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Based on the high confinement regimes such as reversed shear mode, high-Pp
mode and H-mode, the JT-60U experiment in 1998 was devoted to expand the
discharge regimes in terms of 1) achievement of high fusion gain, 2) concept
optimization for long sustainment of the advanced modes for » T E and >tp* with the
current profile close to the steady-state solution, 3) high confinement by electron
heating (Te>Tj), 4) high confinement at high electron density and/or at high divertor
radiation and 5) active control of multiple parameters including both core and divertor
plasmas. As for the reversed shear mode, high performance discharges satisfying Q^
(DT equivalent fusion gain ) >1 were obtained reproducibly and the record value of
QDTeq=1.25 was achieved in a reactor-relevant thermonuclear dominant regime due to
the optimized discharge scenario using feedback control of the neutron production rate
where (3-values were kept in the MHD stable region during the Ip ramping phase with a
large radius of the internal transport barrier (ITB). The reduction of Zeff obtained after
installation of W-shaped pumped divertor increased fusion reaction rate. Concerning
long sustainment, the reversed shear ELMy H-mode with H89PL-factor~ 1.5-2 and
pN=1.0-1.4 was kept for 5.5s with NB heating. By off axis LH current drive, the
reversed shear current profile with the ITB was kept constant for 4.7s under full noninductive current drive condition (LHCD=77%, bootstrap=23%) at Te~1.2Tj. In the
high-pp ELMy H-mode regime, benefits of the high triangularity shape were
demonstrated. At a high triangularity 8x~0.46, pN =2.5-2.7 was sustained for 3.5s even
at the low value of q95=2.9-3.3. The product of PNxH-factor sustainable for >5T E (>t p *)
increases with 5X and reaches ~6 at 5x~0.46. In addition to extension of the discharge
regimes, the key phenomena determining transport and stability around ITBs were
studied intensively. For the study on high confinement by electron heating, the negative
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ion source NB (NNB) with 350-400keV, LH and IC second harmonic minority heating
have been used. By NNB heating, an ELMy H-mode plasma was sustained with Hfactor~1.6 at Te= 1.41V High Te(0)~12 keV was also sustained by LHCD of ~2MW. The
Alfven eigenmodes were studied with NNB injection in weak or reversed magnetic
shear plasmas. The Toroidicity-induced Alfven eigenmodes were observed in weak
shear plasmas with <Ph> >0.1% and 0.4<vb// /v A <l. In order to maximize safety at
disruption, we have also focused on softening of the disruption effects on the vacuum
vessel structures. Reduction of halo current was demonstrated by impurity gas puffing.
The divertor study in 1998 focused on investigating the geometry effect of the Wshaped divertor and the pumping effects. The W-shaped divertor structure with the
private dome separating the inner and outer divertor channels realized the effective
inner leg-pumping both in L-mode and H-mode plasmas. The pumping efficiency is
higher at narrower gap of thew inner hit point and the pumping slot. The main gas puff
and divertor pumping was effective for reduction of impurity level and the enhancement
of impurity shielding. The dome structure also prevented the upstream transport of
hydrocarbons generated by chemical sputtering, and reduced carbon influx into the main
plasma. Particle flow from the main plasma to the divertor region through the SOL layer
was studied intensively.
Keywords: Plasma Control, Confinement, MHD Stability, Steady-State, Current Drive,
High Energy Particle, Disruption, Heat and Particle Control, Divertor,
Diagnostics
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1. Overview of the experiments in 1998
1.1. Confinement, stability and plasma control
The major objective in this research field in 1998 was extension of the plasma
regimes toward the next-step experimental reactor where the high integrated
performance should be sustained in the steady-state satisfying A) high confinement, B)
high beta, C) high bootstrap fraction, D) full non-inductive current drive and E)
sufficient heat and particle exhaust under a large amount of a particle heating (electron
heating). In addition, since the high confinement regimes in JT-60U are characterized
by internal transport barriers (ITBs), we have intensively studied the key phenomena
determining transport and stability around ITBs. In order to maximize safety at
disruption, we have also concentrated on softening of the disruption effects on the
vacuum vessel structures.
1. Extension of the high confinement discharge regimes
Based on the high confinement regimes such as reversed shear mode, high-J3p
mode and H-mode, recent experimental efforts in JT-60U have been devoted to expand
the discharge regimes in terms of 1) achievement of break even condition with good
reproducibility 2) concept optimization for sustainment of the advanced modes for » T E
and >xp* with current profile close to the steady-state solution, 3) high confinement by
electron heating (Te>Tj), 4) high confinement at high electron density and/or at high
divertor radiation and 5) active control of multiple parameters including both core and
divertor plasmas. Concerning sustainment of the advanced modes, control of the
internal transport barrier (ITB) and the improvement in high beta stability are the key
issues. For this purpose, we have been optimizing the current profile, the pressure
profile and the plasma shape.
The operation of JT-60U reversed shear discharges has been extended to a high
plasma current Ip, low-q regime keeping a large radius of the internal transport barrier
(ITB) and the record value of DT equivalent fusion gain in JT-60U, QDTeq=1.25 has been
achieved at Ip=2.6MA (nD(O)TETi(O)=8.6xlO2Om"3seckeV) in a reactor-relevant
thermonuclear dominant regime. Operational schemes to reach the low-q regime with
good reproducibility satisfying the break even condition have been developed using
feedback control of neutron production rate and line density. The reduction of Zeff
obtained after installation of W-shaped pumped divertor increased DD neutron
production rate.
The p-limit in the low-qmin regime, which limited the performance of L-mode edge
discharges, has been improved in H-mode edge discharges with a broad pressure profile,
which was obtained by power flow control with ITB degradation. In this case, Vp at
ITB was controlled by change of the toroidal momentum input profile. Concerning long
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sustainment, we demonstrated the reversed shear ELMy H-mode with H89PL-factor~1.52 and pN=1.0-1.4 was kept for 5.5s with NB heating. By off axis LH current drive, the
reversed shear current profile with the ITB was kept constant for 4.7s under full noninductive current drive condition at Te~1.2Ti.
In the high-(3p ELMy H-mode regime, which is characterized by the ITB and the
edge transport barrier with monotonic shear and q(0)>l, benefits of the high
triangularity shape were demonstrated. At a high triangularity 5 (=5X) -0.46, pN =2.5-2.7
was sustained for 3.5s even at the low value of q95=2.9-3.3. The product of PNxH-factor
sustainable for >5xE (>t p * : effective particle confinement time) increases with 8 and
reaches -6 at 8-0.46. This is mainly because the pedestal PN increases with 8 because
the edge Vp increases with 8. The sustainable PN-values are limited by appearance of
resistive modes with low toroidal numbers such as m/n=3/2 and/or 2/1. The measured
island width was consistent with the neoclassical tearing mode calculation. Values of
PN at onset of m/n=3/2 and 2/1 modes showed positive dependence on electron density.
Concerning the study on high confinement by electron heating, the negative ion
source NB (NNB) with 350-400keV, LH and IC second harmonic minority heating have
been used. By NNB heating, ELMy H-mode was sustained with H-factor~1.6 at
Te=1.4Ti. High Te(0)~12 keV was also sustained by LHCD of ~2MW.
As for high confinement at high density, the density range with H-factor >2 was
extended from ~0.5neGW to ~0.6neGW by increasing triangularity 8 from 0.2 to 0.4.
However, strong gas puffing is required for a further increase in density, and the Hfactor decreases with density. This situation has not been improved by the W-shaped
pumped divertor. For simultaneous improvement of both core and SOL/divertor
plasmas, behavior of the plasma edge plays the key role. In JT-60U ELMy H-mode
plasmas, the width of the edge pedestal Aped observed in the T; profile is 2-3 times larger
than that in the ELM-free phase. At high triangularity, A ^ reaches 8-15cm (9-16% of
the minor radius) at I p =lMA and the pedestal T, and A ^ can increase gradually with a
time constant of ~2s, which is -10 times longer than TE. In addition, Vp in the pedestal
layer increases simultaneously. The width A ^ scales linearly with the poloidal gyro
radius of thermal ions ppi with a weak dependence on q 95 ; Ap^-Sppj q95" ° 3 . Shrinkage of
Ap^ observed at a high density can be explained by decrease in the edge ion temperature
viz. decrease in ppi. At higher q95 (-6), further increase in Ap^ was observed after
disappearance of type I ELMs. In particular, at high-8 (>0.3), high-q95(>5-6) and highPp(> 1.5-2) the type I ELMs disappear and minute grassy ELMs appear which suggests
the access to the second stability regime.
As the first step of active feedback control of multiple parameters including both
main and divertor plasmas, neutron production rate, main electron density and divertor
radiation power fraction were kept constant for 6sec (~50tE) by feedback of NB power,
gas-puffing from the main chamber and gas-puffing from behind the divertor baffle
plate in ELMy H-mode. Towards further extension of the JT-60U feedback control
system, we have improved detection of stored energy for the real time feedback control
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and the function parametrization formula coefficients for new clearance control between
separatrix and the first wall on the outboard mid plane.
2. Key phenomena determining transport and stability around ITBs
In addition to extension of the operation regimes mentioned above, research on
the transport and stability was conducted intensively for reversed shear mode and high
(3p mode discharges characterized by significant reduction of thermal and particle
diffusivities around ITB.
The confinement and the transport properties of the improved core confinement
plasmas with ITB have been studied in connection with the formation of the radial
electric field Er obtained by the measured pressure profile, the measured toroidal
velocity and the estimated poloidal velocity based on the neoclassical theory. Two types
of ITBs, the "parabolic" type ITB (peaked core pressure profile) and the "box" type ITB
(flat core pressure profile with ITB layer) were studied. In the parabolic type ITB, a
reduction of thermal diffusivity, %. and %i? is shown all over the core region. However,
the Er shear in that region is not so strong. The Er shear in the box type ITB is very
strong only within the ITB layer and the Xi value decreases to the level of neoclassical
diffusivity. The energy confinement of the box type ITB in the core region surrounded
by r=rITB is about twice as large as that of the parabolic type ITB. For the box type ITB,
the estimated ExB shearing rate co^ is almost the same as the linear growth rate of the
high-M toroidal drift mode yLin the ITB layer.
A systematic scan of ne and PNB shows that local values of ne, Te and T< does not
seem to essential for ITB formation. It seems that VTe inside ITB and magnetic shear is
essential. For smaller magnetic shear (deeper negative), ITB formation appears at
smaller VTe. The ITB initially formed inside rqmin can expand outside rqmin. In the high f}p
H-mode at high triangularity, the electron channel as well as the ion channel tends to
have the ITB structure at weak positive magnetic shear.
In order to measure the local turbulence the core reflectometer diagnostic was
installed as part of the JAERI/PPPL collaboration program. The radial correlation is
measured by using two reflectometer channels with different frequencies and we
observed the radial correlation length of density fluctuation in the ITB layer is
considerably shorter than that outside the ITB layer.
Localized MHD activities near transport barriers with large Vp was investigated.
Stability analysis of equilibria modeling the experiments supports an identification of
this MHD as being due to an ideal MHD n=l instability. The appearance of the
instability depends on the local pressure gradient, local shear in the q profile and the
proximity of rational surfaces where q ~ m/n and m and n are the poloidal and toroidal
mode numbers respectively. The mode width is shown to depend on the local value of q,
and is larger when q is smaller. In addition the role of the edge current density in
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coupling the internal mode to the plasma edge and of the energetic particles which can
drive fishbone like modes was investigated.
Tearing modes and the resultant magnetic islands were observed in reversed
shear plasmas. The tearing modes couple with other rapidly growing mode and the
global instabilities result in or trigger the major collapses even when the (3 value is
lower than the estimated ideal stability limit. A plausible candidate of these instabilities
is the double tearing mode.
3. Softening of disruption effects
In case of VDE (vertical displacement event), the maximum halo current was
observed just after the qs=l burst. The maximum halo current reached more than 80% of
the plasma current at the same time.In order to reduce halo current, temperature in the
halo region was reduced by intense pulse gas puffing. When neon gas was applied
during VDE (3.3PamVs x 0.17s), the magnitude of the halo current was decreased by
60% compared to no gas puff cases. On the other hand, in case of H2 puffing, one order
of magnitude larger than that of neon was required to obtain 40% reduction of halo
current. In case of neon puffing, Te at the maximum halo current was measured and
which is lower than lOeV. In these cases, qs was always 2 -3 just before the maximum
halo current. These results suggest that both reduction of Te and high qs are possible
cause of the low halo current for neon puffing.
The necessary condition for avoiding runaway electron generation was carefully
examined. At Bt<2.2T or -(dIp/dt)/Ip<50/s. Furthermore, runaway electrons has been
never observed at low safety factor qeff<2.5 even at large value of-(dlp/dt)/lp -300 - 400
/s. In case of controlled disruption with small plasma shift, runaway electrons are
observed even at high qeff >8 and small value of -(dlp/dt)/lp -50 -100/s. Even in such
cases, produced runaway current tail can be terminated by a small positive or zero
surface voltage. It was also demonstrated that the slow termination of the runaway
current tail, where the divertor plasma configuration is maintained to avoid serious
plasma-wall interaction, has the possibility of mitigating the damage caused by runaway
electrons in tokamak fusion reactors.
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1.2

Current Drive and High Energy Particle Behavior

Optimization of Negative-ion-based Neutral Beam (NNB) progressed steadily
and the power and the beam pulse increased up to -5.2 MW at -350 keV and up to -1.9
s at 360 keV, respectively. The NNB driven current was increased up to 0.6 MA by
injecting 3.7 MW of NNB into the plasma with the central electron temperature of 4
keV. The evaluation of current drive efficiency was extended towards the high
temperature regime together with the progress in the NNB pulse. The current drive
efficiency by NNB was assessed for the central electron temperature of 2-6 keV and for
effective ionic charge of 2-3.5, comparing with those obtained with low energy beams
of 83-87 keV. It has been shown that the current drive efficiency increases with the
central electron temperature and the beam energy as expected from the neoclassical
prediction.
The sustainment of reversed-shear configuration with ITB was attempted for
aiming a long sustainment of high performance reversed-shear plasma by applying
lower-hybrid waves (LHWs) for heating and current drive in the 1998 campaign. The
toroidal magnetic field of 2 T and the ray refractive index N,, of LHW were chosen for
LH wave absorption outside the ITB. The LHWs coupled successfully to the reversed
shear plasma and the reversed shear ITBs were sustained at almost constant location for
about 6 s until the power off of LHW. The loop voltage decreased down to almost zero
or even lower and was sustained until a drop of the LH power. The motional Stark
effect (MSE) spectroscopy and numerical calculations using the analyzer for current
drive consistent with MHD equilibrium (ACCOME) code showed that the reversed
shear configuration with ITBs was sustained almost fully non-inductively with LHCD
combined with NBI. It was found that a large amount of the LH driven current was
induced in the ITB region and it contributed to maintaining hollow current density
profile necessary for sustaining the reversed shear configuration. Very High electron
temperature up to 11 keV was observed during LHCD of the normal magnetic shear
plasma. The electron temperature profile was only peaked within 30% of minor radius
and rarely changed outside the minor radius. On the other hand, the hollow electron
density profile was formed near the end of the LH pulse.
The Alfven eigenmodes (AEs) were studied with the negative-ion-based
neutral beam (NNB) injection in weak or reversed magnetic shear plasmas. The
Toroidicity-induced Alfven eigenmodes (TAEs) were observed in weak shear plasmas
with <Ph> >0.1% and 0.4<vb// /v A <l. The excitation and stabilization of TAEs is
consistent with predictions by the NOVA-K code. New burst modes and chirping modes
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were observed at higher beta of <|3h >>0.2%. A few percent drop in the neutron
emission rate was observed correlating with the burst modes. The chirping modes
appear in a early phase of the NNB injection and the mode frequency starts to chirp
from inside the Alfven continuum and increases up to the TAE frequency. In the
strongly-reversed shear plasma with the ITB, AEs were suppressed due to the
misalignment of the AE gap and/or the low pressure gradient and low fast ion beta in
the low shear region.
The TAE frequency change being called "chirping" observed before the
sawtooth crash during the ion cyclotron range of frequency (2coCH ICRF) heating of lowq plasmas has been simulated well with the NOVA-K code. The frequency chirping is
caused by the small change in the safety factor profile in the core region of the plasma.
When the core localized TAE crosses the frequency of the global TAE, a small
frequency gap is formed due to the mixing of the global TAE and the core localized
TAE. The NOVA-K code simulation suggests that frequency chirping occurs mixing of
the global and core localized TAE. The remote collaboration between JAERI and the
Princeton Plasma Physics Laboratory (PPPL) was very effective for these theoretical
analyses of AEs.
Characteristics of energetic ion tail formation during the ICRF heating and
confinement of tail ions were investigated in negative magnetic shear plasmas on JT60U. Charge-exchange neutral particle measurements show significantly lower tail
temperature and lower neutral fluxes in negative-shear plasmas than those in positiveshear plasmas. Meanwhile, tail ion stored energy is comparable between negative- and
positive-shear plasmas. Simply modeled calculations were carried out with an orbitfollowing Monte-Carlo (OFMC) code. A larger scale length of pressure profile in the
negative-shear plasma compensates lower density of tail ions than that in the positiveshear plasma. Accordingly, negative-shear plasmas can contain comparable amount of
energetic tail ions to positive-shear plasmas. It was also suggested that the Doppler shift
of resonance layer due towards the low field side plays an important effect on tail
formation and confinement of tail ions.
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1.3

Divertor Performances

Divertor study in 1998 was focused on investigating the geometry effect of the JT60U W-shaped divertor before the modification of the pumping location from inner leg
pumping to both leg pumping at the end of 1998. The private dome separated the
inner and outer divertor channels with respect to the behavior of neutral particles in the
case of low X-point discharges (i.e. a narrow gap_in between the inner separatrix and
the exhaust slot), which realized the inner leg-pumping scheme. It also prevented the
upstream transport of hydrocarbons generated by chemical sputtering, and reduced
carbon influx into the main plasma in result. The pumping rate strongly depends on
the gap_in in L- and H-mode plasmas. As a result, the main gas puff and pumping in
the low Xp discharges was very effective for the reduction of impurity level and the
enhancement of impurity shielding. Understanding the geometrical and/or pumping
location effects contributes to improving divertor performance and designing a new
divertor like ITER. Main objectives of divertor experiments except the divertor
geometry effect are to sustain radiative divertor and detached plasma, to investigate
particle control, to study helium transport and exhaust and to measure SOL plasma
profiles for SOL database of ITER.
Divertor Geometry Effect
The divertor electron density near the strike point was enhanced by a factor of 2
and the local divertor electron temperature decreased in the W-shaped divertor. The
total ion flux flowing to the outer divertor target was about 20 - 30% higher than that for
the open divertor. These results indicated that the inclined divertor target and the
private dome were effective in condensing neutrals near the separatrix. The onset
density of the divertor detachment for the W-shaped divertor was to be 0.50 - 0.65 of
the Greenwald density limit, which were 10 -20% lower than those for the open divertor.
The confinement degradation at high density was observed for the W-shaped divertor as
well as the open divertor. When the gas puff rate was increased in order to increase the
radiation loss power at the divertor, the H-factor of the ELMy H-mode plasma
decreased from 1.8 to 1.1 - 1.2 under the attached divertor conditions.
Effects of "puff and pump" on the reduction of intrinsic carbon impurities were
investigated in ELMy H-mode discharges. For both no X-point MARFE and weak Xpoint MARFE states, Zeff was found to be low in the discharges with the main gas puff,
pumping and narrow gap between separatrix and the pumping slot, compared to the
those with other conditions at the same electron density. Prior to the onset of the X-
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point MARFE, the detachment both at the inner and outer strike points was observed.
The neutral pressure both at the inner and outer private region increased with increasing
electron density during the detachment. Just before the onset of the X-point MARFE,
the neutral pressure at the inner private region dropped and then slightly decreased.
While the neutral pressure at the outer private region jumped up and then gradually
increased.
Radiative Divertor
Radiative divertor plasmas in the W-shaped pumped divertor were obtained in
ELMy H-mode discharges by applying a pulsed neon gas puff and continuous D2 gas
puff. The radiation loss power from the divertor increased up to 12 MW (PNB= 20 - 25
MW) after the neon injection as Ne X intensity increased. The increase in radiation
loss was not dominated by the radiation with the neon gas puff. It was found that the
neon seeding assisted the divertor detachment and the increase in the divertor radiation
loss, which was dominated by the radiation with carbon impurity. Neon was
efficiently removed from the main plasma with the divertor pumping. The decay time
of Ne X intensity was effectively reduced by the additional D2 gas puffing.
After the divertor modification, the difference of carbon impurity generation
between helium and deuterium plasma was investigated. It was indicated that carbon
generation by chemical sputtering was dominant in high density operations. The
private dome was effective in suppressing the production of hydrocarbon molecules in
the private flux region and preventing the molecules from easily reaching the X-point.
Particle Control
The particle confinement time was separately estimated for particles fuelled by
recycling and gas-puffing (TpR) and for particles fuelled by NBI (xpNB) in ELMy Hmode plasmas.

