra-
dius) and high-/?N of 3 was successfully sustained
for 6.2 s as shown in Fig. 1 [4,6]. In JT-60U,
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Fig. 1: Typical waveforms of the (fa — 3 dis-
charge, (a) / p and #95, (b) /?N and the heating
powers (P-NB, N-NB and ECRF), (c) ne and
Da intensity, (d) the magnetic fluctuation. No
clear activity is observed in (d) during /3N = 3.

discharges with this high /?N but at higher 995
above 3 usually suffer from NTM, however in
the discharge, no distinct NTM had been ob-
served. This could be attributed partly to the
very low-g operation. Since go was found to
be kept around unity in the discharge, lower-
ing 995 shifted the NTM resonant surfaces, q =
1.5 or 2 rational surfaces, outwards where the
pressure gradient is generally less steep and fa-
vorable to avoid the NTM. Moreover, the down-
ward shift of the plasma made the NB deposi-
tion profile broader, thus the pressure gradient
became smaller as well. This is also preferable
for NTM avoidance. The duration of the high-
/3N sustainment, 6.2 s, corresponds to 4.1 times
Tft, although 995 kept decreasing until about 8 s



it could be expected that the current profile had
almost reached the equilibrated state. Since the
pressure profile could reached the steady-state
in much shorter time scale, that is the energy
confinement time (TE), the discharge could be a
demonstration of an NTM-free high-/?N opera-
tion. The result is contributing to development
of ITER hybrid operation domain.

2.2 Sustainment of
weak shear plasma in nearly full-
CD with high /BS

As mentioned before, /BS around 50% or
higher is expected in the ITER steady-state sce-
nario. Various q profiles can be consistent with
this level of /BS, from one with (weak) positive
shear to one with (weak) negative shear profile.
Among them, a flat q profile with qo ~ 1.5-
2.5 could be preferable, in view of MHD sta-
bility, a-particle confinement, /BS, and easier
external j{p) control. In JT-60U, this domain
has been investigated with the high-/?p ELMy
H-mode [7]. Sustainment of an ITER steady-
state relevant plasma with a weak shear pro-
file under full-CD condition for long enough in
terms of current profile relaxation was investi-
gated with negative-ion based NB (N-NB) [8].
A rate of Jp ramp-up and timing and waveform
of the NB heating were optimized so as to pre-
vent qo from falling to unity and to develop ITB
to increase off-axis bootstrap current to raise qo
and to form a weak shear. As a result, a dis-
charge with 7P = 1 MA at Bt — 2.40 T and
ne ~ 2.7 x 1019 m~3 was successfully main-
tained under almost full non-inductive state, the
fraction of the non-inductively driven current
(BS and NBCD) to the plasma current (/CD)
> 90%, with /BS ~ 45% is maintained for 5.8 s
(Fig. 2). Due to the off-axis BS current, the q
profile is almost flat, with slight reversal in the
core region. The minimum in the q profile (qmin)
is around 1.5, as shown in Fig. 3. Since this was
not full-CD, <7min decreased slightly. However,
no clear NTM was observed during the 5.8 s pe-
riod, probably because gm;n stays just around
1.5. The duration, 5.8 s, was determined by
the N-NB injection, and corresponded to 2.8 T&.

As well as the previous plasma, this duration
can be long enough in view of current relax-
ation to confirm the applicability of this oper-
ation to the ITER steady-state operation. It
should be stressed here that not only the current
drive capability (/BS and /CD), but the value of
^N obtained in this plasma (/?N = 2.4) is also
close to that expected in ITER steady-state op-
eration. The confinement improvement factor
to the ITER L-mode scaling HSQP was 1.9-2.2
and that to the ITER ELMy H-mode scaling
(HH98(y2)) corresponding to H^gp of 2.2 was
about unity.
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Fig. 2: Typical waveforms of the weak shear
ELMy H-mode discharge with /BS ~ 45% un-
der nearly full non-inductive current drive: (a)
injected P-NB and N-NB powers, (b) /?N and /3P,
(c) the surface loop voltage (V\). Nearly full-CD
was maintained with constant /?p.

Fig. 3: The safety factor profiles of the E44104
at 8.3 (open circles) and 12 s (open squares).

2.3 Sustainment of RS plasma with
very high /BS

In a reactor design, /BS of 70% or higher is
expected. An RS plasma is expected to be well
consistent with such a high-/Bs operation. Since
in an RS plasma a strong ITB is often found to



be formed and the ITB improves the confine-
ment characteristics. The ITB formation con-
tributes to increasing the bootstrap current at
the ITB that is off-axis location, and this off-axis
bootstrap current maintains or even elevates the
central q. A very high /BS (80%) RS plasma (/p

= 0.8 MA, Bt — 3.4 T) was obtained and that
high /BS was sustained for 2.7 s with /CD ~
100% in JT-60U [9]. Further optimization of a
similar plasma (Jp = 0.8 MA, Bt - 3.4 T) had
been performed in order to extend long enough
compared to TR the duration in order to con-
firm capability of a high-/BS RS discharge for
a steady-state operation. Off-axis NB heating
was constantly injected to maintain the ITB.
Discharges have often suffered a collapse or a
disruption when qmin crosses four. Avoidance of
a collapse was a key to extend the pulse dura-
tion. Change in the toroidal velocity profile had
been found to modify the ITB strength [10], and
this technique was adopted by switching off the
on-axis counter (to the Ip direction) parallel P-
NB just before qmin crossed four. As a result,
the disruption was avoided, and a high /BS of ~
75% is successfully sustained for 7.4 s with very
high confinement of HHgs(y,2) = 1-7 (#89P ~
3.0) (Fig. 4) [8]. The duration corresponds to ~
2.7 TR. As shown in Fig. 5, the q profile almost
had reached the steady-state.
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Fig. 5: Evolution of the q profile in E43046.

3 Extension of JT-60U pulse
towards long pulse discharge

As described above, extension of AT relevant
plasmas over several times TR, had been success-
fully demonstrated. For further assessment in a
condition where the current and pressure profiles
are both fully frozen and to investigate issues in
long pulse operation that had not unveiled in
conventional pulse length, the maximum pulse
length of a JT-60U discharge was extended up
to 65 s from 15 s. This was done by modification
of the controls in the operation, heating and di-
agnostics systems of the JT-60U facility without
major hardware upgrade. The maximum heat-
ing duration of the P-NBs was extended from
10 s to 30 s, as well. As a result, a 65 s dis-
charge with Ip = 0.7 MA (flat top of ~ 60 s)
was obtained. And a 30 s NB heated plasma
has been obtained with 7P up to 1.4 MA.
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Fig. 4: Typical waveforms of the high-/es
(~ 75%) reversed shear ELMy H-mode dis-
charge under nearly full non-inductive current
drive: (a) 7p and P^B, (b) fa (solid curve) and
/?p (dotted curve), (c) i/ggp and V\.

3.1 Long pulse high-/3N discharge

As described before, we have succeeded in in-
creasing sustainable fa up to 3. We also have
aimed at extending duration of high fa sustain-
ment much longer. That is one of the most
important purposes of the JT-60U pulse length
extension modification. By optimizing high-/3p

ELMy H-mode plasmas at Jp = 0.9 MA at Bt

= 1.56 T and 995 ~ 3.2, fa — 2.3 was success-
fully maintained for 22.3 s (Fig. 6) [6]. This cor-
responds to 13.Ira. Sustainment of higher fa
of 2.5 was also achieved but with little shorter
sustained duration of 16.5 s. The evolution of
fa was carefully optimized in order to maxi-
mize fa while avoiding the neo-classical tearing
mode, since the sustainable power is not enough