Scaling laws of TpR and x p NB as a function of ne, Ip, B, and Pabs were

derived from ELMy H-mode plasmas. It was found that the dependence of TpR on ne
was different from that of x p NB and the increase in TpNB with increasing ne reflected the
improvement of plasma core confinement.
In order to estimate the feasibility of the particle fuelling in the W-shaped divertor,
a simultaneous feedback control for the divertor neutral pressure and the averaged
electron density by the dual locations of gas puff was investigated. The divertor
neutral pressure and main density were well controlled as pre-programmed at a
relatively low gas puffing rate. Lowering the X-point height is effective for the
isolation of the main plasma from the divertor neutral particles. The simultaneous
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controllability depends on the operational region of the divertor neutral pressure and the
main plasma density.
Helium Transport and Exhaust
Good He exhaust capability was also obtained in detached ELMy H-mode plasmas,
which was comparable to one in attached plasmas. In detached ELMy H-mode plasmas,
T*He is comparable to the one in attached plasmas because recycling particle flux is
enhanced at the inner strike point in high density operation. This result of the helium
exhaust is sufficient to support a detached divertor operation on ITER. The in-out
asymmetry with He and deuterium flux profiles strongly affects the He exhaust
capability. In detached plasmas, the in-out asymmetry with deuterium and He flux is
relaxed.
After the divertor modification, helium exhaust characteristics of reversed shear
plasmas was studied by using a short pulsed He gas puff in the W-shaped divertor.
Helium removal inside the ITB is about two times as difficult as that outside the ITB in
reversed shear discharges. If the decay time of the He density inside the ITB was
assumed as the local t*He, the ratio of T*He /xE= 8 - 1 0 were achieved with He pumping
and the W-shaped divertor, within the range generally considered necessary for
successful operation of future fusion reactors. In reversed shear plasmas, efficient He
exhaust was realized at the first time.
The particle diffusivity D and the convective velocity v for helium was evaluated
based on the gas-puffing modulation experiments. The values of D and v were
estimated to be 0.4 - 2 m2/s and -5.5 (inward) ~ +2.5 (outward) m/s for the ELMy Hmode plasma and to be 0.2 - 2 m2/s and -4 (inward) ~ 0 m/s for the reversed shear
plasma, respectively.
SOL/Divertor Plasma
Multi-point measurements of electron temperature and density distributions in the
SOL plasmas at the midplane, near the X-point and at the divertor plates was realized in
the W-shaped divertor of JT-60U. Mach probes were installed at the midplane and
near the X-point in order to evaluate the parallel flow. For the ion grad-B drift direction
towards the divertor (normal Ip and Bt), the flow reversal (i.e. the plasma flow from the
X-point to the target plates in the divertor region, while the flow from the midplane to
the plasma top at the midplane) was observed in the L-mode plasmas and between
ELMs in the ELMy H-mode plasmas.
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A large peak was observed in the electron density profile near the X-point when
the main plasma density exceeded about 60% of the MARFE onset density. The
electron temperature near the separatrix decreased rapidly from 60 eV to 20 eV with
increasing the peak density.
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2. Operation Physics and Disruption
2.1 Active Feedback Control of Steady-state Improved Confinement
Discharges in JT-60L >)
T. Fukuda and the JT-60 Team
The significance of active feedback control is emphasized in this work as an indispensable
method to improve and sustain the plasma performances as well as to operate the fusion reactor
under the optimal divertor conditions.
In order to achieve the equivalent QDT of 1.05 in 1996, deliberate preprogramming of the
feedback control parameters was prerequisite, and the fusion performance was limited by the
disruptive beta collapses when the local minimum in the safety factor profile (q m i n ) was around
two. For the effective reproduction of the high-performance discharges in reversed shear mode
of operation, it has been found that (1) ITB would have to be established at an early phase of
the discharge for the improved confinement, and (2) the kink-ballooning and other malign MHD
instabilities has to be suppressed, which is often caused either at the q m j n or edge q of integer
values. In the recent experimental campaign, real-time density feedback was routinely employed
for the reliable production of the internal transport barrier under varying first wall recycling
conditions. As to the MHD stability control, the DD neutron emission rate feedback technique
was adopted, where the value of normalized beta (f$N = Pt[ a Bo/IP]) was reduced at q m j n close
to an integer value. In accordance, the world record equivalent fusion amplification gain of 1.25
was achieved.
In order to extend the period of improved fusion performance in reversed shear plasmas,
feedback control of the neutron production rate was first performed at JT-60U. The sustainment
of ITB was hereupon achieved for 4.3 s with the H-factor of 1.7 and PN of 1.5. Toward the
steady-state operation, we have achieved more eminent progress in the high beta-poloidal H
mode. The equivalent Q DT of 0.16 was sustained for 4.5 s with the H-factor of 2.3 and p N of 2
was been sustained for 4.5 seconds and QDT of 0.11 was also sustained for 9 seconds. Also in
this regime, active density feedback demonstrated its effectiveness, mainly in optimizing the
initial density profile.
Exploratory investigations on the simultaneous feedback control of the multiple reactor
relevant variables were also undertaken in the ITER relevant ELMy H-mode discharges. Three
control parameters chosen here were (1) the operating density, (2) neutron emission rate and (3)
the divertor radiation power fraction, which is important not only as it plays an essential role in
determining the divertor heat load but it also affects the core plasma performance. Here, the
matrix response function was examined to identify the limitations of the present control scheme,
which is a linear combination of the 0-D models. As a result, the contributions of individual
actuators to the control variables were resolved in a quantitative manner. However, the range of
possible multiple feedback is limited, and nonlinear coupling among the matrix elements and the
nonlinear dependence of the coefficients in the matrix response function on actuator variables
was found.
1) T. Fukuda and the JT-60 Team, to be published in Fusion Eng. Des.
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2.2

Improvement of correcting process for the stored
energy evaluation on diamagnetic measurement
K. Tsuchiya and T. Oikawa

2.2.1. Introduction
We have used the diamagnetic loops for the evaluation of stored energy in plasmas."
This diagnostic is affected by the current of toroidal and poloidal coils. In addition,
plasma current(/p) also affects this evaluation. Therefore, we have determined the
correction factors for the couplings of coil currents and / p with diamagnetic loops for
evaluation of stored energy.2'
In this year, we carried out the calibration experiment to determine the corrective
factors in the case of high triangularity configuration. In the basis of this result, we
newly checked the coupling induced by D- and H-coils, including the recheck of the
whole of corrective factors for the poloidal coils. And we also determined the formula
for correction of 7p-coupling in the high triangularity configuration.

2.2.2. /p-coupling correction for the high triangularity configuration
The correction for the effect of poloidal coil current has been developed since the
opening of high triangularity campaign. The effects of H- and D-coils, however, have
not been corrrected until this year since these effects were believed to be negligible. We
check newly these effects in order to determine the detailed correction factors for the
plasma operation using ^ ^ ( 0 2 ) feed-back(FB),3) and clarified that we can correct by
using small factor.
/p-coupling was also one of the residual problems. This correction was already done
for the standard and high elongation configurations.2' In the case of the high triangularity
configuration, we used the corrective formula for the standard configuration case.
Therefore, Wdia (especially D2) was sometimes estimated to be less than zero. In this
year, we carried out the experiment in OH phase under the condition of / p =0.4~l.l[MA],
#r=1.0~2.1[T]. These plasmas were very low density in order to make Wdia nearly equal
to zero. Plasma current centre was scanned within the range of R}=3.2~3.4[m] and
Z,=0~0.25[m] with keeping Wdia constant. The corrective formulas in high triangularity
connection were determined as follows.
AW^op8[MW] = (1.15 + O.58ZJ

-0.36Rs)lp[MA](BT[7]/4.05)

= (1.97 - 0.59/?J)/P[MA](fir[T]/4.05)
Rs[m] andZj[m] means the point of plasma current centre. The real stored energy is the
sum of this corrective factor and measured value. Figure 1 and 2 show the comparison of
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before and after correction by these equations for Ioop8 and loop 14, respectively. Wtan
means the stored energy that was calculated by the kinetic method based on the SLICE
code. The vertical axis shows the normalisd difference by Ip between measured value
and calculated one. "After correction" means including correction come from these
formulas in measured one. Both Rs and Zi dependence of this difference were eliminated
by using these corrective formulas.

2.2.3. Summary
From calibration experiment on high triangularity configuration, corrective factors
for H- & D-coils current coupling and corrective formulas for /p-coupling were newly
determined. In addition, corrective factors for other poloidal coils were also checked in
detail. The accuracy of stored energy estimation was improved. The remaining absolute
error[MJ] of W^ is less than 0.06/p[MA] and 0.08/p on Ioop8 and loop 14, respectively.
This calibration results can contribute to W^-FB control planned in the middle of 1999.
References
1) S. Tsuji et al., JAERI-M 91-196 (1991).
2) S. Tsuji et al., JAERI-M 92-073 (1992) 345.
3) T. Oikawa, Sec 2.3 in this annual report.
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2.3

Improved Detection of Stored Energy(D2) for the Real-Time Feedback
Control
T. Oikawa

2.3.1

Introduction

The plasma stored energy evaluated by the functional parametrization (FP) method [1],
D2, has been used to conduct the experiments effectively. Recently, the FAME (Fast Analyzer
for Magnetohydrodynamic Equilibrium) system [2] has been developed. This system routinely
reconstructs the plasma equilibrium in 11 minutes after the termination of discharge. Plasma
stored energy also can be quickly monitored. However, D2 detection is still necessary for the realtime feedback (FB) control of the stored energy because the real-time equilibrium reconstruction
has not been realized in JT-60U.
Plasma stored energy FB is planned to be employed for the reversed-shear (R/S) operation.
In 1998 high QDT R/S campaign, the neutron emission rate (5n) FB was employed for the
adjustment of plasma beta to maintain the MHD stability during passing qmin = 3 [3]. However,
the neutron emission rate does not correspond directly to the plasma beta. In addition, during
the phase 5 n FB is employed in R/S discharges, Sn has a large beam component. Thus, the
stored energy FB (D2 FB) is expected to be a effective tool for beta (MHD stability) control
with higher reproducibility. For this purpose, the accuracy of D2 detection is quite important
and necessary to be improved.
2.3.2

Stored Energy Expression

Stored energy determined from the diamagnetic measurement is expressed as
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where Bp, (3^, Vp, RQ and BTO are poloidal field averaged on the last closed flux surface, perpendicular poloidal beta, plasma volume, major radius of vacuum vessel and vacuum toroidal field at
R = Ro, respectively. A characteristic radius of the toroidal configuration, R^, is approximated
by RQ. Diamagnetism [i\ is,

Diamagnetic flux A^dia(= JQ dA(BT-BTo)) takes the positive (negative) value when the plasma
is paramagnetic (diamagnetic). S\ and 52 represent the poloidal magnetic forces in the direction
of minor and major radius, respectively, defined by
Si =

\— ! dSBlr • n,

S2 =

\

f dSBlR • n

(6)

Here, / r dS and Jn dA are the integrations over the plasma surface and the poloidal cross section,
respectively, and r, R and n are the minor and major radius vectors and the unit vector normal
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on plasma surface, respectively.
^dia an( ^ ^di'a a r e * n e stored energies confined by the poloidal and the toroidal magnetic
fields, respectively. Thus, poloidal magnetic field supports both plasma and toroidal magnetic
field pressure when the plasma is paramagnetic (/3p < 1), and both poloidal and toroidal magnetic field support plasma pressure when diamagnetic (/3P > 1).
2.3.3

D2 detection : Approximation of Stored Energy

In calculating the diamagnetic term W$*, Diamagnetic flux A</>dia is calculated by subtracting the stray flux coupling of the diamagnetic loop with poloidal magnetic fields produced
by poloidal field coils from diamagnetic signal[4-6]. All data necessary to calculate W$*, i?T0i
diamagnetic signal and poloidal coil currents, are available on the real-time control computer
IbR for the real time calculation. Thus, it is possible to evaluate W^ without approximation
in real time.
First term in eq.(3), Wdi£, is determined from the plasma equilibrium. The FP method is
adopted to calculate this term in real time. In the following, first, the old method of Wdi£ calculation is described, and some possible causes of inaccuracy especially in application to the R/S
plasmas are pointed out. Next, new method is proposed, and its improved accuracy is shown.
D

— 0

(Old Method) In evaluating Wdi£, VpBp and Si are independently evaluated. Approximating the plasma cross section as elliptic, VpBp is expressed as
= l M o 2 i? p / P 2 x — | — - 2

(7)

Here, E is the elliptic integral. Plasma major radius Rp is detected by the FP method for
plasma position control. The shaping factor TT2/AK {E(e2)} (— 1 when circular cross section)
is approximated to be constant for each connection of vertical field coil : 0.975(Standard),
0.955(High Elongation) and 0.930(High Triangularity). This means the plasma cross section is
assumed to be always a same constant shape typical in each coil connection. This is first cause
of inaccuracy.
Si is evaluated using the following approximation,
Si «0.1A + 0.941.

(8)

Here, Shafranov A(= f3^Q + 4/2) i s evaluated by the FP method, where /3^Q defined by (/3^ +
f3p )/2 is the equilibrium poloidal beta (the average of the perpendicular and the parallel poloidal
betas.) However, eq.(8) is derived not from the analytical relation, but empirically from the
equilibrium database of JT-60 lower X-point configuration. The validity of this approximation
has not been verified in JT-60U. It is possible that large error occurs in the R/S which are far
out of the discharge regime in JT-60. This is shown in Fig. 1, where Si approximated by eq.(8)
is plotted versus Si calculated by the FBI code. This is second cause of inaccuracy.
Third cause of inaccuracy comes from the accuracy of the FP method. For A detection,
10 magnetic probes (5 T-probes : PBTC-3,1O,B1,B2 and 16, and 5 N-probes : PBN-1,3,6,10
andl2) are used. The coefficients of the FP have been determined from the narrow region
of the equilibrium (12 normal shear discharges, total 226 data) after the W-shaped divertor
modification.
Due to three reasons described above, the deviation from the FBI results becomes quite large
in the R/S discharges, as shown in Fig. 2.
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(New Method) Two improvements are employed for the higher accuracy in the wider discharge regime, (1) calculation of Wd£ itself with the FP method to exclude two approximation,
the shape of the cross section and Si, and (2) increase of the number of magnetic probes used
by the FP method for higher accuracy.
The formula of the FP method for detection of the parameter Wdi£//p (because Wd£ oc
Bp oc Ip) is expressed the same as for the plasma position DR and DZ [7],

where N^ and Np are the numbers of T- and N-probes, 7D and /p are a divertor coil and a plasma
currents, and BUi and Bpi are tangential and normal components of magnetic fields at the i—th
T- and N-probe positions. We choose same 16 probes as used in the plasma position detection
(DR, DZ, X p and 5), (8 T-probes : PBTC-1,3,5,7,1O,B1,B2 and 16, and 8 N-probes : PBN1,3,6,8,1O,B1,12 a n d l 6 ) . Thus, 33 coefficients Co, CU, D.^Cpi and Dpi have to be calculated
using the method of least squares on the equilibrium database
To cover wide discharge regime, the equilibrium database has been made from all discharges
in from 1998 to 1999 March 1st week. T h e F P coefficients have been calculated from the
equilibrium d a t a satisfaying the condition 2 < t < 14, 0 < 1% < 2 and Wdia > 0, totally 23323
data, which cover the wide region (plasma position, limiter/divertor, coil connections of high
elongation/high triangularity, OH/L-/H-modes, normal/reversed shear, W^ia = 0 ~ 9MJ and
r?

0 < li < 2). In Fig. 3, Wd£ by the new method and the FBI code are compared. This shows
a good accuracy (standard deviation~40kJ). In Fig. 4, time-traces of the Stored energy(W/dia),
D2 by the new method and the old method are compared for three types of discharges, (a)
high performance R/S, (b) high /3p ELMy H-mode and (c) ohmic discharges. D2(old) deviates
largely from Wdia m the R/S discharge. D2(new) shows a quite good agreement and its largest
deviation is about only 0.2MJ at the final timing of high performance R/S (Wdja = 9MJ).
2.3.4

Conclusions

Method of D2 calculation was reeaxamined fundamentally for the real-time FB control of
the stored energy. Excluding the approximation derived from the narrow discharge regime and
increasing the accuracy of the FP method itself, the accuracy was drastically improved in the
wide range of discharges, especially in the R/S plasmas. This new D2 detection is expected to
be a powerful tool for beta control in high performance plasmas.
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[1] Hosogane, N., Ninomiya, H. and Seki, S., Nucl. Fusion 26(1986)657.
[2] Hasegawa, Y., et al., J. At. Energy So. J a p a n 41(1999)48.
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S1(FBI)

Figure 1: Correlation of the approximated S1 and
FBI's S1 for R/S discharges (E031247-E031911,
condition: l<1 and W^OSMJ).
S1 in ordinate is calculated by eq. (8).
S1(FBI) in abscissa is the result of FBI.

Figure 2: Correlation of WJ*1 calculated by old D2
method and FBI for R/S discharges (E031247E031911, condition : l<1 and Wdia>0.5MJ).

Figure 3: Correlation of W^f" calculated by new D2
method and FBI in a wide discharge regime(1998
Jan.-1999 Mar. 5, condition : 2<t<14s, 0<l<2 and
W >0MJ, total 23323points).
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2.4 Improvement of the FP Formula Coefficients for New Clearance Control
Y. M. Miura, Y. Kawamata, T. Fukuda and K. Kurihara
1. Introduction
A function parametrization (FP) method1' has
been employed for the real-time control of JT-60U
plasma position and shape, where sets of linear
coefficients in the FP formulas for plasma
geometrical center (Rp, Zp), X-point position Zx,
and triangularity 8, are determined through
regression analyses based on the numericallyprepared equilibrium database. In addition to
these parameters, the clearance between a plasma
surface and an RF antenna has been required to be
precisely controlled for efficient LHRF current
drive in the high-triagularity plasma experiment.

Fig. 1 Definition of the clearance 60.

In a simple application of the FP Method to this clearance, we encountered an ill-posed
problem in numerical calculation of coefficients for an FP formula. To achieve the precise
control of the clearance within a few centimeters, this ill-posedness should be completely
avoided. In this report, how to solve the problem is described.
2. An FP Formula and Ill-Posed Problems
As shown in Fig. 1, the clearance 50 is defined as
~~

(1)

^VOUT

where RMAX 1S the point having the largest R (major radius) position on the plasma outermost
magnetic surface, and i?VouT is the same point on the inner surface of the vacuum vessel. It
should be noted that 80 defers from the distance on the Z = 0 plain between the plasma surface
and RF antenna.
The following formula of the FP method for detection of 50 has been adopted in the
analogy with that for Rp, because 50 can be assumed to directly correspond to i?p. Hence, it is
expressed as
(2)
where I? and ID are the plasma and divertor coil currents, Bai and Bpi are the tangential and
normal components of magnetic field at the z-th probe positions, and Na and vVp are the
numbers of probes (A^ = Np = 8). The 33 coefficients Co, Cmi, Dai, Cpi, and Dpi in the FP
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formula have been calculated using the method of least
squares (LS) on the equilibrium database, which
contains only divertor plasmas with 80 < 15 cm.
Although the numerical examination of the 80
reproducibility using the database certainly shows a
good result (standard deviation a~ 4.4 mm), the actual
comparisons of the FP method and the equilibrium
analysis in the experiment show considerably large
discrepancy for 50 as in Fig. 2. It seems that different
constant values are added to the true ones corresponding
to discharge pulses.

Fig. 2

In such a case that linearly correlated sensors and/or
insensitive sensors are involved in the LS analysis, their
calculated coefficients could be large numbers due to an
ill-posed problem. With those coefficients involved, a
small amount of actual sensor noise and/or different data
sets from the ideal equilibrium database could make
tremendously larger error than that in the numerical
estimation^.

Correlation of the clearance
"o_FPM

an(

J

§0_EXP-

(5 0 _FPM :

Results from the FP formula
on experimental data. 50_EXP:
Results from the equilibrium
analysis. Three lines indicate
-2, 0, +2 cm errors.)

In the 80 case, tangential component probe (T-probe)
pairs of (#1, #16), and (#10, #B1) show similar sensitivity to
the clearance 80 (the probe locations are shown in Fig. 3,
and the probes with a circle are available for control).
Consequently, we have excluded #16 and #B1 T-probes
from the coefficient LS-calculations. The correlation with
new coefficients in the database are shown in Fig. 4 (a~ 4.8
mm). The results from application of the new FP formula
to the same data sets with Fig. 2 are shown in Fig. 5.
Apparently, the clearances 80 are accurately identified (error
< 1 cm).

T-probes

3. Discussion
The application of the new FP formula to the actual
experiment shows good results. In particular, E033056
shows an unexpected but preferable feature of the obtained
FP formula as shown in Fig. 6. Generally, the accuracy of „. . ,
°

J

J

detection often deteriorates beyond the database region (80 <
15 cm). However, 80 is precisely detected with sufficient
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Fig. 5

Correlation of the clearance 50_ppM and
P. (5'0_FPM : Results from the new FP
formula on experimental data.
Results from the equilibrium analysis.)

accuracy even in the wider region (15 < 50 < 45
cm).
4. Concluding Remarks
The FP formula for the new controlled
plasma parameter, clearance 80, has successfully
improved the accuracy is to a large extent by
avoiding the ill-posed conditions.
10

20

30

40

50

50_EXP (cm)

Fig. 6 Correlation of the clearance 50_pPM and
&"O_EXP in extrapolation region. (50_pPM:
Results from the new FP formula on
experimental data. 50_EXP: Results from
the equilibrium analysis)
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2.5 Effects of Instabilities and the neon gas puff related to Halo Currents in JT-60U D
Y. Neyatani, R. Yoshino, T. Hatae and the JT-60 team
A current flowing directly into a vacuum vessel from plasma (called halo current) is
observed during disruptions in tokamaks. In JT-60U, a large halo current product of
TPFxIfr/Ipo was always obtained with a rapid increase in the halo current. The halo current
reached to its maximum at this phenomena. Thus, the mechanism of this rapid increase of the
halo current should be investigated to reduce the halo current.
In the halo current studies, the most dangerous disruption caused by vertical
displacement event (VDE) was experimentally simulated, in which a plasma was actively
controlled to move downward. In this case, when q s becomes close to one during Ip quench,
Da and \dBrldt\ bursts occurred (named qs=\ burst). In qs=\ burst, only a Da emission at a
plasma central channel increases. Just after this qs-l burst, a halo current rapidly increases
and reaches to its maximum. This rapid increase in the halo current was always observed just
after the Da burst when qs drops to 1. The maximum halo current product, which estimated to
TPFxIh, reached more than 80% of the plasma current at the same time. Considering the
diagnostic error of the halo current of 30%, we can say that almost all the plasma current at
the timing of qs=\ burst is turn to the halo current. The upper bound of the maximum
TPFxIh/IpO was determined by those with the qg=\ burst. These observation suggest that the
change of current distribution and releases of the energy and/or particles from the closed flux
surface occur at the qs=l burst. The qs=°l magnetic surface may be destroyed and particles
inside the closed flux surface are released to the outside. As a results, a plasma current inside
a plasma core is changed to the halo current rapidly because force-free current in the halo
region flows along the open field lines.
For reducing the temperature of the halo region in order to reduce the magnitude of
halo currents, an intense pulse gas puff has been attempted. When neon gas of 3.3 Pam3/s x
0.17 s was applied during VDE, the magnitude of the halo current decreased by about 60% of
those for no gas puff case. On the other hand, when H2 was puffed, 50 Pam3/s x 0.1 s of gas
puff (one order larger than that of neon) was required to obtain the 40% reduction of halo
currents. Thus, we confirm that the neon puff is more effective to reduce the halo current. In
case of neon gas puff, electron temperature at the time of the maximum halo current can be
expected to be lower than 10 eV. The qs was always 2-3 just before the maximum halo
current. These results suggests that both reduction of electron temperature and high qs are
possible cause of the low halo current for neon gas puffing.
1) Neyatani, Y., Nakamura, Y., Yoshino, R., Hatae, T. and the JT-60 team, in Fusion Energy
1998 (Proc. 17th Int. Conf. Yokohama, 1998), IAEA-CN-69/EXP3/11
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2.6 Generation and Termination of Runaway Electrons
at Major Disruptions in JT-60U 1 )
R. YOSHINO, S. TOKUDA, Y. KAWANO
Disrupted discharges in JT-60U have been investigated in order to clarify necessary
conditions for avoiding runaway electron generation.
It has been found that runaway electrons are not observed for low Bt of < 2.2 T or low
plasma current quench rate (Iy = - (dlp/dt)/lp) of < 50 sec~l. Furthermore runaway electrons
are not observed for low effective safety factor defined at the plasma edge (qeff) of < 2.5 even
for high Iy of 300-400 sec" 1, which is the case of uncontrolled disruptions accompanied by
large plasma displacement (e.g. Vertical Displacement Event, VDE). This absence of runaway
electron generation for qeff < 2.5 is very important for tokamak fusion reactors like ITER,
because the runaway current tail can naturally terminate even when plasma control fails with
the resultant large plasma shift.
On the other hand in controlled disruptions with small plasma shift, the qeff easily
increases higher than 8 and runaway electrons are observed even for low Iy of 50-100 sec" 1.
In these controlled disruptions the decay of the runaway current tail has been carefully
investigated, and it has been found that the runaway current tail terminates even for a weakly
positive or zero plasma-surface-voltage. This current decay suggests the loss of runaway
electrons as observed in JET^). The loss mechanism has not been fully clarified yet, but it is
possible that magnetic perturbations scatter runaway electrons and enhance their loss from the
plasma.
The slow termination of the runaway current tail demonstrated in JT-60U, where the
divertor plasma configuration is maintained to avoid serious plasma-wall interaction, has the
possibility to mitigate the damage caused by runaway electrons in tokamak fusion reactors.
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1) Yoshino R., Tokuda S., Kawano Y., : Nucl. Fusion, 39, 151 (1999).
2) Gill R D : Nucl. Fusion, 33, 1613 (1993).
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3. Confinement and Stability
3.1 High Performance Regimes in JT-60U [1,2]
High performance regimes of JT-60U plasmas are presented with an emphasis upon the
results from the use of a semi-closed pumped divertor with W-shaped geometry.
Plasma performance in transient and quasi steady states has been significantly improved
in reversed shear and high-Pp regimes. The reversed shear regime elevated an equivalent
Qv* transiently up to 1.25 (nD(O)xETi(O)=8.6xlO20 m-3»s«keV) in a reactor-relevant
thermonuclear dominant regime. Long sustainment of enhanced confinement with internal
transport barriers (ITBs) with a fully non-inductive current drive in a reversed shear discharge
was successfully demonstrated with LH wave injection. Thermal and particle transport analyses
show significant reduction of thermal and particle diffusivities around ITB resulting in a
strong Er shear in the ITB region. In the high-(}p regime, performance sustainment has been
extended with a high triangularity achieving a long sustainment of plasma conditions equivalent
to QDTeq~0.16 (nD(0)xETi(0)~1.4xl020 m-3»s»keV) for -4.5 s with a large non-inductive current
drive fraction of 60-70% of the plasma current.
The W-shaped divertor is effective for He ash exhaust demonstrating steady exhaust
capability of xHe*/xE -3-10 in support of ITER. Suppression of neutral back flow and chemical
sputtering effect have been observed while MARFE onset density is rather decreased. Negativeion based neutral beam injection (N-NBI) experiments have created a clear H-mode transition.
Enhanced ionization cross-section due to multi-step ionization processes was confirmed as
theoretically predicted.
Negative-ion based neutral beam injection (N-NBI) experiments up to 400 keV and 5.2
MW have created a clear H-mode and sustained ELMy H-mode plasmas under electron
dominant heating. A current density profile driven by N-NBI is measured in a good agreement
with theoretical prediction. N-NBI induced TAE modes characterized as persistent and bursting
oscillations have been observed from a low hot beta of <p\>~0.1-0.2% without a significant
loss of fast ions.
[1]
[2]

S. Ishida and the JT-60 Team, Proceedings in Fusion Energy 1998 (Proc. 17th Int.
Conf., Yokohama. 1998), IAEA-CN-OV1/1.
S. Ishida and the JT-60 Team, to be published in Nucl. Fusion.
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3.2 High Performance Experiments in JT-60U Reversed Shear Discharges ')
T. Fujita, Y. Kamada, S. Ishida, Y. Neyatani, T. Oikawa, S. Ide, S. Takeji, Y. Koide,
A. Isayama, T. Fukuda, T. Hatae, Y. Ishii, T. Ozeki, H. Shirai and the JT-60 Team
Internal transport barriers (ITBs) with clear reduction of particle transport and ion and
electron thermal transport are formed inside the radius of q m j n in JT-60U reversed shear
discharges. The radius of the ITB was expanded up to -70% of the plasma minor radius by
plasma current ramp-up after the formation of the ITB and a large improvement of confinement
was obtained in L-mode edge discharges. This paper describes experiments aiming at (1)
extending the operation to higher plasma current or lower q region with good reproducibility,
(2) reduction of impurities with a W-shaped pumped divertor, and (3) stability improvement by
pressure profile broadening and long sustainment of ITB. All these are required in order to
apply the reversed shear operation with ITB to a next-step machine like ITER.
High fusion performance has been obtained in low q, high I p reversed shear discharges
on JT-60U. The record value of equivalent fusion multiplication factor in JT-60U, QDTeq =
1.25, has been achieved in a deuterium discharge with B t = 4.4 T, I p = 2.6 MA and q95 = 3.2.
The neutron emission rate was 3.6x10^ /s with neutral beam power of 12 MW. To obtain high
performance, it is essential to form a large radius ITB in low q regime (qmin ~ 2). This was
accomplished by plasma current ramp-up with the persistent ITB. The control of pressure and
current profiles by changing the plasma volume and the feed-back control of beam power using
the neutron emission rate were found effective to suppress a collapse before reaching high
current regime. Reduction of impurity (Zeff ~ 3.5 to -3.2) was achieved in the campaign after
the installation of W-shaped pumped divertor, which resulted in 20% increase of Q D T 6 ^ though
the plasma current was restricted below 2.6 MA due to smaller plasma volume.
The performance in L-mode edge discharges was limited by disruptive beta collapses with
PN ~ 2 at q m j n ~ 2. An H-mode transition was obtained by use of enhanced heat pulse with
degradation of ITB, which was caused by toroidal rotation control. The stability in the lowq m i n region was successfully improved in the H-mode edge discharges, and a high (3N value of
2.3 has been achieved at q m i n = 1-5. Long sustainment (5.5 s) of ITB and improved
confinement was realized in an ELMy H reversed shear discharge (Bt = 3.5 T, I p = 1.5 MA,
q 95 = 4.3, triangularity ~ 0.26); H factor of 1.5-2.0 and (3N of 1-0-1.4 were sustained. The
density and temperature profiles were changed according to the time evolution of q profile,
which indicated the importance of current profile control for sustainment of ITB.
1) Fujita T. et al, to appear in Fusion Energy 1998 (Proc. 17th Int. Conf. Yokohama, 1998),
paper EX 1/2.
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3.3 Long Sustainment of JT-60U Plasmas
with High Integrated Performance [1]
Y. Kamada, A. Isayama, T .Oikawa, Y. Sakamoto, N. Hosogane, H. Takenaga,
Y. Kusama, T. Fujita, S. Takeji, T. Ozeki, Y. Ishii, S. Tokuda, K. Ushigusa,
O. Naito, S. Ishida, Y. Koide, T. Fukuda, T. Takizuka, H. Shirai, T. Hatae,
This section summarizes recent development of quasi-steady ELMy high-pp Hmode discharges with enhanced confinement and high-p stability, where i) long
sustainment time, ii) increase in absolute fusion performance and iii) extension of the
discharge regime toward low-q95 (~3) are to be emphasized. After modification to the
new W-shaped pumped divertor, a long heating time (9sec) with a high total heating
energy input of 203MJ became possible without harmful increase in impurity and
particle recycling. In addition, optimization of the pressure profile characterized by the
double transport barriers, electron density and / or high triangularity 8 enabled us to
extend the performances in long pulses: The DT equivalent fusion gain QDTeq~0.1 (8
=0.16) was sustained for ~9 sec (~50xE, ~10xp*) and 0 ^ - 0 . 1 6 (8 = 0.3) for 4.5s at
Ip=1.5MA. In the latter case with higher 8, H-factor

(=xE/xEITER89PL)~2.2, |3N~1.9 and

Pp~1.6 were sustained with 60-70% of noninductive driven current. In the low q95 (~3 )
region, the p-limit was improved by the high 8 (~ 0.46) shape where pN~2.5-2.7 was
sustained for ~3.5s with the collisionality close to that of ITER-FDR plasmas. The limit
of the edge a-parameter in the ELMy phase increases with increasing 8, which is the
main reason behind the improved P-limit in a long pulse at high-8. The sustainable
value of PNH also increases with increasing 8. The sustainable pN is limited by onset of
low-n resistive modes. The direct measurement of island width shows the agreement
with the neoclassical tearing mode theory.

[1] Kamada Y, et al., to appear in Fusion Energy 1998 (Proc. 17th Int. Conf. Yokohama,
1998), paper IAEA-CN-69/ CD2/EX9/2
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3.4 Parametric survey of formation condition
of internal transport barrier in JT-60U plasmas
Y. Koide, T. Fujita, T. Takizuka, H. Shirai, T. Hatae, A. Isayama, N. Isei, Y. Sakamoto, Y.
Kamada, M. Kikuchi, The JT-60 Team
1. Onset condition of ITB formation in reversed shear discharges
The ITB onset was analyzed as in the following. Reversed shear configuration was
produced using early neutral beam injection in the initial current ramp (Fig. l(c)). Discharge
parameters are : hydrogen plasma, plasma current of Ip=1.2 MA, toroidal magnetic field of
Bt=3.5 T, major and minor radii of R=3.4 m and a=0.8 m, respectively, safety factor at 95%
E30320
of the enclosed poloidal flux of q95=4.9 and plasma
3
volume of Vp=62 m . Figure l(b) shows an evolution
of Te at normalized minor radius of p=0.1 to 0.45
>
and profiles at t=6.4 s and 5.98 s are shown in Fig.
CD
l(a). Structure of steep VTe is recognized at p=0.40.45. The steep VTe corresponds to the shaded region
in Fig. l(b) and it started to increase at t=5.98 s. So
0 0.2 0.4 0.6 0.8
P
we define ITB onset at p=0.4 at t=5.98 s. In the
1.5
analyzed data set, similar evolutions are observed in
Tj and electron density (n e ) as well.
We carried out systematic scans of beam power (
PNB) and ne. Plasma configuration was fixed (Fig.
2). Lines in the figure are trajectories of perpendicular
beams (Perp.) and parallel beams (Para.). Parallel
beams of 5.1 MW was injected with balanced
momentum input to all discharges.
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6.5

Fig. 1. Definition of ITB onset. In
this figure, onset at p=0.4 is
considered, (a) Electron temperature
profile at the onset (t=5.98 s) and 0.4
s after the onset (t= 6.4 s). (b) Traces
of electron temperature at p =0.1-0.45.
(c) Waveform of plasma current and
heating power of neutral beams.
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Figure
3
shows
ne-scan
case.
Density
was
controlled by changing the gas fueling rate before the main heating (t<5 s shown with a
shaded region in Fig. 3(c)). Figure 3(b) shows traces of line-averaged electron density (i^) .
According to the different target density (H,, at t=5 s), ITB onset time changed (Fig. 3(a))
Shown in Fig. 4 is power-scan case. Beam power was scanned during current flattop phase
with ne fixed. Changes in plasma parameters at the onset were investigated using these
systematic scans and results are discussed in the followings.
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Fig. 3. Method of density scan.
Fig. 4. Method of power scan.
(a) Response of electron temperature at p=0.4. (b) Line-averaged electron density,
(c) Beam power.

In Fig. 5(a), Te at the ITB onset is plotted with closed circles as a function of local ne at
the onset. Crosses are data taken at 0.3 to 0.5 s before the onset. Te varies from 1.4 keV to
2.4 keV and ne varies in a range
of 1.5-3.8xl019nT3. However,
3
there seems to be no sign of
critical values on ne nor Te.
Similar result is obtained on Tj
as well (Fig. 5(b)). From these
results, onset condition seems not
to be a strong function of local
ne, Te and T;.
Next we investigated the

onset

(a)

XX*
(D

before onset
(-At=0.3-0.5s)
1

n (1019 m"3)

Fig. 5. Relationship between onset parameters, (a) Electron
temperature vs electron density (b) Ion temperature vs
electron density.
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c o r r e l a t i o n

b e t w e e n

VTe

a n d

magnetic shear s (s(r/q)dq/dr). This is motivated by an observation of the following two
discharges. Figure 6 shows Te(r) and s(r) at the onset time (t=6.37 s), where onset position p
=0.39 is characterized by small s and high VTe (-7.2 keV/m). By contrast, the onset of the
discharge at p=0.24 (Fig. 7) is characterized by high s (-0.7) and substantially lower VTe
than that in Fig. 6.
E30324, t=6.37 ,

E30363, t=5.63 .
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Fig. 6. Example oflTB onset, the region
of which is characterized by low magnetic
shear and high VTe.
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Fig. 7. Example oflTB onset, the region
of which is characterized by high
magnetic shear and low VTe. Missing
data during t=5.4-5.5 in (b) is due to
calibration ofECE diagnostic.