to raise ffa with an NTM. As a result, no dis-
tinct NTM was observed for these discharges.
A factor Hs9p(3^/qgb, which is a figure of merit
of the fusion performance, was kept > 0.4 for
22.3 s. In ITER standard ELMy H-mode sce-
nario with Q = 10, Hggp/3w/qg5 ~ 0.4 is ex-
pected, while in ITER steady state scenario with
Q = 5, #89P/3N/995 ~ 0.3 is expected. Achieve-
ment in these parameters indicates that these
JT-60U charges in this domain can be candi-
dates for ITER hybrid operation. No significant
phenomena that prevents high-/?N sustainment
has occurred in such a very long duration rela-
tive to Tft. This would be encouraging for ITER
hybrid operation. Progress of sustainable (fa is
shown in Fig. 7.
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Fig. 6: Typical waveforms of the high-/?N (= 2.3)
long sustainment discharge: (a) Ip and the NB
powers (P-NB and N-NB), (b) (fa and Te and
Tj near the plasma center, (c) ne and the Da

intensity.
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Fig. 7: Progress of sustainable (fa, sustained (3^
is plotted against sustaining duration. Closed
circles indicate the results obtained before the
long pulse modification, while open circle repre-
sents the result after the conference.

3.2 Effect of divertor pumping in
high-recycling ELMy H-mode

Another important issue in long pulse oper-
ation is a change in wall recycling that has a
longer time scale than the current diffusion. As
shown in Fig. 6, (fa gradually decreased in the
later phase. This indicates that confinement was
decreased. At the same time an increase in the
wall recycling that appeared as an increase in
the Da line brightness (Fig. 6 (c)) was observed.
Decrease in the confinement accompanied by in-
creasing Da intensity has been often observed
in JT-60U long pulse discharges. Therefore, the
degradation of confinement is attributed to the
increase in recycling whether directly or indi-
rectly. Therefore it is important to control wall
recycling in a long pulse operation. In order
to investigate control of wall recycling, a high-
recycling ELMy H-mode plasma had been stud-
ied [11]. It was shown that with gas-puffing
and/or series of high-recycling discharges, the
wall retention could be saturated in a later half
of a long pulse high-recycling ELMy H-mode dis-
charge. When the wall retention saturated, both
ne and Da increased uncontrollably. The diver-
tor of JT-60U is the so-called 'W-shaped' diver-
tor [12]. The pumping slots are located at both
ends of the dome, and divertor pumping works
when one or both divertor leg(s) is located near
the slot. Effect of divertor pumping when the
wall retention was almost saturated was investi-
gated in high-recycling ELMy H-mode plasmas
mainly by changing the distance between the
inner divertor leg and the pumping slot. It is
shown that the rate of increases of the total ion
population (diVi/dt, where iVj is the number of
the total deuterons in the plasma) monotoni-
cally decreases as the divertor pumping rate in-
creases. It should be noted here that the satura-
tion in wall retention became observable in JT-
60U only with the extension of the pulse length.
That is, modification for long pulse discharge
has opened new domain not only for high-/?N
sustainment but also for particle recycling stud-
ies.
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Fig. 8: Increase rate of number of deuterons
in the core plasma as a function of divertor-
pumping-rate under the condition of wall-
pumping rate of ~ 0.

4 Summary

Recent experimental progresses in JT-60U ad-
vanced tokamak research are presented; sustain-
ment of /3N ~ 3 in a normal magnetic shear
plasma, the bootstrap current fraction (/BS)
~ 45% in a weak shear plasma and ~ 75%
in a reversed magnetic shear plasma in a nearly
full non-inductive current drive condition for
longer than the current relaxation time (TR).
These results contribute to ITER advanced op-
erations and a steady-state tokamak reactor de-
velopment. Also achievement and foundings in
long pulse operations after system modification
are presented. A 65 s discharge of 7P = 0.7 MA
was successfully obtained. As a result, high-
/?N of 2.3 was successfully sustained for a very
long period of 22.3 s. In addition, a 30 s stan-
dard ELMy H-mode plasma of Ip up to 1.4 MA
has also been obtained. Effectiveness of divertor
pumping to control particle recycling even under
the wall retention saturated was demonstrated.
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