Based on this observation, we define VTe just inside the region of ITB onset (= VTein) as
shown in Fig. 8(d) and investigated its correlation with s.
The VTe'n is plotted as a function of s in Fig. 8(a). Closed circles are data of ITB onset,
showing a remarkable correlation between them. It should be noted that this data set has
various ITB radius from rOT=0.25 to 0.44 m (i.e. p =0.26-0.45) (Fig. 8(b)) and that no
evident tendency of Te on s is visible (Fig. 8(c)).
Based on this result, we made a working hypothesis that" VTem - s" relation triggers ITB
formation. We speculate that outward moving ITB3' is interpreted that the region which
satisfies the condition moves outwards.
However there still remain some unclear points on this hypothesis. Crosses in Fig. 8(a)
are data before the onset, and most of them move upwards in this diagram and then reach
transition. However there are some exceptions. For example, a cross point at s—0.55 stays
above this line. This may be due to some missing factors to be included in this hypothesis.
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2. Summary
Onset condition of ITB in reversed shear discharges was investigated using systematic
scans of ne and PNB .
Local ne, Te and T; seem not to be essential for ITB onset. We found a remarkable
correlation between VTem and s. Based on the correlation, we made a working hypothesis
that their combination gives onset condition of ITB.
To date, the criterion is not a sufficient condition because direction of motion of some data
is not regular. This may be due to some missing factors which are not fully addressed yet.
Other parameter dependences such as Ip (or local poloidal magnetic field), VTj and velocity
shear should be investigated to obtain better onset criterion.
Reference
1) Koide, Y., Burrell, K.H., Rice, B.W., Fujita, T., Plasma Phys. Control. Fusion 40, 97
(1998).
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3.5 Internal transport barrier outside qmjn radius
Y. Koide, T. Fujita, T. Takizuka, H. Shirai, T. Hatae, A. Isayama, N. Isei, Y. Sakamoto, Y.
Kamada, M. Kikuchi, The JT-60 Team
1. Introduction
Background and purpose of this study are as follows. Internal Transport Barrier (ITB) in
reversed shear discharges in JT-60U has the following features. First, thermal diffusivities of
electrons and ions (x e and X/, respectively) are reduced at ITB1', which appears as steep
gradients of ion and electron temperature profiles (Tj(r) and Te(r), respectively). Second, the
radius of ITB (r/rB) reached 70% of minor radius (i.e. normalized radius p /ra =0.7) 2) . The
wide improved confinement region leads to good confinement. These characteristics are
useful in burning plasmas. However, in most cases, ITB radius is limited by a radius where
local safety factor q takes its minimum (pmjn)2).
The limitation mechanism of p [TB by pmjn should be made clear from the viewpoint of
further improved confinement and MHD stability. In relation to this subject, we found a
phenomena where ITB suddenly appears in the outside of p min . Its onset condition is
compared with that obtained for reversed shear case in paper 3.4.
2. ITB far outside the p min
In this section, sudden appearance of ITB well outside the p min region is discussed. Figure
1 shows evolution of a discharge with PrrB^-Pmin- Discharge parameters are : deuterium
plasma, Ip=1.5 MA, Bt=3.8 T, R=3.3 m, a=0.8 m, q95=4.6 and Vp=66m3. Plasma shape
was almost the same as that shown in paper 3.4. Reversed shear configuration was produced
in the same technique mentioned before (Fig. l(a)). Electron temperature traces in the
current flattop phase are shown in Fig. l(b), the radial position of which is from p=0.35 to p
=0.65. Te profiles at t=5.8, 6.1 and 6.5 s are shown in Fig. l(c). At t=5.8 s , a steep VTe due
to ITB formation was observed, the position of which was in the inside of p min . After that
Te(r) was relaxing in time (Fig. l(c)). ITB outside pmin suddenly appeared after that (a period
with a shaded region in Fig. l(b)). Evolution across the transition is shown in Fig. 2. Figure
2(a) shows an evolution of electron temperature at p=0.5 to p=0.65. A sudden increase in
VTe was produced first at t=6.55 s and it moved outwards in time. Similar change was
observed as well as in T; (Fig. 2(b)) and ne (Fig. 2(c)). Please note that the increase of beam
power was after the transition and it was constant across the transition (Fig. 2(d)).
Figure 3(a) shows evolution of Te(r) across the onset. Open circles show Te(r) just before
the transition. Later a region of increased VTe was produced around p~0.6 and moved
outwards in time (see Te(r) at t=6.66 and 6.75 s) . q profile was measured at t=6.72 s as
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shown in Fig. 3(b). It should be noted that the region of increased VTe was well outside the
p mjn . Relationship between ITB region and q profile is shown using 2-dimensional plot (Fig.
3(c)). In this figure, evolution of inverse scale length of Te(r) (l/LTe = VTe/Te) is shown with
gradation. The steeper gradient is shown with the much more white tone. The horizontal axis
is radial direction based on the channel position of Te measurement (tilted as guide by two
lines, which is due to the change of MHD equilibrium inside the last closed flux surface) and
time goes vertically downwards. The time window of Fig. 2(a) (t=6.5-6.75 s) is shown with a
vertical arrow in this figure. pmin is shown with a broken line, which was interpolated from
measurements at the beginning of current flattop (t=5.55 s) and just before the minor collapse
(t=6.72 s) (Fig. 3(b)). From this figure, we conclude that ITB was produced at ~ p min and
expanded outwards.
3. Comparison of onset condition of Pn^Pmin w ^ h PiTB<Pmin c a s e
In paper 3.4, condition of ITB onset for reversed shear discharges are investigated and a
remarkable correlation between VTein and s are found. In this section, condition of ITB onset
in positive s region described in section 2 is compared with it from the viewpoint of extension
of the criterion to s>0 region.
In Fig. 4, two data points (squares) from the discharge with p ITB > p min are plotted on the "
VTein - s" diagram. These two data are from two different radial positions, p=0.52 and 0.6 :
the data at s~0 is from the first transition at t=6.55 s and the other is from the later transition
att=6.61s.
As for the point near s=0, its direction of motion before the onset seems to be downward in
the diagram and the reason for it should be examined later. However the tendency seems to
be continuous with that for negative shear data.
This result shows that higher VTem is required to trigger ITB in positive s region. This may
be a hint to understand the observation that positive s throughout the plasma often leads to no
clear xe reduction3'. Furthermore, this result suggests that local electron heating by ECH is
effective to trigger ITB.
4. Summary
ITB in the outside of p min was observed. It first appeared near pmin and moved outwards.
The onset condition is continuous with that obtained for negative shear region, suggesting
that higher VTem is required for ITB onset in s>0 region.
References
1) Shirai, H., and the JT-60 Team, Phys. Plasmas 5, 1712 (1998).
2) Fujita, T., Hatae, T., Oikawa, T., Takeji, S., et al., Nucl. Fusion 38, 207 (1998).
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3) Koide, Y., Mori, M , Fujita, T., Shirai, H., et al., Plasma Phys. Control. Fusion 40, 641
(1998).
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3.6 Reduced Transport and Er Shearing in Improved Confinement Regimes
in JT-60U 1)
H. Shirai, M. Kikuchi, T. Takizuka, T. Fujita, Y. Koide, G. Rewoldt*, D. Mikkelsen*,
R. Budny*, W.M. Tang*, Y. Kishimoto, Y. Kamada, T. Oikawa, O. Naito, T. Fukuda,
N. Isei, Y. Kawano, M. Azumi
•Princeton Plasma Physics Laboratory, Princeton, NJ 08543, U.S.A.
The global confinement and the local transport properties of the improved core confinement
(ICC) plasmas in JT-60U have been studied in connection with the formation of the radial
electric field shear. The profile of the radial electric field, En is estimated by the measured
pressure gradient profile, the measured toroidal velocity profile and the estimated poloidal
velocity profile on the basis of the neoclassical theory.
The internal transport barrier (ITB) in the ICC plasmas is roughly classified into "parabolic"
type ITB and "box" type ITB in JT-60U. In the parabolic type ITB, the pressure gradient is
larger over the core region r < rITB than that of the peripheral region r > rITB. In the parabolic
type ITB, a reduction of the thermal diffusivity, xe a n ^ Xv *s shown all over the core region
surrounded by r = rITB. However, the Er shear, dEr Idr, in the core region is not so strong. In
the box type ITB, a thin ITB layer is formed within which the pressure gradient is extremely
large, whereas the pressure gradient in both the core region and the peripheral region is quite
small. The Er shear in the box type ITB is very strong only within the ITB layer and the Xi
value decreases to the level of neoclassical diffusivity. Experiments of hot ion mode plasmas
during the repetitive L-H-L transition shows that the thermal diffusivity clearly depends on the
Er shear and the strong Er shear contributes to the reduced thermal diffusivity. The energy
confinement property of box type ITB in the core region surrounded by r = rlTB is about twice
as large as that of parabolic type ITB.
The estimated ExB shearing rate, (OEyB, is compared with the linear growth rate of the highn toroidal drift mode, yL, which is estimated by the linear toroidal kinetic microinstability
analysis code, FULL code^), in collaboration with the Princeton Plasma Physics Laboratory.
The results of analyses show that (oEyB is much smaller than yL for the parabolic type ITB. For
the box type ITB, on the other hand, the 0)EyB value is almost the same as yL at the ITB layer.
A series of ELMy H-mode experiments with different plasma rotation showed that the corotating plasma is more favorable for energy confinement than the counter-rotating plasma in the
non-ICC ELMy H-mode plasmas.
Reference
1) H. Shirai, et al.: in Proc. 17th IAEA Fusion Energy Conference, Yokohama, 1998, IAEAF1-CN-69/EX5/4.
2) G. Rewoldt, W.M. Tang, M.S. Chance : Phys. Fluids, 25 (1982) 480.
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3 . 7 First Mearsurement of Turbulence Correlation Length in Reverse
Magnetic Shear Plasmas with Internal Transport Barrier in JT-60U
R.Nazikian, K.Shinohara, R.Yoshino, T.Fujita, H.Shirai, and G.J.Kramer
Stabilization of long wavelength microinstabilities through ExB velocity shear is thought
to be a key element of most regimes of improved confinement in fusion plasmas0. As these
regimes typically exhibit strong pressure gradients in the region of reduced transport, it is
natural to ask whether the corresponding large ExB shearing rates play a decisive role in
maintaining the transport barrier. This question has been central to much of the work in
plasma transport over the last decade, and many elegant experiments have been performed to
assess the causal or central role of ExB velocity shear in transport barrier dynamics2' and
other enhanced confinement regimes.
A new initiative has been started on JT-60U aimed at measuring the local turbulence
characteristics in the core region of plasmas with internal transport barriers. The first step in
this initiative was the installation and successful operation of a core reflectometer diagnostic
as part of the JAERI/PPPL collaboration program. The instrument uses the frequency
dependence of the upper X-mode cutoff to measure correlations in the reflected field from
two positions in the plasma. The reflectometer system operates between 105-140 GHz and
takes radial correlations every 60 ms by continuously switching microwave frequencies.
Figure 1 shows the evolution of the reflectometer coherence (for two different frequency
separations) together with the evolution of the core density profile and ion temperature in a
reverse shear plasma with ITB. High power neutral beam injection starts at 4.3 s, with the
following discharge condition: B=4.0 T, Ip~l MA (current ramp-up), R=3.25 m, P.**=8-15
MW. The changing position of the reflecting layer from the center of the discharge to the
ITB region is marked by vertical arrows in Fig. Id. The period of interest is divided into
three segments: part I refers to pre ITB formation, phase II to the formation phase and phase
IE to the sustainment phase which extends into the low beam power postlude of the
discharge.
Figure 2 shows the measured radial correlation between two reflectometer channels as a
function of the spatial separation of reflecting layers. The correlation is taken in the early
phase of the discharge before high beam power injection at r/a~0.3 in phase I. The radial
correlation scan in Fig. 2b is taken in a 60 ms interval and the signal coherence (y.) is fit by
assuming an exponential function for the density correlation (y.~exp(-lrl/Ar)). The resulting
estimate of the radial correlation length of the density is =4.5 cm so that k.p.~0.35 for Ti=5
2 1/2

2 1/2

keV at the point of measurement assuming the correlation length L.=<r > =(2Ar )
(k.=2ji/L.) for an exponential function. In contrast, Figure 3c shows the radial coherence
data taken in the ITB during phase III in Fig. 1. The inferred density correlation function is
given by the dashed curve with a correlation length =0.5 cm, assuming an exponential
function. However this value is derived assuming the wavelength of the density is
significantly longer than the wavelength of the microwave beam. Measurements in the ITB
may challenge this assumption, so that more care is needed to evaluate this data. However, it
is clear that the correlation length in the ITB is considerably shorted that the one obtained
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outside the ITB early in the discharge evolution and corresponds to k.p.«3. The estimated
fluctuation level is fi/n=0.5% which is considerably higher than the value measured near the
center of the discharge. The high wavenumber of the fluctuations (-12 cm'1) is well above
values measured on other devices in the L-mode and hot ion regimes, and is considerably
higher than expected from theoretical estimates of the most unstable modes in the abscence
of ExB shear. More detailed analysis of the data taken in the ITB will be performed in the
future to assess the possible role of Bragg reflection and other factors on the interpretation of
these measurements.

1) BURRELL, K.H., Science 281 (1998) 1835, and references therein.
2) SHIRAI, H., et al., 17th IAEA, Yokahama, 1998.
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FIG. 1. Time evolution of (a) beam power and stored energy, (b) ion temperature in region of
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layer.
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3.8 Control of Internal Transport Barrier Using Tangential Neutral Beams in
JT-60U Reversed Shear Plasmas
Y. Sakamoto, Y. Koide, T. Fujita, S. Ide, H. Shirai, Y. Kamada, R. Yoshino, M. Kikuchi
1. Introduction
Profile control of plasma current, pressure, density and rotation are important for
sustainment of high performance discharges. However heating profiles in a fusion reactor
strongly depend on alpha heating, then it is difficult to control these parameter profiles. In JT60U reversed shear plasmas 1), a large notched toroidal velocity profile is observed. At the same
time, strong radial electric field shear is formed^), which suppresses microinstability. Thus
rotation plays an important role in the plasma confinement. However, it remains an open
question whether the radial electric field plays a causative role in reducing transport. In order to
investigate the relation between toroidal velocity profile and property of internal transport
barrier, the toroidal velocity control experiment is performed by toroidal momentum input using
tangential neutral beam injectors.
2. Toroidal Rotation Control by tangential
neutral beams
JT-60U has eleven neutral beam injectors. Seven
neutral beam lines are nearly perpendicular to plasma
current, while the other four neutral beam injectors are
co- and ctr-current direction with on- and off-axis
deposition profiles. The neutral beam orbits and the
magnetic configuration are shown in Fig. 1. Using the
combination of these tangential neutral beams, it is
possible to control the toroidal velocity profile, then we
investigate the effect of that for plasma confinement.
Deposition profiles of neutral beams are calculated by
orbit following Monte Carlo (OFMC) code. Figure 2
shows the deposition profiles of each tangentialneutral-beam line in the reversed shear plasma. The

Fi

s- '• Magnetic configuration and the

orbits of perpendicular
neutral beams.

and

tangential

first orbit loss of co- and ctr-current direction neutral
beams are 1.5% and 6.7%, respectively. Broader deposition profile of ctr-current direction
neutral beam (ctr-NB) compared to co-current direction neutral beam (co-NB) is formed
because of the large first orbit, then the heating power of co-NB in the central region is about
two times larger than that of ctr-NB.
Typical waveforms are shown in Fig. 3. For the reversed magnetic shear formation preinjection neutral beams (about 4 MW) start in plasma current ramp-up phase. At t=4.2 sec,
main heating (about 12 MW) starts for the internal transport barrier (ITB) formation. After
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t=5.4 sec, lower-power (about 8 MW) neutral beam is
injected due to avoid P collapse. During this lowerpower heating period, four NB lines which are two
tangential NB lines and two perpendicular NB lines are
used in the different combinations on condition that
perpendicular NB lines are fixed.

1.5
co^vlB (on-axis)
CO

ctr-NB (on-axis)
co-NB (off-axis)

1.0
LO

ctr-NB (off-axis)

o
0.5

The profiles of toroidal velocity and ion
temperature before and after neutral beam step-down
technique are shown in Fig. 4. Central toroidal velocity
varies depending on direction of neutral beams. However
toroidal velocity near the ITB region does not vary
depending on direction of neutral
E032474
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beam line because of selfgenerated toroidal rotation
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velocity by steep ion pressure
o
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Fig. 2. Deposition profiles of each
tangential neutral beam in the
reversed shear plasma.
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Fig. 3. Waveforms for a typical reversed shear plasma

density gradients. The toroidal velocity profile contributes largely to radial electric field. The
Radial electric field plays central role in mechanisms for reduced transport in reversed shear
plasmas. However, it remains an open question whether the radial electric field plays a
causative role in reducing transport.
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Fig. 4. The profiles of (a) toroidal velocity and (b) ion temperature in the different NB
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Figure 5 shows the difference on coversus ctr-NB power. In [CO, CO] case,
which is injected two co-NBs, the neutral
beam deposition near the notched toroidal
velocity is injected to co-current direction.
The time evolution of toroidal velocity
profile and ion temperature profile are shown
in Fig. 6. It seems that steep ion temperature
gradient is defused when notched toroidal
velocity profile disappear. In this case, we
consider toroidal momentum input by neutral
beam makes outside toroidal velocity
gradient of the notch reduced, while it makes
inside one increased. The case of [CTR,
CTR], which is injected two ctr-NBs, is

ITB region
X
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Fig. 5. The difference on co- vs counterinjected
power. The shaded region indicates the internal
transport barrier region.

explained by similar logic. In [CTR, CO] case, which is injected one co-NB and one ctr-NB,
the ion temperature and the ion temperature gradient increase slightly in spite of lower power
injection (see Fig. 4). In this case, we consider toroidal momentum input by neutral beam
makes inside toroidal velocity gradient of the notch increased, while it makes outside one
unchanged because of balance momentum injection.
Figure 7 shows relation between the ion pressure gradient and inside or outside toroidal
velocity gradient of the notch in the case of [CO, CO] neutral beam combination. After beam
power step down, outside toroidal velocity gradient of the notch reduce and inside one increase.
With sufficiently small outside toroidal velocity gradient of the notch, ion pressure gradient
reduces rapidly. This leads to reduction in inside notched toroidal velocity gradient. This
suggests causality of the ITB and the toroidal rotation velocity profile. The above indicates that
a)
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Fig. 6. The time evolution of (a) toroidal velocity profile and (b) ion temperature profile in the [CO, CO] case.
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the ITB is controllable using the toroidal
velocity profile control technique.

2.5
5.55 sec

5.55 sec

4. Relation of energy confinement
to radial electric field
Deposition profile of neutral beam
depends on injection direction because of
the first orbit loss and the ripple induced
loss mechanism. Using deposition profile
calculated by OFMC code, the energy
confinement time inside ITB is written as
ITB

10

_

5

1

Toroidal Velocity Gradient (10 s" )

PNB2mrdr

where RQ, r, r ITJJ are the major radius,

Fig. 7. Relation between the ion pressure gradient and
inside or outside toroidal velocity gradient of the notch
in the case of [CO, CO] neutral beam combination.

the minor radius and the radius of the ITB,
respectively.

In Fig. 8(a), the relation between the
energy confinement time inside ITB and the toroidal velocity gradient just inside notch is shown
for various discharge. The energy confinement time tends to increase with increasing toroidal
velocity gradient. The relation between the energy confinement time and the radial electric field
gradient is shown in Fig. 8(b). The radial electric field are estimated from the measured toroidal
velocity of the carbon impurity and the poloidal rotation estimated by neoclassical theory. This
figure indicates unclear dependence. It is necessary to estimate the radial electric field
experimentally from the radial force balance equation with measuring poloidal velocity profile.
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Fig. 8. (a) The relation between the energy confinement time inside ITB and the toroidal velocity, (b) The
relation between the energy confinement time inside ITB and the radial electric field gradient.
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3.9
Effects of low particle fueling and electron heating on
internal transport barrier in ICRF heated reversed magnetic
shear plasmas of JT-60U[l]
M. Iwase, Y. Koide, K. Tobita, S. Moriyama, H. Takenaga,
T. Fujita, H. Shirai, Y. Kusama, G. J. Kramer, H. Kimura
Second harmonic ICRF minority heating supplies no particles and heats the electrons
via the fast ions which are accelerated through the cyclotron resonance. These characteristics are similar to the predictions for plasmas in a tokamak reactor in which the central
particle fueling is difficult and the electron heating by a particles is dominant. To verify
the validity of reversed magnetic shear plasmas in a tokamak reactor, a second harmonic
ICRF minority heating experiment was carried out in JT-60U[2]. Plasmas with ITBs
were produced in the pre-NBI heating phase, and ICRF power was injected to sustain the
plasmas with ITB during the main-NBI heating phase. In order to study the dependence
of the plasmas on the central particle fueling, the main-NBI heating power was scanned
shot by shot. Steep gradients in the radial profiles of Te, T\ and ne were sustained during
ICRF heating with a certain amount of central fueling by NBI.
The dependence of the VT e and Vn e to the central particle fueling was investigated
in detail. The steep gradients in the plasma parameters were located at around ^=0.3-0.5
during the ICRF heating. Although the steep gradient in the Te profile was sustained for
all discharges during main-NBI power, the gradient in the ne profiles changed dramatically with the amount of main-NBI power corresponding to the central particle fueling.
It was found that the gradient in the n e profile increased with the central particle fueling.
The shoulder point of the steep gradient in the ne profile shifted outward with the central
particle fueling, while the foot point hardly moved.
The particle confinement time inside the ITB, 7"pTB, and the effective particle diffusivity, D*™, in which the convective term was neglected were derived. The deduced T^TB
(Dle^B) increased (decreased) with the central particle fueling. In the discharge of the
lowest particle fueling (15 x 1019s"1) where the ICRF heating was dominant, both TpTB
and -De™ were similar to the values of normal shear discharges. These results indicate
that the particle confinement inside the ITB increases with the central particle fueling.
The high performance plasmas with ITB produced by NBI heating had steep gradients in 7 e , 7j, and ne profiles suggesting the development of both the particle and the
energy confinement. The high particle confinement is not welcomed for the exhaustion of
the He ash in fusion plasmas. The results of this study show that a reversed shear ITB
scenario with combined ICRF and NBI heating is possible for future tokamak reactors.
However, more experiments in the high power regime with the modified ICRF antenna
and a more detailed particle transport analysis including the convective term are needed
to obtain further information of the ICRF heated RS plasmas.
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3.10 Localized MHD activity near internal transport barriers
in JT-60U and TFTR
J. Manickam, T. Fujita1, N. Gorelenkov, A. Isayama1, Y. Kamada 1 ,
M. Okabayashi, M. Bell, R. Bell, R. Budny, E. Fredrickson, S. Ishida1,
Y. Ishii1, F. Levinton2, T. Ozeki1, H. Shirai1, S. Takeji1 and M. Zarnstorff
Princeton Plasma Physics Laboratory, Princeton, NJ USA
1
Japan Atomic Energy Research Institute, Naka, Japan
2
Fusion Physics and Technology, Torrance, CA USA
The reversed shear configuration in association with improved confinement through internal transport barriers, (ITB), is considered an attractive
candidate for tokamak fusion reactors. Previous studies on JT-60U[l] and
TFTR[2] have shown that the highest achievable @ in this configuration is
generally determined by low-n ideal MHD instabilities which are global in
nature. In addition, careful observations in both JT-60U and TFTR reveal
localized MHD activity often occurring in brief bursts in the vicinity of the
transport barrier, which may affect the discharge by inducing a momentary
loss in local confinement, or a minor "beta collapse", and may also affect the
maximum stored energy achieved in the discharge. In this report we concentrate on these burst-like modes and refer to them as BLMs, as they are
Barrier Localized Modes. Barrier localized modes occur after the formation
of a transport barrier, and may appear at low or high-/? , however they are
more harmful at high-/? . Experimentally delaying or avoiding the onset of
BLMs is a critical requirement in achieving the highest stored energy.
Figure 1 shows an expanded view of BLMs in TFTR and JT-60U. The
first three panels of this figure show time traces of the electron temperature
at three selected radii, the Mirnov loop measurement and its power spectrum.
The last panel on each side shows a time-expanded view of the Mirnov data
for a single burst. The data shows that in a very brief period, less than
a millisecond the temperature drops on an inner surface and rises on the
outside. The temperature at even larger radii, (not shown), is unaffected.
The bursts are temporally correlated on the Mirnov and Te traces and last
for less than a millisecond.
While many features of BLMs are similar in the two devices there are
some differences. Compared to JT-60U BLMs were less frequently observed
in TFTR. Further, the BLMs on TFTR sometimes had a very clear fishbone
like structure and in some cases they were associated with the observation
of intense radial electric fields.
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Figure 1: Traces ofTe and the Mirnov activity on TFTR and JT-60U showing
the similar burst-like features of BLMs in both devices. Note the spatial
localization and inversion in the Te traces. The Mirnov activity coincides
with the Te bursts and the mode is seen to grow on a time scale shorter that
100ns.
These modes are associated with low-n, typically n = 1, MHD activity,
and the poloidal mode number according to the Mirnov data is m ~ <7edge,
precursors and post-cursors are sometimes observed. When an oscillatory
precursor is observed it has a growth-time in the range 50-100//S suggesting
that it may be an ideal MHD instability.
The experimental observations clearly indicate that the local value of the
pressure gradient, rather than the global /?, is a critical parameter, coupled
with the low shear and the proximity of low-n rational surfaces. The analysis
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Figure 2: P/asma p and q profiles at the time of a BLM in TFTR and JT-60U
and the radial component of the displacement vector for an n — 1 pressure
driven instability. The eigenvector of the instability is composed from a sum
of several poloidal mode numbers which have different radial distributions.
The mode number varies depending on the local-q value so that m ~ q\oca\.
For example on JT-60U the mode number near the peak is m = 4 and near the
plasma edge is m ~ 6—7. An estimate of the experimental displacement, from
the ECE data, is shown for TFTR. The maximum displacement is 5 mm.
of this phenomenon requires detailed knowledge of the q and pressure profiles
and their gradients. In the top half of Fig. 2 we we show the profiles for
selected shots from TFTR and JT60-U. Stability analysis using the PEST
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code shows that both the equilibria are unstable to an n = 1 mode with
growth-times ranging from 50 to 300 [is. In the bottom half we show the
predicted radial mode structure for both cases. The key aspects which agree
with the experimental observation are that the mode peaks at a radius which
corresponds to the maximum pressure gradient, which lies just outside the
transport barrier. This location also coincides with the low shear region. The
poloidal mode number varies depending on the local-q value so that m ~
9iocai- The availability of ECE data on a fast time scale, 500 kHz, on TFTR
allows us to reconstruct the displacement vector from the Te fluctuations.
The results, also shown in Fig. 2, compare very favorably with the theoretical
prediction.
In order to explore the sensitivity of this instability this we have used
model equilibria with a low shear region and a very localized pressure gradient. This model is an extreme idealization of an internal transport barrier.
Based on this analysis a theoretical model for the observed MHD activity
can be constructed.
The main features of the model are as follows; (a) A large pressure gradient in a low shear region drives a localized mode, this implies that if the
pressure gradient is shifted away from the low shear region the mode can be
stabilized. (6) The position of rational surfaces relative to the peak in the
pressure gradient is important, (c) The radial extent of the internal mode
depends on the gradients in the p and q profiles, and also depends on the
value of qm\n , the mode width increases as qm\n decreases, (d) The internally
driven mode can couple to the plasma edge, the strength of the coupling
depends on qed%e ? being strongest when qedge has a value slightly less than
an integer, e.g. 6.8, and also depends on the current density near the plasma
edge, (e) The internal mode can couple to energetic particles in the vicinity resulting in a modified growth-rate for the instability. Depending on the
precession velocity of the fast particles, the effect may be stabilizing or destabilizing, local radial electric fields can also play a role in determining the role
of energetic particles.
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3.11. Tearing Modes in Reversed Shear Plasmas in JT-60U
S. Takeji, T. Fujita, Y. Ishii, A. Isayama, I. Isei, R. Yoshino, Y. Kamada,
Y. Koide and S. Tokuda

1. Introduction
Tokamak plasma operation with reversed shear configurations is a promising
scenario for steady state tokamak fusion reactor at view points of the stability and selfconsistency of the configuration with high bootstrap current fraction. Recent
experiments in several tokamak devices revealed the advantage of reversed shear
configurations with respect to transport, confinement and fusion performance.
Reversed shear plasmas in JT-60U are characterized by improved core
confinement by the internal transport barrier, ITB, and the resultant steep pressure
gradient near ITB. The upper limit of the achieved normalized beta, p\,, is close to the
stability limit of n (n, toroidal mode number) = 1 ideal kink-ballooning modes [1]. On
the other hand, major or minor collapses often occurred in much lower p\j regime than
the expected ideal stability limit when the minimum q (q: safety factor) , q^,,, went
across q=3 or q=2 surfaces [2]. Understanding of mechanism of these low PN collapses
is important to establish a reliable reversed shear plasma operation scenario for the
formation and to keep stable in the steady state.
In this paper, experimental analysis of the low f^ collapses was done with
detailed measurement of plasma fluctuations.
2. Experimental setup
Detailed measurement of electron temperature, Te, fluctuations and their radial
profiles was done using the electron cyclotron emission, ECE, detected by a heterodyne
radiometer system, HRS. The number of channels of the heterodyne radiometers in the
HRS was twelve, the channel pitch was typically ~2 cm and the spatial resolution of
each channel was about 1.1 cm at the toroial magnetic field, BT, of 3.7 T. The sampling
frequency of the ECE signals was 50 kHz.
The reversed shear configuration was formed with almost the same operation
scenario employed in the high performance experiments last year. The fuel gas was
hydrogen in this experiment. The toroidal magnetic field was chosen to be that the
observed radial region by HRS is located near ITB. We tried to observe Te fluctuations
near ITB at the weak and strong field side in different discharges by changing BT from
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2.7 T to 3.7 T. Then, the plasma current, Ip, was changed from 1.0 MA to 1.3 MA to
keep q95 about 4.7. The neutral beam injection power, P m , was 12MW at the maximum.
3. Experimental Results
Waveforms of Te near the major collapse are shown in Fig. 1. The major
collapse looks to have three phases; one is the fast crash phase, one is the temperature
equalization phase and the final crash. The normalized beta right before the first fast
crash phase was 0.74. The amplitude of Te fluctuation is found to increase locally with
the growth time of 1.5 ms as a precursor to the first fast crash. Larger size magnetic
islands appear after the first fast crash, then the final crash occurs to degrade the plasma
stored energy drastically.
Figure 2 shows radial profiles of Te, the relative fluctuation level of Te and the
radial displacement of plasma perturbation, ^r, estimated from the Te fluctuation level
and the radial gradient of Te. More detailed waveforms of Te are also shown in Fig. 3.
Here, the clear precursor to the first fast crash, witch is mentioned in Fig. 1, is at the
radial region of the steep gradient (5th channel from the leftmost channel in Fig.2; i.e.
5ch). The profile of the relative Te fluctuation level is peaked at the region of steep
gradient. We, however, have to note that the Te fluctuation level tends to be emphasized
near the ITB even with the small radial displacement because of the strong Te gradient.
One of the most notable findings in this experiment is that Te fluctuations exist
at outer region of the ITB. Tenth (lOch) and eleventh (llch) ECE channel data revealed
existence of Te fluctuations with the same frequency and out of phase (See Fig. 3.). This
means that tearing modes are occurring and magnetic islands are generated there. Since
the Te gradient at that region is very small, the estimated ^r becomes relatively large.
Moreover, the Te fluctuations synchronize with that of 5ch signal right before
the first fast crash. This fact suggests that the tearing modes occurring at the outer
region of ITB coupled with the growing mode inside the ITB.
4. Summary
Tearing modes and the resultant magnetic islands were observed in reversed
shear plasmas with the neutral beam injection heating in JT-60U. The tearing modes
couple with other rapidly growing mode (y1 ~ 1.5ms) and the global instabilities result
in or trigger the major collapses in the beta regime much lower than the estimated ideal
stability limit.
Since recent theoretical analysis of resistive tearing modes showed that double
tearing modes are unstable when qmin decreases below three and two [3], a plausible
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candidate of these instabilities can be double tearing modes.
References
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Fig. 1: Time evolution of Te in the process of a major collapse. A clear precursor
appears right before the first fast crash at 5ch (R-3.842m, R: major radius). The fast
crash is followed by large amplitude fluctuations suggesting existence of large size
magnetic islands.
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Fig. 3: Detailed wavefors ofTe right before the first fast crash. Signals of lOch and
llch suggest existence of magnetic islands between them.
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3.12

Characteristics of resistive tearing modes in long pulse
high /?N discharges
A. Isayama and Y. Kamada

1. Introduction
In JT-60U, the steady state high performance (SSHP) discharges have been done. In 1997,
ELMy H-mode with the normalized beta /3N =1.8-2.0 was sustained for 4.5 s In the series of
the discharges, the performance is limited by the occurrence of resistive tearing modes such as
m/n=3/2 and 2/1 modes [1,2]. The characteristics of the modes were consistent with that of
the neoclassical tearing modes [3].
In 1998, the SSHP experiments with lower magnetic field were performed. In this region,
same kinds of resistive modes were observed. In this section, the characteristics of the tearing
modes in 1998 are described. Comparison between the results and that in 1997 are also made.
2. Operational regime and plasma parameters
Typical waveform and plasma configuration of the SSHP experiment, where low-n resistive
mode appears, are shown in Fig. 1 and Fig. 2, respectively. Plasma parameters at t =8.1 s,
where the mode appears, are as follows: plasma current / p =1.0 MA, toroidal field Bt=2.\ T,
major radius i?=3.36 m, minor radius a=0.83 m, triangularity 5=0.38, plasma volume Vp=58
m3, geff=4.2, internal inductance £j=0.747, line averaged electron density n e =2.56xl0 19 m~ 3 ,
stored energy Wdia=2.4 MJ and normalized beta (3-^=2.13.
Neutral beam (NB) of about 12 MW is injected at t =6 s and the plasma becomes ELMy
H-mode state. Since safety factor at the plasma center is kept larger than 1 by injecting the NB
earlier, sawtooth oscillation is not observed. At t =8.1 s, where about 100 ms after the slight
increase of the stored energy, an m/n = 3/2 mode appears and the stored energy decreases.
The plasma performance is limited by this kind of mode. The feature that resistive modes appear in the higher (3 region was also observed in the Bt = 3.5 — 4.0T region in 1997. According
to the equation which describes the evolution of magnetic island width, the growth rate of the
magnetic island decreases with /?p if neoclassical term is not included. The above feature qualitatively suggests that the resistive mode is the neoclassical one. According to the theory of the
neoclassical tearing mode, seed island is needed for the mode destabilization. The seed island
can be formed by error field or MHD events such as sawtooth oscillation, fishbone instability
and ELM. Since neither sawtooth oscillation nor fishbone instability is observed in the SSHP
in both 1997 and 1998, they are not the cause of the instability. Thus, so far, the candidates are
thought to be error field and ELM.
3. Dependence of onset /?N on electron density
In 1997, the onset /?N increased with electron density. The dependence of /?N on electron
density for 3/2 and 2/1 modes is shown in Fig. 3 and 4. For the 3/2 mode, the onset /?N has
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positive dependence on electron density both in higher and lower Bt region. At fixed electron
density, the onset /?N in the lower Bt region is higher that in the higher Bt region, and /3N «2.8
was attained. For the 2/1 mode, the onset /?N seems to increase with electron density although
the range of the density is narrow. As in the 3/2 mode case, the onset /?N in the lower Bt region
is higher that in the higher Bt region.
4. Dependence of onset /?N on collisionality
It is predicted by theory of the neoclasscal tearing modes that the onset /?N increases with
collisionality. In 1997, the collisionality dependence was unclear since the range of the collisionality is narrow. In 1998, experiments at higher collisionality and lower field were performed. The collisionality dependence of /3N both in higher and lower /?N regions is shown in
Fig. 5, where the onset /?N for m/n =3/2 mode is plotted. The collisionality z/e* is defined as
ue*= 0.012ne[1020m~3]gi?[m]/£3/2Te2[keV]. n e , q, e and Te are the values at the mode location. Because of the limitation of the diagnostics, the values at r/a = 0.5 are used in Fig. 5.
According to Ref. 4, the scaling for the onset /?N is described as /?N = 5.2i/g*3. The data points
of SSHP lie on the scaling, and the collisionality dependence seems to appear from the results
in 1997 and 1998.
Recently, it is suggested that Larmor radius as well as the collisionality should be included
in the scaling. Preliminary analysis shows that the value of Pw/p\* shows higher value than that
obtained in other tokamaks such as DIII-D, ASDEX-U and JET. This may be attributed to the
fact that unlike the other devices the tearing modes in JT-60U are not triggered by MHD events
such as sawtooth oscillation and/or fishbone instability. Systematic scan of plasma parameters,
such as electron density and magnetic field, will be done in 1999.
5. NB step-up experiment
In order to evaluate the onset /?N precisely, NB power must be increased step by step. Preliminary NB step-up experiments are done as shown in Fig. 6. Main plasma parameters at t=8.0 s in
shot E32521 are as follows: / p =1.0 MA, Bt=3.6 T, i?=3.27 m, a=0.81 m, ?eff=7.9, Vp=59m~3,
5=0.15 and n e = 1.6x1019m-3.
In this shot, the NB power is increased step by step. By increasing the injection power,
the normalized beta increases monotonically. At t =7.95 s, where /?N as 1.0, m/n =2/1 mode
appears. In this shot, it is clearly seen that the amplitude of the mode increases with (3-$ and after
the step-down of the NB power the amplitude decreases /3N, which is one of the characteristics
of the neoclassical tearing mode. Detailed experiments will be done in 1999.
6. Summary
The characteristics of the tearing mode in the SSHP experiment in 1998 are described. Onset
/?N for m/n=3/2 and 2/1 modes showed positive dependence on electron density, which was
similar in the SSHP discharges in 1997. The value of onset /3N in the lower field cases is higher
than that in the higher field cases. That is, the onset /3N seems to show positive dependence
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on the magnetic field. It is under investigation whether the dependence was caused by Larmor
radius dependence of the onset /?N, or it is the result of the definition of /5(~ nT/B2). In order
to investigate the characteristics of the modes, systematic scan of plasma parameters is planned
in 1999.
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3.13 Influence of the Edge Magnetic Shear on the L-H
Transition Threshold Power in JT-60U
T. Fukuda, K. Tsuchiya, T. Takizuka, T. Fujita and Y. Kamada
3.13.1 Introduction
Although the L-H threshold power is generally described in terms of the global quantities,
such as the averaged density (n e ) and magnetic field (B T ), the significance of the edge plasma
quantities was also intensively investigated hitherto in various tokamaks. Above all, influence
of the edge magnetic shear on the L-H transition threshold power has long been an issue of
controversy *). The theoretical predictions to date are either that an increased edge shear may
suppress the edge turbulence2) or locally reversed edge magnetic shear may stabilize the driftresistive ballooning modes3). The possible role of the edge current density was also pointed out
in the ASDEX work4). In 1990, reduction of the L-H threshold power by a rapid rampdown in
plasma current during auxiliary heating was first manifested in the JIPP T-IIU experiment 5\
where nearly a factor of two decrease was reported at the ramping rate of - dl p /dt - 1 . 8 MA/ s.
However, no such clear results have been thereafter obtained, except that a small reduction of
20% was recently found in ASDEX Upgrade for - dlp/dt = 1.0 MA/s 6 ). In an effort to reduce
the additional heating power required for ITER to acquire the H mode as much as possible, the
ITER physics R&D expert group has coordinated the current rampdown experiment in various
tokamaks, as an urgent Physics R&D issues. In addition, it is known that edge region of the
reversed shear plasmas with strong internal transport barriers (ITB) in JT-60U stays in L mode
under the intensive NB heating7), where the plasma current is continuously ramped up. The
reduced heat flow to the edge, due to the ITB formation, may herein be the cause. However, a
reduction of the edge magnetic shear can also play a substantial role. Acquirement of the H
mode in the edge broadens the pressure profile and the accordingly improves the plasma
stability. Therefore, a dedicated experiment to elucidate the influence of the edge magnetic shear
was performed at JT-60U.
3.13.2 Experiment
In the initial experiment, the plasma current was ramped down in 0.75 s from 1.6 MA to
1.2 MA as shown in Fig. 1, which provides the ramp rate of 0.53 MA/s. Right after the end of
the current ramp down, the NB power was stepped up in a stairway fashion. The evaluated LH threshold power was compared with a reference pulse with Ip kept at 1.2 MA. In order to
eliminate the influence of the impurities as well as changes in the divertor recycling conditions,
the reference discharge was performed right after the rampdown discharge. In addition, the
hitpoints on the divertor target plates were also deliberately adjusted so that both the equilibrium
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Fig. 1 The waveforms of the initial current ramp down experiment. Subpanels respectively
show (a) plasma current and the NB heating power, (b) edge magnetic shear evaluated at 95%
poloidal flux, (c) averaged density and the plasma stored energy, (d) Da emission intensity
integrated in the divertor region and (e) the edge toroidal flow vehsity and (e) ion temperature
both at 95% poloidal flux.

position and shape do not change during and after the Ip rampdown. The density was set in the
range 1 . 4 - 1 . 6 x l 0 1 9 m 3 t o clearly observe the Ip rampdown effect, eliminating the influence
of the density dependence. The malign MHD activities were not observed as a result of the I p
rampdown. Here, edge magnetic shear was evaluated at 95% poloidal flux surface (s 9 5 ) , using
the FBEQU equilibrium solver. As shown in Fig. 1 (b), similar to the changes of the plasma
internal inductance (I;), which varies from 1.1 to 1.6, s 9 5 increases monotonously after the
start of the I p rampdown at 6.25 s, and it gradually decreases during the auxiliary NB heating.
Across the H mode transition at 7.3 s, reduction of the divertor recycling and an increase of the
stored energy as well as the edge ion temperature and toroidal flow velocity in the counter
direction are observed.
The reduction of the L-H threshold power in the rampdown experiment was not obvious,
although the H factor increased by 15 to 20% as a result of the Ip rampdown. The comparison
of the pressure profiles with and without the rampdown indicates that an increase of H-factor is
mainly produced in the region p < 0.6. Fig. 2 shows the dependence of the net heating power
normalized by the L-H threshold power scaling obtained in JT-60U8>,which is proportional to
n e °- 5 Bx, on 1;. The value of 1; also represents the edge magnetic shear. Here, the net heating
power (PLOSS) i s defined as Pabs+PoH-dW/dt. The Ip rampdown results follow the previous
scaling, and it should also be mentioned that the JT-60U L-H threshold power database itself,
shown with open circles and crosses in Fig. 2, does not corroborate the rampdown effect found
in JIPP T-IIU tokamak. However, the ITER-89 H factor was 1.4, right before the L-H
transition. Also for the case where the plasma current was ramped down from 1.6 to 1.0 MA,
which is relevant to - dl p /dt = 0.8 MA/s, the result was the same.
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Fig. 3 Results of the ramp down experiment
super-imposed on the previous database, in
which the ion colisionality at 95% poloidal
flux is plotted against the internal inductance.
Symbols are the same as in Fig. 2.

Fig. 3 shows the values of edge ion collisionality at 95% poloidal flux (V;*95) against 1;
for the rampdown pulses9), overlaid on the previous database. Here, the density was fixed in
the range 1.4 -1.6 x 10 19 m • 3 . It exhibits that also in a range where 1, is higher, L-H transition
occurs at Vj*95 close to unity, similar to the previous results without the Ip rampdown.
Having in mind that (1) the time derivative of the number of trapped ions lost from the
orbit may be important to induce the L-H transition, (2) whilst edge shear effects are at their
maximum towards the end of the ramp-down period, and it takes an energy confinement time
for the heating power to diffuse out of the core and contribute to power-though-the-separatrix,
magnetic flux diffusion in the boundary of the plasma will diminish the shear in the edge region
during this heat diffusion period and (3) the amount of ramp down may not have been
adequate, the Ip rampdown was performed during the NB heating, of which power is right
below the threshold, in the second campaign. In addition, and ramp rate was increased up to
3.0 MA/s.
Prior to the I p rampdown experiment, the heating power was stepped up in a stairway
fashion with a fixed Ip to determine the threshold power. The normalized heating power was
reduced to 89% during the rampdown, and the hitpoints on the divertor target plates were also
deliberately adjusted, similar to the initial experiment. Fig. 4 shows the waveforms of the
second rampdown experiment performed with hydrogen as a working gas, where values of 1 j
and s 95 respectively increase up to 7.5 and 2.7 toward the end of the I p rampdown. However,
no clear signs of the L-H transition were observed in the divertor recycling or stored energy
signals. Nevertheless, it is noteworthy that the edge ion and temperature as well as the averaged
density continuously increased during the Ip rampdown, seemingly due to an increase of the
edge magnetic shear. Instead, an increase of the edge toroidal flow velocity, which is generally
observed as a result of the formation of the radial electric field in the negative direction is not
observed, contrary to the case shown in Fig. 1. It has been found that the criteria of Vj*95 close
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to unity at L-H transition is effective both for deuterium and hydrogen plasmas. The evaluated
Vj*95 was 1.1 at 6.6 s and 1.2 at 6.8 s in this case, being away from the L-H transition criteria.

3.13.3 Discussion and conclusions
In order to elucidate the role of edge magnetic shear on L-H transition, Ip rampdown
experiment was performed. Although the edge shear was modified as expected, it was found
that the amount of reduction in the threshold power was, should it ever exist, less than 20%,
and the values of edge plasma quantities were similar between the cases with and without the Ip
rampdown. Recent theoretical work indicates that even 3.0 MA/s is not adequate to induce the
L-H transition w\ and production of the large bootstrap current at the edge, which produces the
strong edge magnetic shear further in the edge, may prove efficient.
E032854

^="1.2

I; = 2.7

3 T / H 2 discharge
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0.0
b.0

6.1 6.2 6.3 6.4 6.5

6.6 6.7 6.8 6.9 7.0
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Fig. 4 The waveforms of the current ramp down experiment. Subpanels respectively show (a) plasma
current and the NB heating power, (b) edge magnetic shear evaluated at 95% poloidal flux, (c)
averaged density and the plasma stored energy, (d) D a emission intensity integrated in the divertor
region and the edge toroidal flow velosity at 95% poloidal flux and (e) ion and electron temperatures,
respectively measured with CXRS and YAG Thomson scattering diagnostics at 95% poloidal flux.
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3.14 Characteristics of H-mode with pure electron heating by N-NBI' 2)
T. Oikawa, K. Ushigusa, Y. Kamada, T. Fukuda, O. Naito and Y. Kusama
A clear H-mode transition with the electron temperature higher than the ion temperature was
obtained by N-NBI(EB=336keV, P ^ S ^ M W ) as shown in Fig.l. The ELMy H-mode was sustained over 1.3 seconds. During ELMy phase, Te(0) reached 1.4 times T.(0) due to the electron
dominant heating by N-NBI, as calculation of OFMC code shows that the absorbed power in
electrons is 5 times larger than that in ions. Threshold power for L-H transition predicted by the
scaling obtained in JT-60U using P-NB is 2.6MW at BT=2.05T and fie=1.34xl019nr3 in this
discharge. The absorbed P-NB power and ohmic input are 0.75MW and 0.68MW, respectively.
The ohmic and P-NB input power is below the threshold power of 2.6MW predicted by the
scaling in JT-60U. Thus, the observed H-mode transition is triggered by N-NB injection. In the
steady-state ELMy phase sustained over 1.3 seconds, which is longer than the slowing-down
time of N-NB fast ions(0.27s in the center), H-factor(ITER-89PL) is 1.64. It should be noted
that this H-factor, which is almost the same as that obtained by P-NB heating at Te~T. in JT-60U,
can be obtained at Te>T.. As for L-H transition power defined by Pne,=POH+^absNB (Shinethrough
fraction is subtracted from NB injection power), transition by N-NB heating seems to occur at
similar level to P-NB heating within the present N-NB H-mode data restricted in the narrow
range of parameters such as BT, ne and q^.
A verification of H-mode transition by N-NBI electron heating has an important contribution
to the research of fusion plasmas in which the electron heating by a particles is dominant. The
further detailed studies of H-mode properties and physics, such as threshold power, pedestal
structures and the effects of the pure electron heating and high energy ions, are required.
4

7

8

time(s)
Fig. 1 : N-NB H-mode discharge waveforms. NBI power(PpNB, PNNB), the stored
energy(WdjJ, the line-averaged electron density (ne) and Da emission intensity at the divertor(DaDIV) are shown.
1) Oikawa T. et ah, to appear in Plasma Phys. Contrl. Nuch Fusion Research (Proc. 17th IAEA
Fusion Energy Conf., Yokohama, 1998), paper CD1-1
2) Oikawa T. et ah, to be published in Nuclear Fusion
3) Sato, M., et ah, Plasma Phys. Controlled Fusion 38 (1996) 1283.
4) Fukuda, T., et ah, Proc. of 16th IAEA Fusion Energy Conference(IAEA, Vienna) 1996.
-60-

JAERI-Research 99-048

3.15 Evolution of the edge pedestal in JT-60U ELMy H-mode
Y. Kamada, T. Hatae, T. Fukuda and T. Takizuka
1. Introduction
For tokamak fusion plasmas, it is required to improve energy confinement in both core and
edge regions with pressure and current profiles optimized over the whole plasma radius for high
stability. Since the edge pedestal structure of H-mode determines the boundary condition of core
plasmas, understanding of the structure is now one of the most essential subjects in world wide
research activity of contribution to ITER. As for its spatial width (Aped), dependence on plasma
parameters have been studied [1-3]. In JT-60U tokamak, it has been reported that Aped scales with
poloidal gyro radius (pp) of thermal ions in ELM-free H-mode [2]. In DIII-D, A ^ / R - (p p /R) 0 6 6
or ~(Pp.ped)0'4 between ELMs [3]. For ELMy H-mode, a scaling law of the stored energy sustained
by the edge pedestal (W d ~I p B t aR) has been proposed [4] based on the ITER H-mode database.
In JT-60U low triangularity (5—0.1) H-mode, it is usually observed that the pedestal temperature
and Wpgj are almost constant in time after appearance of type I ELMs [1]. In this case, W ^ at
onset of the first type I ELM is fitted well by this scaling law. On the other hand, at high 5 (>0.3),
the edge pedestal structure can evolve in time and W ^ can exceed the value given by this scaling.
In ELM-free H-mode, the pedestal structure is thought to be a problem in a category of pure
transport. On the other hand, in ELMy H-mode, it is a combined problem of transport and stability.
2. Growth of the pedestal structure in the high triangularity ELMy plasmas
The typical time evolution of the high-5 (=0.46) type-I ELMy H-mode discharge at L=1MA
and q95=3.5 is shown in Fig.l. Evolution of the ion temperature profile T;(r) is given in Fig.l(b).
This discharge is the high-|3p H-mode with the internal transport barrier at a positive magnetic
shear in addition to the edge transport barrier as shown in Fig.l(c) by steep gradients of ion and
electron temperatures at p/p <0.55 and p/p sep = >0.85. Here p is defined as the radial location
averaged poloidally and p s e p denotes the separatrix radius. The definition of Aped is shown in Fig.
l(b), which is given as the radial distance from p s e p to the point of intersection of two linear lines
(pedestal shoulder) in the p space [2]. In Fig.l(a), T r ped, Te-ped and ne-ped are the values at
Pshoulder determined by the Tj profile. Here T; was measured by the CXR system with the time
resolution of 50ms. Since the ELM frequency of this discharge is 50 - 100 Hz, the measured T;(r)
is the time-averaged profile over a few ELMs. The profiles of Te and ne were measured by the 20
Hz YAG Thomson scattering system with the measuring time of 20ns, which is much shorter than
the ELM period. Since Te and ne in the inner area (p<PshOulder) w e r e n o t modulated largely by
ELMs, we used the fitting of the inner data for evaluation of Te-ped and ne-ped. In addition, we
excluded the data just during the ELM bursts.
In Fig.l (a), T J . ^ J , T e . ped and A d increase in time after appearance of ELMs: Just before the
first ELM (6.15s), A d and Ti_ped are as small as 6cm and 0.5keV, respectively. After appearance
of ELMs, these values increase to 10cm and 0.9keV by t~6.3s, then gradually evolve and reach 14
cm and 1.6keV after t=8s. In this later phase, Aped is -15% of the minor radius psep. In addition,
pressure gradient in the pedestal layer increases simultaneously. The time scale of this slow
evolution is ~2s which is much longer than the global energy confinement timex E (0.2s). Such
further evolution in the ELMy phase tends to be observed when triangularity is high (0.3-0.5). On
the other hand, ne-ped is almost constant in time. In this discharge, no gas puffing was added in
the NB heating phase and particles were fuelled by NB injection and recycling.
Figure 2 treating the same discharge E32358 shows that Aped increases with T r ped in the
ELMy phase. It should be emphasized that the edge thermal pressure gradient -grad-pped also
-61 -
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Fig. 1: (a)&(b) Evolution of the edge pedestal values and the Tj-profile in the low-q95
(=3.5) high (3p H-mode discharge E32358. Aped, Ti_ped, Te.ped, -grad-pped and (3N_ped
increases gradually in the ELMy phase, (c) The whole profiles of Te Ti and q.
increases with T;
(or
). Due to the
;_ped
contributions of both Aped and - g r a d - p p e d , the
pedestal stored energy W p e d increases almost linearly
with Tj.pgj. ( In this discharge, n e _ ped is roughly
constant in time.) In evaluating thermal pressure, Z^f
at the edge was assumed 3 with carbon impurity.
At higher q 95 , behavior of ELMs is different.
Figure 3 shows evolution of the high q 95 (=6.1)
discharge at I p =lMA, B t =3.6T and 8=0.49, where the
ELM activity is weaker than that in the low-c^g
discharge shown in F i g . l . In particular, the ELM
activity disappears at t ~8 -9s, and A d and Tj d
increase further. The internal inductance 1; decreases
almost simultaneously. Such disappearance of type I
ELMs are observed clearly when 8>0.3-0.4, P p >1.52.0 and q 9 5>5-6. In this regime, the minute grassy
ELMs are observed when I is smaller (typically -0.6
MA) [10]. It seems that the increase in A d and Tj.
pgd coincide with disappearance of the type I ELMs.
Access to the second stability regime for the high-n
ballooning mode is a candidate interpreting this
phenomenon.
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3. Dependence of the pedestal width on edge parameters
This section treats dependence of the edge pedestal width on poloidal gyro radius of thermal
ions p pj (= v ±i /Qpj - Tj0-5 /B p ; v ±i =(2Tj /m)0-5, Qpi=eBp/m) and P p . ped . In evaluating p pi , we
used Tj. ped and the poloidal magnetic field averaged on the outermost closed flux surface. Figure 4
shows that Aped is well scaled by 5p ; q95* °-3. In Fig.4, ELMy data are those for IMA discharges
except open squares, and open and closed circles follow time evolution in E32358 (Fig.I) and E32
511 (Fig.3), respectively. At I p =lMA, Apgj is 8-15cm (Aped/psep=9-16%) in the ELMy phase. In
the ELMy phase, A ed is roughly proportional to p pi and 2-3 times larger than that in the ELM-free
phase at a given p ; : In ELMy Phase, Aped/ppi=3-4 at q95 -3-4 and A ped /p pi decreases with
increasing q95 weakly. On the other hand, in ELM-free phase, A d /p j=1.2-2. For the ELM-free
data, no q-dependence has been observed [2]. It should be remembered that grad-p in the pedestal
layer is not constant as shown in Fig.2. If grad-p =constant, the pedestal growth shown in Fig. 1
would be impossible when Apg^ppj (^Tj.^ 0 - 5 ) and n e . sep ~ constant.
In order to discuss dependence of Aped on P p . ped , Fig. 5 shows ELMy data at fixed a=0.82-0.85
m, R=3.36-3.38m, q95=3.3-3.7 and 8=0.43-0.47. In the JT-60U operation regions, there is a strong
correlation between p pi and Pp.ped0.5, because ppi°c T°-5 /B p and Pp.peci0'5 x (nT)0-5 /B p . Figure 6
shows that Aped increases with P p . p e d 0 5 • Therefore, it is possible to make a scaling of A ^
increasing with P p . p e d 0 5 • In this case, the constant values of A d /p p j in Fig..5 can be attributed to
the collinearity between p • and Pp_ped0'5 r a t n e r than independence of P p . p e d 0 5 . However,
comparison between a low density discharge without gas puffing (discharge A in Fig.5) and a high
density discharge with gas puffing (discharge B) suggests that Aped increases with T, (or p •) at the
similar P p . p e d 0 5 - In other words, shrinkage of the pedestal layer at high density [11] can be
explained by decrease in edge ion temperature viz. decrease in p ;. In this data set, Tj_ped and W d
increase by factors of 2-3 with decreasing ELM frequency fELM (from 300Hz to 50Hz). On the
other hand, the normalized width A d /p j is 3-4 and almost constant over this range of f^
4. Discussion
As for the edge pressure gradient limited by ELMs, the cx-parameter at onset of the first giant
ELM ( at the end of ELM-free phase ) increases with triangularity [5,6]. This tendency is also
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observed in the ELMy phase. The upper boundaries of the a-parameter and P N . ^ J increase with
8. Although the mechanism of the slow evolution in pedestal structure observed in Figs. 1-3 is
unknown so far, the capacity of stability at high triangularity can contribute to it by allowing
increase in T; and then increase in A ^ . The slow evolution may be caused by change in edge
current distribution or magnetic shear. Experimentally, li decreases with the similar time scale.
Change in the pedestal structure should affect the current profile due to the bootstrap current
driven by the steep pressure gradient at the pedestal. In addition to it, increase in (Jp changes the
local magnetic shear. There may be a feedback loop between the edge magnetic shear and Aped
including the stability limit of the edge pressure gradient. Finally, for the dependence of Aped on
the ion poloidal gyro radius, roles of fast ions injected by NB are to be evaluated [1]. The
injection energy of NB treated in this paper is 82 - 85 keV. The roles of the fast ions will be
studied by injection of the recently installed negative-ion based NB with energy of 350-400keV.
5. Summary
In JT-60U ELMy H-mode plasmas, Aped observed in ion temperature profiles is 2-3 times
larger than that in the ELM-free phase. At high triangularity, ArceS reaches 8-15cm (9-16% of the
minor radius) at L =1MA. In the high triangularity ELMy H-mode, Tj-ped and Aped can increase
gradually with a time constant of ~ 2s, which is ~ 10 times longer than the global energy
confinement time. In addition, pressure gradient in the pedestal layer increases simultaneously.
The width A d scales linearly with the poloidal gyro radius of thermal ions p j at a fixed
peripheral safety factor q95 ( A ^ ~ 3-4ppi, q95 = 3-4), and has a weak dependence on q^ ; A^ ~
5p pi q95" ° 3 . Shrinkage of Aped observed at a high density can be explained by decrease in the
edge ion temperature viz. decrease in p ; . At higher q95 (~6), further increase in A^ was observed
after disappearance of type I ELMs.
References
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4. High Energy Particles
4.1 Characteristics of NNB-driven Alfven Eigenmodes, burst and chirping
modes in the Alfven frequency range in JT-60U1)
Y. Kusama, G.J. Kramer1, H. Kimura, M. Saigusa2, T. Ozeki, K. Tobita, T. Oikawa,
K. Shinohara, T. Kondoh, M. Moriyama, F.V. Tchemychev3, M. Nemoto, A. Morioka,
M. Iwase, N. Isei, T. Fujita, S. Takeji, M. Kuriyama, R. Nazikian4, G.Y. Fu4, K.W. Hill4 and
C.Z. Cheng4
The excitation and stabilization of Alfven eigenmodes (AEs) in weak or reversed
magnetic shear plasmas were investigated with the negative-ion-based neutral beam (NNB)
injection at 330-360 keV. The Toroidicity-induced Alfven eigenmodes (TAEs) were observed
in weak shear plasmas with <p\>>0.1% and 0.4<Vbi|/vA^l. The threshold <Ph>~0.1% is as
low as threshold P a in weak shear TFTR discharges. The TAEs are stable in the high 1;
regime of 1; >1 for <Ph>~0.1%. The excitation and stabilization is consistent with predictions
by the NOVA-K code. New burst modes and chirping modes were observed at higher beta of
<Ph>>0.2%. A burst modes occurs in a range of OJ<6)TAE and the mode frequency changes
rapidly by ~20 kHz in a burst of a few millisecond. The amplitude of burst modes is a few
times to ten times as large as that of TAEs and EAEs at the plasma edge. A few percent drop
in the neutron emission rate was observed correlating with the burst modes. Fast ion loss
correlating with TAEs and EAEs was not clearly observed due to the weak fast ion drive. The
chirping modes appear in a early phase of the NNB injection and the mode frequency starts to
chirp from inside the Alfven continuum and increases up to the TAE frequency. This chirping
modes are excited only in a duration of the slowing-down time of NNB ions after the start of
the NNB injection. In the strongly-reversed shear plasma with the ITB, AEs were suppressed.
It is considered to be due to the misalignment of the AE gap and/or the low pressure gradient
and low fast ion beta in the low shear region.
References
[1] Y. Kusama et al., to be published in Nuclear Fusion.
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4.2 Frequency chirping of core localized Toroidicity induced Alfven
eigenmodes and their coupling to global Alfven eigenmodes 1 .
G.J. Kramer, C.Z. Cheng*, G.Y. Fut, Y. Kusama, R. Nazikian*, T. Ozeki, K. Tobita.
^PPPL, Princeton University, Princeton, New Jersey 08543, U.S.A.
The fast frequency change or chirping of core localized Toroidicity induced Alfven Eigenmodes (CTAE), excited before giant sawteeth during ion cyclotron resonance heating, was simulated well with the
NOVA-K code 2 . It was found that the chirping is caused by small changes of the central ^-profile.
During the chirp, the C-TAE mode can "cross" the frequency of a global TAE (G-TAE). It was found
theoretically and experimentally that instead of an actual crossing a small frequency gap is created at
the crossing due to the mixing of the G-TAE and C-TAE.
In Fig. 1 such a crossing as calculated with the NOVA-K code is shown. The upper frequency mode
starts off as the core mode as can be seen from the mode displacement, £(ip) (Fig. 1 top row). When
qo decreases it mixes in phase with the global mode and finally, it becomes the global mode. The lower
frequency mode starts as the global mode (bottom row), mixes out of phase with the core mode, and
ends up as the core mode that continues to chirps down. In this way the frequency crossing is avoided.
Experimentally, gaps have been found that can be explained as a frequency "crossing" of the C-TAE
and a G-TAE as can be seen in Fig. 2 at 231 kHz for the n = 10 TAE around 10.160 s. The higher
frequency mode chirps down and decays after 10.155 s. At the same time the lower frequency mode
appears and starts to chirp down. Because the G-TAE usually intersects the Alfven continuum near the
edge, it is heavily damped and not observed directly in the experiments.
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1. G.J. Kramer et a.1. Submitted for publication in Phys. Rev. Lett.
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4.3 L/H transition with N-NBI in the light of fast ions
K. Tobita, T. Oikawa, T. Fukuda, K. Tsuchiya
4.3.1 Introduction
Neutral beams based on negative ion sources (N-NBI) mainly heat electrons
when they are injected into JT-60U plasmas with low electron temperatures of several
keV. In N-NBI heating experiments with 300-350 keV D° beams plasma with ne = (0.81.3) x 1019 m"\ the plasma current (Ip) of 1 MA and toroidal magnetic field (BT) of 2.1 T,
L-H transitions were observed at the power (PN.NBI) of ~3 MW [1]. Such H-modes by
energetic particles are of interest in the subject of edge pedestal width [2]. This note
focuses on the power threshold for the L-H transition in the N-NBI heating. A
preliminary conclusion deduced from the experiments was that the power threshold (Pth)
for N-NBI was comparable with that for NBI based on positive ion sources (P-NBI):
P^/Bx was roughly 1 MW/T for P-NBI [1]. The conclusion is consistent with the present
understanding that the power threshold for the transition is almost independent of
heating methods. The purpose of this note is to pay attention to the N-NB fast ion
component, which can be considerably large at the L-H transition in these discharges.
4.3.2 Power threshold of N-NBI H-modes
Typical waveforms in the N-NBI L-H transition are shown in Fig.l. In the
shot, 0.8 MW of low energy (85 keV) counter-parallel beam is injected well before the
onset of N-NBI as a diagnostic beam for the motional Stark effect. The L-H transition
occurs earlier in higher target density as expected from the existing ITER expression Pth
«:ne075 [3]. Here the L-H transition is identified with increases in ne and the stored
energy (Wdia); the transition time is earlier than the onset of the ELM-free phase. What
is the most interesting is that, in the highest target density (E32257), the L-H transition
occurred at only 0.1 s after the N-NBI switched on. At this time, the fast ion component
is expected to be comparatively high in energy because the slowing down time of the NNBI ions is -0.5 s. One may wonder whether such a high beam component can affect
the transition.
The power transfer to the bulk plasma by N-NBI was estimated with the orbit
following Monte Carlo (OFMC) code [4]. Figure 2 shows the energy contents delivered
by the N-NBI corresponding to the shots in Fig. 1 (c). Because of high energy in respect
to Te, most of the beam energy of the N-NBI is transferred to electrons. What should be
noted is that the transition occurred so early that the N-NB power was hardly transferred
the bulk plasma. Consequently, the energetic beam component could work to trigger the

- 6 7 -

JAERI-Research 99-048

H-mode. In this sense, it is interesting to compare Pth for the N-NB H-mode with that
for P-NB to find a key to further understanding on the transition.
Presently the transition to H-mode is widely understood to be an edge
phenomenon in which the power flowing outwards through the separatrix should be
larger than a threshold value. Using the same way as ITER's empirical approach, let Ploss
be the total heat flux crossing the separatrix. Based on dimensionally correct regression
analysis of the data from a number of tokamaks worldwide, H-mode threshold power is
given as follows,
P,oss = Pth = 0.45 neO75BTR2
with R the plasma major radius [3]. Units of Pth, ne, BT and R in this expression are MW,
1020 m"3, T and m, respectively. Ploss is estimated by Ploss = P 0H + PNB -dW/dt -P rad .
To deduce dW/dt from diamagnetic measurement, we evaluated the anisotropy of beam
component for the tangential N-NBI with the OFMC code: W = 1.49 Wdia.
Figure 3 is a comparison of P,oss for N-NBI with that for P-NBI. Recent Hmode experiment on JT-60U concluded that the power threshold is dependent on
divertor geometry as well: Pth is lower in the closed divertor. All data in Fig.2 are
obtained in the W-shaped divertor, enabling a fare comparison. The figure indicates that
the H-mode transition by N-NBI is consistent with the ITER scaling established for
heating with lower energy beams. The leads to an important suggestion that H modes
can be resulted from the power flow across the separatrix, independent of the energy of
NBI. Yet, we should not conclude that the energy of particles producing the flow is of
no importance. Because the power flow of beams crossing the separatrix is estimated to
be as low as 0.2-0.3 MW. Thus the thermal components dominate the flow even in the
N-NBI heating, mainly contributing to the L-H transition. This fact suggests that edge
parameters are of importance in the N-NBI H-mode transition: N-NBI contributed to the
transition on second hand by heating electrons, and the fast ion component is not likely
to initiate the transition. Unfortunately, few important diagnostics for plasma edge
parameters are available in this series of discharges. From ECE measurement and
interferometry near the edge (r/a ~ 0.8), however, it is known that the transition
occurred at lower Te for higher target ne. Figure 4 shows Te (~0.8a) from the ECE
measurement as a function of ne (~0.8a) from a FIR interferometer, indicating that the
transition occurred when neTe ~ O.39xlO19 keVm"3 at r/a ~ 0.8. Although the less
availability of diagnostics does not allow investigating the transition further, the
transition at the same pressure neTe suggests that plasma edge parameters govern the
observed L-H rather than the fast ion component.
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4.3.3 Conclusion
The L-H transition by N-NBI heating seems to be mainly determined by the
power flow of thermal components crossing the separatrix. The threshold power for the
N-NBI heating matches the ITER empirical scaling as that for P-NBI heating does. In
this series of N-NBI H-mode experiment, the availability of edge diagnostics like ne, Te,
T; and the plasma rotation velocity are insufficient. Measurement of such edge
parameters is required to proceed more systematic discussion.
References
[1] T. Oikawa et al., to be published in Nucl. Fusion
[2] V.V. Parail, H.Y. Guo, J. Lingertat, Nucl. Fusion 39 (1999) 369.
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4.4 Production and confinement characteristics of ICRF-accelerated
energetic ions in JT-60U negative-shear plasmas1)
Y. Kusama, H. Kimura, M. Nemoto, K. Hamamatsu, K. Tobita, T. Oikawa,
V.I. Afanassiev ' , A. Morioka, T. Fujita, Y. Koide, T. Kondoh,
S. Moriyama and M. Saigusa 2
The features of energetic ion production during the ICRF heating were investigated in
negative-shear (N/S) plasmas by measuring charge-exchange (CX) fluxes of ICRFaccelerated ions and by evaluating the tail ion stored energy. The temperature of energetic ion
tail produced by the ICRF heating is 170-250 keV in N/S plasmas and it is lower than that in
positive-shear (P/S) plasmas (260-310 keV) in the same range of l<Pict s <2. Here, Pic is the
ICRF power and TS is the slowing-down time of energetic protons, and Pict s is a key
parameter of the Stix's formula expressing the tail temperature formed by the ICRF heating2).
Extension of the energetic ion tail in N/S plasmas recovers with increase in the plasma
current. Absolute CX fluxes in R/S plasma are remarkably lower than those of P/S plasmas.
However, tail ion stored energy estimated by subtracting thermal energy and energy of beaminjected ions from the diamagnetic stored energy is comparable between N/S and P/S
plasmas.
Model calculations using the orbit-following Monte-Carlo (OFMC) code3) were
performed in order to understand experimental results. In the OFMC calculation, test particles
having only perpendicular velocity component were launched as a point source at two
positions. One (R=3.5 m) is near the 2COCH resonance and another (R=3.7 m) is shifted
outwards in order to take a finite broadening of ICRF power absorption and a Doppler shift of
the absorption profile towards the low field side into account. The model calculations suggest
that the ICRF power absorption is dominant near the 2(0CH resonance in the N/S plasma and
in the low field side away from the 2(0CH resonance in the P/S plasma. A larger scale length
of pressure profile in the N/S plasma compensates lower density of tail ions than that in the
P/S plasma. The loss fraction is in a similar range, 60-70% in the N/S and 50-70% in the P/S
plasma. Accordingly, N/S plasmas can contain comparable amount of energetic tail ions to
P/S plasmas.
References
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5. Current Drive
5.1 Current Drive Property with N-NBI U )
T. Oikawa, K. Ushigusa, C. B. Forest* O. Naito, Y. Kusama,
Y. Kamada and T. Fujita
'University of Wisconsin-Madison
Current drive capability of Negative Ion Based NBI(N-NBI) has been assessed. In view of
adopting N-NB on the fusion reactor, the predictability of current drive and heating characteristics is quite important for its design and the extrapolation to the reactor regime. Current drive
study has been accelerated by Motional Stark Effect(MSE) measurement and the time-dependent equilibrium analysis technique. Maximum value of N-NB driven current, 0.6MA, has been
achieved with the injection power of 3.7MW at the beam energy of 360keV in deuterium
operation(both plasma and beam), where Te(0)=4keV and ne=0.9xl019nr3. Fig. 1 shows current
drive efficiency r|CD as a function of 7(0) for N-NBI(£B=330-370keV) and P-NB(£B=83-87keV).
Electron temperature is 2-6 keV, and Zeff is 2-3.5. They are obtained in the same series of N-NB
current drive experiments(deuterium). Current drive efficiency is found to be improved with
beam energy(higher T\CD for N-NB than that for P-NB) and increased with Te(0). Central electron temperature is chosen as a representative value characterizing T|CD because N-NB has a
central deposition. These results are consistent with the theoretical prediction. Current drive
efficiency T|CD is theoretically predicted to be improved with electron temperature and beam
energy. Increase in T\CD with higher
Te is due to longer slowing down
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N-NB
time of beam ions. These results u
c
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1) Oikawa T. et al., to appear in Plasma Phys. Contrl. Nucl. Fusion Research (Proc. 17th IAEA
Fusion Energy Conf., Yokohama, 1998), paper CD1-1
2) Oikawa T. et al., to be published in Nuclear Fusion
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5.2 LHCD Current Profile Control Experiments towards
Steady State Improved Confinement on JT-60U :)
S. Ide, O. Naito, T. Oikawa, T. Fujita, T. Kondoh,
M. Seki, K. Ushigusa and the JT-60 Team
As recent experimental results in tokamak devices have shown 2~b\ reversed magnetic
shear plasmas with internal transport barriers are the most promising candidate for an advanced steady state operation of a tokamak fusion reactor. Towards that goal, it is important
to investigate and demonstrate experimentally that a reversed magnetic shear configuration
can be fully driven by the bootstrap current and external current driver(s) keeping the internal
transport barriers in place. The lower hybrid current drive (LHCD) is the most suited scheme
to investigate this scenario in present situation because of its high current drive efficiency
and profile controllability. In JT-60U lower hybrid current drive (LHCD) experiments, quasisteady sustainment of a reversed magnetic shear configuration that was accompanied by the
internal transport barriers was demonstrated successfully. The plasma current was nearly fully
sustained non-inductively by the LH driven current and the bootstrap current. In the discharge,
all the profiles of the electron and ion temperatures, the electron density and the current were
found to be almost unchanged during LHCD. Thanks to the sustainment of the internal transport barriers, performance of /?N ~ 1 and H ~ 1.4 (all loss of the NBI power was extracted)
was kept. The driven current by LHW was evaluated as ~ 77% to the total plasma current,
while the rest of the plasma current was carried by the bootstrap current.
On the other hand, in a fusion reactor, plasmas will be expected to have an H-mode edge,
because of not only better confinement but also for higher stability. However, it has been
unclear if lower hybrid waves can be coupled to such plasmas and drive and control currents,
since in an H-mode edge plasma the electron density in the scrape off layer (SOL), outside the
outermost closed flux surface, might be too low for the LHW to couple with the main plasma.
Coupling of the LHW to H-mode plasmas was also investigated on JT-60U and it was shown
that LHW could be coupled to H-mode edge plasmas up to a wall plasma separation of about
14 cm. The coupling seems to depend on the edge recycling, however further detailed study
will be required for complete understanding. Substantial amount of LHCD on an H-mode edge
plasma was confirmed.
1) S. Ide et al., in the seventeenth IAEA Fusion Energy Conference Yokohama, 1998 (IAEA,
Vienna, 1998), pp. IAEA-F1-CN-69/CD1/4
2) F. M. Levinton etal, Phys. Rev. Lett. 75, 4417 (1996).
3) E. J. Strait et al, Phys. Rev. Lett. 75, 4421 (1996).
4) X. Litaudon et al., Plasma Phys. Controlled Fusion 38, 1603 (1996).
5) T. Fujita et al., Phys. Rev. Lett. 78, 2377 (1997).
6) S. Ishida etal., Phys. Rev. Lett. 79, 3917 (1997).
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5.3 Production of High Electron Temperature Plasmas by Lower Hybrid Waves
O. Naito, T. Kondoh, M. Seki, K. Ushigusa, S. Ide, Y. Ikeda
In JT-60U, very high electron temperature (Te) up to 11 keV was observed during lower
hybrid current drive (LHCD). Even with modest LH power, Te increased continuously during
LH pulse. Peaked Te profiles with Te(0) ~ 9 keV were sometimes observed during LHCD
experiments, but it is only after the installation of high repetition rate (20 Hz) YAG Thomson
scattering system, that we can measure the time evolution of such profiles.
Figure 1 shows a typical time evolution of LH power, loop voltage, Te and electron density
(ne) during LHCD. For this shot, about 1.5 MW of LH power was injected at A^M = 1.8 into a
deuterium plasma with current of 1 MA, toroidal field of 2.1 T, effective safety factor of 4.4,
and line average density of 0.5x1019 m"3, where Nn is the wave refractive index parallel to the
1.0
magnetic field. About 100 ms after the LH injection,
So.5
Te at 11 % of minor radius started to increase and
reached 11 keV in 3 seconds. As shown in Fig. 2, Te
was only peaked within 30% of minor radius and
outside this radius Te rarely changed. Concurrently
with the increase in Te, ne at 11 % of minor radius
decreased from 0.7xl019 to 0.4xl0 19 m"3. Again, ne
outside 30% of minor radius rarely changed and a
hollow density profile was formed near the end of
LH pulse. The electron pressure profile was peaked
8
during LH pulse. The temporal order of the onset of
FIG. 1. Time evolution of LH power,
loop voltage, electron temperature and
decrease in ne and increase in Te is difficult to determine
density at r/a -0.11 and 0.89 during
from the YAG Thomson data, but a density
LHCD.
E32669, 1 MA, 2.1 T, Afr = 60°
measurement by reflectometer showed a decrease in the
15
t = 8.2s
central ne immediately after the injection of LH.
Observation of extremely high Te during LHCD have
already been reported in a number of tokamak experiments
such as in PLT, ASDEX, Tore-Supra, JET, and T-10. Some
is related to the stabilization of m=\ mode at q=\ surface
and other is related to the formation of negative magnetic
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shear region near the plasma center. The present result is FJG 2 Electwn te^rature
profile
not accompanied by current profile measurement, and we before and during LHCD.
need further investigation to clear this mechanism.

- 7 4 -

JAERI-Research 99-048

6. Particle control
6.1. Particle confinement and density controllability1)>2)
H. Takenaga, K. Nagashima, A. Sakasai, N. Asakura, K. Shimizu, H. Kubo,
S. Higashijima, T. Oikawa, H. Shirai, T. Fujita, Y. Kamada, N. Hosogane and M. Shimada
Density controllability is required in a fusion reactor for control of fusion power, where
understanding of particle confinement is indispensable. In the steady state, the total number
of ions (N;) inside the separatrix can be expressed as follows using the confinement times for
particles fuelled by recycling and gas-puffing (xpR) and for particles fuelled by NBI (xpNB),
where SR, SGPand SNB are the particle sources due to recycling, gas-puffing and NBI, respectively.
We derived a scaling law of N, based on the data-set from ELMy H-mode plasmas. The
dependence of xpR and xpNB on ne, Ip, BT and Pabs was assumed as follows,
R
R
19
3 a
Y
Tp =Xp (0)(ne/lxl0 m- ) (Ip/l MA) (BT/3.5 T f t P ^ l O MW)\
l9 3
4
MA) Y (BT/3.5 T) (Pabs/10 MW)\
x™=x™(0)(nJ\xl0 rn f(yi
Different dependence on ne was assumed for xpR and xpNB, because the recycling source
distribution strongly depends on ne and its dependence is different from the NBI source.
From the fitting on the above assumption, the values of xpR(0)=4.7 ms, TpNB(0)=380 ms,
a=-0.36, (3=0.66, 7=0.21, ^=0.26, T|=-l.l were obtained. It is noted that the dependence of
xpR on ne is different from that of xpNB. The decrease in xpR with increasing ne reflects the
localization of the particle source in the edge region including divertor and SOL with increasing
ne. The increase in TpNB with ne reflects the characteristics of plasma core confinement. The
confinement times increase with Ip and BT, and decrease with Pabs, which is similar as the
dependence of the energy confinement time. The small ratio of xpR(0)/xpNB(0) indicates that
density control with gas-puffing is associated with a drastic change of the particle flux onto
the divertor plate, suggesting that the center fuelling such as pellet is necessary for density
control.
The scaling was systematically compared with experimental data for the high (3p ELMy
H-mode and reversed shear plasmas.
An enhancement of the particle confinement in the
high pp ELMy H-mode plasma is not observed. However, in the reversed shear plasma, the
particle confinement seems to have different dependence. Furthermore, some data suggests
that particle confinement is enhanced from the scaling up to a factor of two.
Based on the scaling the relationship between the volume averaged density <ne> and
the particle flux onto the divertor plate was estimated for the various xp of additional fuelling.
In order to increase <ne> up to greenwald density before confinement degradation and occurrence
of MAPvFE, x =0.4 and 0.1-0.2 s are necessary, respectively.
1) H. Takenaga, et. al., Proc. of 17th IAEA Fusion Energy Conference (1998) EXP1/17.
2) H. Takenaga, et. al., to be published in Nuclear Fusion.
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6.2 Particle Control and Behaviour of Neutrals in the Pumped W-Shaped
Divertor of JT-60U l >
H. Tamai, N. Asakura, N. Hosogane, H. Takenaga, S. Higashijima, K. Itami,
S. Konoshima, H. Kubo, A. Sakasai, S. Sakurai, and K. Shimizu
Since the high performance in the core plasma should be simultaneously realised
with the dense and cold divertor plasma, particle control to maintain a high divertor
neutral pressure and low core fuelling is one of the key issues for the ITER task of
divertor physics. The pumped W-shaped divertor in JT-60U, which simulates the
vertical target of ITER divertor design, is implemented to investigate the advantage of
the divertor geometry and to construct the various databases for ITER design. The
most attractive feature of the W-shaped divertor has been expected to realise the
dense and cold divertor plasma with a reduced neutral back flow to the main plasma.
It is important to assess the shielding characteristic of neutral particles between
divertor and main plasma, and also to estimate the controllability of particle fuelling
by gas puffing in the W-shaped divertor aimed for ITER design. In order to estimate
the feasibility of the particle fuelling in the W-shaped divertor, which is similar to the
vertical target of ITER divertor design, a simultaneous feedback control for the
divertor neutral pressure and the averaged electron density by the dual locations of
gas puff is investigated.
At a relatively low gas puffing rate, the divertor neutral pressure and main density
are well controlled as pre-programmed. Lowering the X-point height is effective for
isolation of main plasma from divertor neutral particles. However, the simultaneous
control has some difficulty at a high gas puffing rate due to increasing of the crossterm coupling with each gas puff. Particle flux from the neutral beam also makes it
difficult to control divertor neutral pressure and density. The simultaneous
controllability depends on the operational region of the divertor neutral pressure and
the main density. The coupling of the divertor neutral pressure with gas puff becomes
larger in the high flux region, so that the core fuelling in order to minimise the
coupling is necessary for an effective particle isolation.
References
1) H. Tamai, et al.,J. Nucl. Mater. 266-269 1219 (1999). [m the 13th PSI Int. Conf.
(1998, San Diego, USA)].
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6.3

Helium Exhaust in ELMy H-mode Plasmas with
W-shaped Pumped Divertor

A. Sakasai, H. Takenaga, N. Hosogane, N. Akino, H. Kubo, S. Higashijima
By injecting a neutral beam of helium atoms as central fueling of helium into the ELMy Hmode plasmas (Ip= 1.4 MA, B t = 3.5 T, PNB = 13 MW, q95% = 4.0), helium exhaust has
been studied in the W-shaped pumped divertor on JT-60U [1]. Efficient He exhaust was
realized by He pumping using argon frosted cryopumps in the JT-60U new divertor. Neutral
beams of 60 keV helium atoms were injected into ELMy H-mode plasmas with the lineaveraged electron density in the main plasma of n^ = 3.4xlO 19 irr 3 , which corresponds to 0.5
of Greenwald density limit in the ELMy H-mode plasma, for 6 s. In these discharges, the He
source rate (equivalent to 0.6 Pam 3 /s) is balanced by the exhaust rate with He pumping. In
steady state, good He exhaust capability was successfully demonstrated in attached ELMy Hmode plasmas. A global particle confinement time of T*He = 0.7 s and T*U&/XE = 4 was
achieved in attached plasmas, well within the range generally considered necessary for
successful operation of a future fusion reactor, such as ITER. The enrichment factor of He was
obtained to be about 1.0, which is five times larger than the ITER requirement of 0.2. The
exhaust rate increased with the line averaged electron density. Even without He pumping, an
enrichment factor of 0.5 was obtained by the geometry effect of the W-shaped divertor. It
seems that the reflection of He neutral particles near the inner strike point is enhanced by the
vertical divertor and the dome. These results strongly support the existing divertor designs of
ITER. In attached plasmas, T*He decreases and therefore the exhaust efficiency increases with
increasing n^ . The recycling flux of deuterium is not enhanced in low density ELMy H-mode
discharges. Indeed, the enhancement of the recycling flux of He is difficult at n^ = 2-3xlO 19
nr 3 . The He recycling flux is exponentially enhanced with increasing n^.
Good He exhaust capability was also obtained in detached ELMy H-mode plasmas, which
was comparable to one in attached plasmas [2]. In detached ELMy H-mode plasmas, T*He is
comparable to the one in attached plasmas because recycling particle flux is enhanced at the
inner strike point in high density operation. This result of the helium exhaust is sufficient to
support a detached divertor operation on ITER. The inner leg pumping worked well for He
exhaust because of the inboard-enhanced He flux and D flux at normal I P and B t (the ion gradB drift direction towards the target). The in-out asymmetry with He and deuterium flux profiles
strongly affects the He exhaust capability. In detached plasmas, the in-out asymmetry with
deuterium and He flux was relaxed.

References
[1] A. Sakasai et al., J. Nucl. Mater. 266-269 (1999) 312.
[2] A. Sakasai et al., the 17th IAEA Fusion Energy Conf., Yokohama 1998, EX6/5.
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6.4

Helium Removal from Reversed Shear Plasmas with
W-shaped Pumped Divertor
A. Sakasai, H. Takenaga, H. Kubo, T. Fujita

After the divertor modification, helium exhaust characteristics of reversed shear plasmas
has been studied by using a short pulsed He gas puffin the W-shaped divertor of JT-60U [1].
In reversed shear modes, the electron density in the central region is peaked and the
confinement is remarkably enhanced inside the internal transport barrier (ITB), which is
formed near the position of minimum q. Electron density, electron temperature and ion
temperature profiles (n e (r), T e (r), Ti(r)) inside the ITB are peaked in JT-60U. Then reversed
shear mode is attractive because of improvements of particle and energy confinement at the core
region as a new operation scenario for ITER. Helium ash exhaust from the revered shear
plasma is a matter of concern. A previous study of He transport in reversed shear plasmas
indicated the improvement of the He particle confinement inside the ITB without He pumping
[2]. Helium density profile depends on a strength of ITB. Helium particle confinement is
enhanced by ITB formation. Helium removal from the central region of reversed shear
plasmas is an important issue for advanced tokamak reactors.
Helium exhaust characteristics in the reversed shear plasma (Ip =1.7 MA, Bt = 3.7 T and
n^ = 3x10*9 m -3) Were investigated by using a short pulsed He gas puff (edge fueling). In
this discharge, the ITB was sustained with P N B = 6 MW until the end of NB heating. The line
averaged electron density at the central region gradually increased. The central ion temperature
of 8-10 keV was kept and H-factor of 1.6 - 2.0 were achieved during the NB heating with the
constant NB power. The decay time of the He density (equivalent to the local x*He) at r/a =
0.21 inside the ITB is x = 4.2 s. While the decay time at r/a = 0.64 outside the ITB is x = 2.2 s.
The He residence time inside the ITB is 1.9 times as long as that outside the ITB. This result
indicates that it is difficult to remove helium particles inside the ITB as compared with those
outside the ITB as predicted from the previous result. This is due to the improvement of He
particle confinement inside the ITB. If the decay time of the He density inside the ITB is
assumed as the local x*He> the ratio of I*UQ^E = 8 - 1 0 were achieved, within the range
generally considered necessary for successful operation of future fusion reactors. In reversed
shear plasmas, efficient He exhaust was realized at the first time. Helium removal inside the
ITB is about two times as difficult as that outside the ITB in reversed shear discharges. The He
residence time in reversed shear plasmas should be newly considered as the local residence
time.

References
[1] A. Sakasai et al., the 17th IAEA Fusion Energy Conf., Yokohama 1998, EX6/5.
[2] A. Sakasai et al., Proc. of the 16th Int. Conf. on Fusion Energy (Montreal, 1996),
IAEA, Vienna, Vol. 1 (1997) 789.
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6. 5. Impurity transport in reversed shear and ELMy H-mode plasmas "
H. Takenaga, A. Sakasai, Y. Koide, Y. Sakamoto, H. Kubo,
S. Higashijima, T. Oikawa, H. Shirai, T. Fujita and Y. Kamada
The reduction of Zeff largely contributed to the achievement of higher QDTeq value in the
reversed shear plasma after the divertor modification. However, impurity contamination is
still high and should be reduced toward fusion reactors. In order to understand the particle
transport, the particle transport characteristics for different impurity species, helium, carbon
and neon, were compared. The particle diffusivity D and the convective velocity v for
helium and neon were evaluated based on the gas-puffing modulation experiments. The
particle transport coefficients for carbon were evaluated only in the ITB region from the time
evolution of the carbon density profile, because the carbon density was not modulated even
in the gas-puffing modulation experiment using methane (CH^) gas due to the large back-ground
carbon impurity.
The values of D and v of helium were estimated to be 0.4-2 mVs and -5.5 (inward)~+2.5
(outward) m/s for the ELMy H-mode plasma and to be 0.2-2 m2/s and -4 (inward)-O m/s for
the reversed shear plasma, respectively. The value of D was reduced by a factor of 5-6
around ITB compared with that in the outside and inside regions in the reversed shear
plasma. The inward pinch velocity of -2— 1 m/s was observed in the ITB region for the
reversed shear plasma. However, the increase of the inward pinch velocity in the ITB region
was not observed. The particle diffusivity in the ITB region of the reversed shear plasma
was smaller by a factor of 5-6 than that in the ELMy H-mode plasmas, while the inward
pinch velocity remained in the same level.
The value of D for neon was in the range of 0.1-2 m2/s for the reversed shear plasma
and 0.4-2 nf/s for the ELMy H-mode plasma, respectively. The value of D was reduced in
the reversed shear plasma by an order of magnitude in the ITB region compared with that in
the inside and outside regions. The value of D for the ELMy H-mode was almost the same
as that for the reversed shear plasma except in the ITB region. Inward pinch velocity of
about -3 m/s was observed in the ITB region of the reversed shear plasma and the inward
pinch velocity clearly increases in the ITB region.
The values of D and v for carbon were evaluated to be 0.1-0.3 m2/s and -1.9—3.0 m/s at
the ITB region, respectively. In the reversed shear plasma, D was almost the same level for
helium, carbon and neon. In contrast, the inward pinch velocity seemed to be large for high
Z species in the ITB region of the reversed shear plasma. On the other hand, in the ELMy
H-mode plasma, D was also same for helium and neon. Although the error bar of v was
large, the increase of the inward pinch velocity for high Z ion was not observed. These
results suggested that the impurity transport is different between the ITB region for reversed
shear plasma and anomalous diffusive region for H-mode plasma with ELM and sawtooth.
1) H. Takenaga, et. al., submitted in Journal of Plasma and Fusion Research.
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6.6

Spatial variation of D a line spectral profile
in the divertor region of JT-60U[ 1 ]

A. Kumagail), H. Kubo, H. Takenaga, S. Suzuki, K. Shimizu, N. Asakura and M. Shimada
l)Plasma Research Center, University of Tsukuba,
Tsukuba-shi, Ibaraki-ken 305-8577, Japan
Spatial variation of the D a line spectral profile emitted from the divertor region has been
measured with a high-resolution visible spectrometer. The observed D a line spectral profiles in
each plasma condition were compared with a neutral particle transport code calculation. The
comparison under the attached plasma conditions showed good agreement, the specific
components that forms the observed profiles were confirmed.
The D a line spectral profiles near the target were symmetric to the line center. This was due
to the large fraction of the dissociative-excitation reaction (direct production of D*(n=3) by
dissociation of D2 and D2"1"), about 60 % to the total emission. In the upstream of the divertor
plasma, the observed profiles showed a blue shift and were broad compared with those near
the target. The emission from the electron collisional excitation of the atoms produced by
molecular and molecular ion dissociation formed the core of the profile in the upstream and its
red side was reduced since the spectrometer faces the wall. This accounted for the blue shift of
the profiles observed in the upstream. The fraction of the fast atoms produced by charge
exchange and reflection increased in the upstream and these influenced on the broadening of the
profiles. The contribution from the charge exchanged atoms increased as the electron density
increased. The D a line spectral profiles near the target became broad during the ELMy phase,
the formation of the dense plasma near the target relating to the strong recycling was considered
to enhance the collisionality of the fast atoms. The symmetrical D a line spectral profile
dominated by the low temperature component with an energy of around 1 eV was observed
under the detached plasma condition and a similar feature was observed at the MARFE region.
This cannot be explained by the velocity distribution of the Franck-Condon atoms produced by
the dissociation. The influence of the recombination process might be important in the detached
plasma.

References
[1] A. Kumagai et al., submitted to Plasma Phy. Control. Fusion
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6.7 The spectral profile of He I line (667.82 nm) emitted
from the divertor regionl>2)
H. Kubo, H. Takenaga, A. Kumagai*, S. Higashijima, S. Suzuki, T. Sugie
* Plasma Research Center, University of Tsukuba,
Tennohdai, Tsukuba-shi, Ibaraki 305-0006, Japan
In order to investigate behavior of helium atoms in the divertor region of JT-60U,
spectral profile of a He I singlet line (667.82 nm) has been observed with a high-resolution
visible spectrometer. In attached divertor plasmas, the spectral profile is narrow in front of
the divertor plates, because the line is mainly emitted from low-energy helium atoms
desorbed from the plates. In the upper stream of the divertor plasma, as the electron density
increases, the profile becomes broader and the temperature of helium atoms corresponding to
the broadening increases from 0.2 to 1.5 eV. In detached divertor plasmas, the temperature
is 0.9 - 1.5 eV. The profiles in attached divertor plasmas have been reproduced by
simulation with a neutral transport code considering elastic scattering by proton collision.
The broadening of the profile is attributed to the elastic scattering. The elastic scattering
affects helium concentration in the main plasma and helium pumping efficiency. In the
simulation for an attached divertor plasma, the penetration probability of helium atoms from
the divertor plates to the main plasma and the helium atom flux to the gap for pumping
increase by 30% due to the elastic scattering.

References
1) Kubo H. et al., Proc. of 1998 Int. Cong, on Plasma Physics combined with the 25th Eur.
Phys. Soc. Conf. on Controlled Fusion and Plasma Physics Vol. 22C, 427 (Prague, 1998).
2) Kubo H. et al., submitted to Plasma Phys. Control. Fusion.
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7. Radiative Divertor and SOL/Detachment Physics
7.1 Role of divertor geometry on detachment and core plasma
performance in JT60U[l]
N. Asakura, N. Hosogane, K. Itami, A. Sakasai, S. Sakurai, K. Shimizu,
M. Shimada, H. Kubo, S. Higashijma, H. Takenaga, H. Tamai,
S. Konoshima T. Sugie, K. Masaki, Y. Koide, O. Naito, H. Shirai,
T. Takizuka, T. Ishijima, S. Suzuki, A. Kumagai and JT-60 Team
Experimental results such as divertor plasma detachment, neutral transport and plasma
energy confinement, were compared in the open and W-shaped divertors.
Divertor plasma detachment
For the W-shaped divertor, nfv near the strike point is enhanced by a factor of 2, and
the local T^tv decreases. However, the total ion flux flowing to the outer divertor target
was about 20—30% higher than that for the open divertor. These results indicate that
the inclined divertor target and the private dome are effective in condensing neutrals near
the separatrix rather than increase the total particle recycling in the divertor chamber.
The onset density of the divertor detachment (n° nse ', normalized by the "Greenwald
density", nGr = Ip/ira^^ [MA m~2]) was compared as a function of the net input power,
Pnet- The database was obtained in all ELMy H-mode discharges except for those with
low Pnet. Values of n°enset for the W-shaped divertor range between 0.50—0.65, which
are 10-20% lower than those for the open divertor (0.67-0.75) [2]. Variation of n°nset
was caused mainly by gas puffing locations: n°nset for puffing at the main chamber was
systematically higher than n° nse( for private-region puffing.
Neutral source and recycling
High power NB-heated ELMy H-mode (PNBl = 16-21 MW) discharges (/„ = 1.0-1.2 MA,
BT = 2.1—2.7 T and q$$ = 3.4—3.7) were used for the studies of the neutral recycling
and core plasma confinement. For the W-shaped divertor with pumping, a factor of 2—6
larger gas puff rate (3>£o = (1 — 3) x 1022 s^1) was required than for the open divertor
in order to maintain high density in the main plasma. This was particularly true for high
power ELMy H-mode plasmas. The value of $ g " n also increased with n e , but $£>£m for
the W-shaped divertor was a factor of 2—3 smaller than that for the open divertor. The
efficiency of controlling recycling neutral was improved for the W-shaped divertor.
The ionization inside the separatrix was calculated using the Monte Carlo method
with a two-dimensional neutral transport code. The measured DQ brightness profile near
the baffle plates was an order of magnitude larger than the calculated value. Additional
neutral sources from the first wall, inner and outer baffle plates, were introduced. The
ionization source inside the separatrix originating from the baffle plates and the first wall
became a larger contribution to fuelling inside the separatrix (40%) at high density (attached divertor condition), comparing to the wall source for the open divertor (15—20%).
The total ionization was a factor of 2 smaller than that for the open divertor.
Confinement degradation at high density
A high H-factor value of 1.9 was obtained at ne/nGr ~ 0.5 in the high-/?p ELMy Hmode plasmas mainly due to increasing 8 up to 0.4. When the gas puffing rate is increased
in order to increase the radiation loss at the divertor, the H-factor of the ELMy H-mode
plasma decreased continuously from 1.8 to 1.1 — 1.2 under attached divertor conditions.
During the x-point MARFE, the H-factor (plotted as closed circles) was further reduced
to less than one. A similar degradation in the H-factor was observed at high density for
both the open and W-shaped divertors.
[1] N. Asakura, et a/., J. Nucl. Mater. 266 - 269 (1999) 182.
[2] N. Asakura, et a/., Plasma Phys. Control. Fusion 39 (1997) 1295.
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7.2 Divertor Characteristics and Control
on the W-shaped Divertor with Pump of JT-60U
N. Hosogane, H. Kubo, S. Higashijima, K. Itami, K. Shimizu, H. Takenaga,
H. Tamai, S. Konoshima, N. Asakura, S. Sakurai, A. Sakasai, T. Ishijima,
M. Shimada, and The JT-60 Team
Special features of the JT-60U W-shaped divertor ° are a dome in the private flux
region (private dome) and a pumping scheme from the inner divertor channel in the private
flux region (inner leg pumping). The inner leg pumping takes advantage of the enhancement
of particle recycling at the inner divertor channel2). The private dome separates the inner and
outer divertor channels with respect to the behavior of neutral particles, which realizes the
inner leg-pumping scheme. The private dome is also expected to prevent the upstream
transport of hydrocarbons generated by chemical sputtering 3), and to reduce a resultant
carbon influx to the main plasma. Understanding such geometrical and/or pumping location
effects is very important for both improving divertor performance and designing a new
divertor like ITER. The detailed discussion on inner pumping characteristics, effects of gas
puff and pump on impurity reduction and dome effect on carbon impurity reduction in the Wshaped divertor are given in ref. 4) and the results are briefly summarized in the following.
The inner leg pumping characteristics was investigated in ELMy H-mode discharges
with Ip = 1.2 MA, BT = 2.5 T and PNBI = 18 MW. The degree of in-out asymmetry of particle
recycling in the divertor defined by lDJ"/(lD^n + IDa0Ut) (IDcxin and IDaoul are inner and outer D a
intensity) increased up to 0.8 in the attached state as the divertor particle recycling increased,
but decreased to 0.5 when a strong X-point MARFE was established. In the attached state, the
baffle pressures are proportional to the inner D intensity, showing the inner leg pumping
works well. The throughput for a configuration with 5g = 2 cm (gap between the inner
separatrix and the pumping slot) is estimated to be about 3% of the particle recycling flux in
the divertor.
Effects of "puff and pump" on reduction of intrinsic carbon impurities were investigated
in ELMy H-mode discharges. For both no X-point MARFE and weak X-point MARFE states,
Zeff was found to be low in the discharges with main gas puff, use of pump and narrow gap
between separatrix and the pumping slot, 8g, compared to those with other conditions at the
same electron density. Divertor gas puff was not effective. To understand this result, three
discharges with main gas puff and different pumping speed were compared; (A) with pump
and 5g = 2 cm, (B) with pump and 5g = 6 cm and (C) without pump and 5g = 6 cm. From this
comparison, Zeff was found to decrease for the both divertor states as the gas puff rate
increased. Thus, the reduction in Zeff is attributed to the effect of puff and pump.
The dome effect on carbon impurity transport was investigated by comparing profiles of
D a and CD-band intensities in the W-shaped shaped divertor and in the previous open divertor
under the same L-mode discharge condition ; Ip = 1.2 MA, BT= 3.5 T, PNB,= 4 MW, ne = 1.3 x
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10 m (low density case) and ne = 1.8 x 10 m (medium density case). It was found that
w

O

recycling ratios D aav / Da.av were larger than unity for both low and intermediate density
w

o

cases, but CDav-band intensity ratio CDav / CDav were reduced as the electron density
increased. This means that in the W-shaped divertor, a large fraction of hydrocarbons is lost
in the dissociation process though the number of hydrocarbons generated by chemical
sputtering is considered to increase. This result is confirmed using a two-dimensional
impurity code based on Monte Carlo technique (IMPMC-code)5).
References
1) HOSOGANE, N., et al., in Fusion Energy 1996 (Proc. 16th int. Conf., Montreal, 1996),
Vol. 3, IAEA, Vienna (1996) 555.
2) ASAKURA, N., et al., Nucl. Fusion 36 (1996) 795.
3) SHIMIZU, K., et al., J. Nucl. Mater. 241-243 (1997) 167.
4) N. Hosogane et al., 17th IAEA Fusion Energy Conference, Yokohama, Japan, 19-24 Oct.,
1998, IAEA-CN-69 / EXP4 / 05 (R)
5) SHIMIZU, K., et al., in Plasma Physics and Controlled Nuclear Fusion Research 1994
(Proc. 15th int. Conf. Seville, 1994), Vol. 3, IAEA, Vienna (1996) 431.
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7.3

Operational Performance of JT-60U W-Shaped Divertor

N. Hosogane, H. Tamai, S. Higashijima, H. Kubo, A. Sakasai, H. Takenaga, K. Itami,
S. Sakurai, N. Asakura, S. Konoshima, T. Sugie, K. Shimizu, T. Ishijima, A. Kumagai,
S. Suzuki and M.Shimada
Divertor pumping is an essential tool for plasma density control, helium ash exhaust,
SOL flow formation and radiative divertor control. To obtain good performance of divertor
pumping, the pumping location should be optimized. In JT-60U, the previous open divertor
was modified to a W-shaped divertor with dome in the private flux region in 1997". As a
pumping scheme for the W-shaped divertor, inner leg pumping (i.e., pumping from the inner
divertor channel separated by the dome) in the private flux region was adopted. This is
because strong in-out asymmetry of particle recycling observed in many experiments2' is
expected to increase efficiency of the inner pumping (i.e., large throughput is possible with
small pumping speed). In this paper, particle recycling characteristics in the divertor region,
geometrical effect of the dome on the pumping, reduction of carbon impurity by puff and
pump etc. are discussed. The details are given in ref. 3). The followings are a brief summary:
According to the particle recycling characteristics obtained from three series of ELMy
H-modes, normal B-and main/divertor gas puff (Ip = 1.2 MA, BT = 2.5 T, PNB1= 18 MW),
normal BT and no gas puff (Ip =1.5 MA, BT = 3.6 T, PNBI = 22-25 MW, long pulse up to 9 s)
and reversed BT and main gas puff (Ip = 1.4-1.7 MA, BT = 3.5 T, PNB1 = 12 MW), inner leg
pumping is found to be advantageous over outer leg pumping only as long as divertor
radiation loss is controlled below around 60%, irrespective of attached divertor or detached
divertor with X-point MARFE. From time evolution of inner and outer particle fluxes and
neutral pressure in the duct under the baffle, it is confirmed that the inner and outer divertor
channels are well separated for behavior of neutral particles by the dome. The actual fraction
of inner particle flux pumped is estimated to be about 3%. This was enough to keep a high
power heating attached discharge with Ip = 1.5 MA, BT = 3.6 T and PNB, = 22-25 MW in a
steady state up to 9 s without increasing particle recycling. Effect of main gas puff and pump
on carbon impurity reduction was examined using ELMy H-mode discharges with NBI power
of 18 MW. The pumping speed was scanned by switching the gate valve on/off and changing
the gap between the inner separatrix and the pumping slot, 5 (2 cm / 6 cm). The gas puff rate
was scanned to 19 Pam3/s, 40 PamVs and 57 Pam7s at n= (3.5-3.6) x 10 m . CII intensities
in the inner divertor channel indicating carbon generation are almost at the same level for
these discharges. Under these conditions, carbon impurity content estimated from charge
exchange spectroscopy and main radiation loss was found to decrease as the gas puff rate
increased, indicating the decrease in Zeff by effect of puff and pump.
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7.4 Behaviour of Divertor Neutral Pressure at the Onset of an X-Point MARFE

H. Tamai, N. Asakura, and N. Hosogane
In order to reduce the heat load on the divertor plates, a state of plasma discharge
so-called divertor detachment is necessary. Such a divertor detachment is achieved
by an intense gas puffing. However, this divertor detachment often induces an Xpoint MARFE, which is characterised by appearance of enhanced radiation power
loss around the X-point and causes a degradation of the energy confinement in the
core plasma. Therefore, a detached divertor plasma at both sides of the divertor plates
should be maintained without inducing an X-point MARFE.
In order to clarify the role of divertor neutral particles at the onset of an X-point
MARFE, divertor neutral pressure has been investigated using fast-response
ionisation gauges. Prior to the onset of the X-point MARFE, the detachment both at
the inner and the outer strike points is observed. The neutral pressures both at the
inner private region and at the outer private region increase with the increase in the
averaged electron density during the detachment. Just before the onset of the Xpoint MARFE, the neutral pressure at the inner private region drops and then slightly
decreases, whereas the neutral pressure at the outer private region jumps up and then
gradually increases.
Therefore, it is found for the first time that a rapid change of the asymmetry in the
neutral pressure at the inner and outer divertors occurs at the onset of an X-point
MARFE. The change in the pressure ratio is much clear than that in the averaged
electron density, so that it is a good index of the onset of X-point MARFE. Though
the mechanism of this change in asymmetry at the onset of the X-point MARFE is not
clear yet, the result suggests that a detached divertor plasma could be sustained by
the control of an in/out pressure ratio. Feedback control of the gas puffing rate is
planned by using the pressure ratio of the outer to inner private region, for the
purpose of keeping the divertor detachment without inducing the X-point MARFE.
References
1) H. Tamai, et al., J. Plasma Fusion Res. 74 1336 (1998).
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7.5 Radiative Plasma by Impurity Seeding in W-shaped Pumped Divertor
Experiment of JT-60U
K. Itami, N. Hosogane, S. Konoshima, S. Sakurai, N. Asakura, S. Higashijima, A. Sakasai, H.
Tamai and M. Shimada
The radiative divertor experiment with the W-shaped divertor was carried out by
applying a pulsed neon gas puff and continuous D2 puff to ELMy H-mode plasmas with PNB
= 2 0 - 2 5 MW, Ip = 1.2 to 1.5 MA and B T = 3.5 T in JT-60U. Neon gas was injected in a
pulse (typically 0.8 PamVs x 0.4 s) from the divertor puff position to assist divertor detachment.
Radiation loss from the divertor, V^, increased after neon injection as Ne X intensity
increased. Divertor plasma detachment followed as the divertor MARFE evolved. Radiation
loss from the divertor was gradually increasing up to Praddiv~ 12 MW at the end of the main D2
puff. Decrease in the P^™"" due to pump out of Neon from the main plasma was compensated
by increase in Praddlv during the detached divertor phase. The divertor MARFE was sustained
until the end of the continuous D2 puff, while the radiation loss from the edge plasma was
decreasing and that around the X-point was increasing.
Neon injection reduced impacts on the main plasma by neutral back flow at the
divertor detachment. In the discharge with neon seeding,shot 29362 and, a half of the total
radiation loss came from the main plasma when the divertor MARFE was triggered and 7
MW of Praf" was enough. However, in the discharge without neon seeding, shot 31037, T>tJ>iy
must be increased up to 10 MW with 50 PamVs of main D2 gas puff rate, resulting to increase
< > mainb a actor
* Da y f
of three larger than that in shot 29362.
Peakedness of radiation power near the X-point is defined by the ratio of the radiation
power density at ch 40 and ch 41 chords of the bolometer, i.e., Prad(40 ch) / Prad(41 ch). The ch
40 chord is 2.5 cm apart and the ch 41 chord is 6 cm apart from the X-point in the outer
divertor, respectively. Strong peaking of the radiation loss was observed above Praddiv / PNB =
0.7. Since ?„/"" I PNB was controlled below this critical value over the whole period of the
divertor MARFE by neon seedind and pumping, concentration of radiation power near the
X-point was suppressed, as observed in shot 29362. Without neon seeding (in shot 31037),
the peaking could not be controlled.
Pumping efficiency of neon is characterized by exponential decay time of Ne X
intensityin the main plasma. It was observed that neon decay time was effectively reduced by
additional D 2 puffing. Decay time constant, x^,,, was reduced from ~8 s to ~1 s in both the
main and divertor D2 puffs.
In most of the discharges during this experiment, the separatrix at the inner divertor
was fixed at the position where the slot-separatrix distance, dgap, was 7.5 cm. However the
larger pumping rate is expeceted with the smaller dgap,, since "escaping aperture" for neutrals
increases as the inner separatrix approaches the pumping slot. The neon decay time xneoa was
2.3 second with dgap, = 2 cm when no additional D2 puff was applied, as was expected.
However Tneon with the small gap was 1.6 s with the main D2 puff, which is even worse than
\eon w i th the large gap.
Reference
[1] K. Itami et al. to be published in J. Nucl. Mater..
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7.6 Radiation and spectroscopy analysis of divertor discharges
with neon gas puff in JT-60U1*
T. Ishijima*, H. Kubo, M. Shimada, S. Konoshima, S. Higashijima, N. Hosogane,
A. Sakasai, K. Itami, T. Sugie and the JT-60 team
'Plasma Research Center , University of Tsukuba
Neon gas has been used in radiative divertor experiment as a seed gas to
investigate impurity behaviors and to increase the radiation from the neon line emission.
Since impurity ions in the main plasma dilute hydrogen ions and cool down the main
plasma, it is necessary to confine the impurity ions in the divertor plasma as much as
possible using the SOL flow by gas puffing at the main plasma and pumping at the
divertor. This paper presents a basic spectroscopic study of neon impurity for
investigating impurity behaviors in divertor plasmas in JT-60U on the condition that
carbon is the dominant impurity and neon is trace amount.
We analyzed lines from neon ion measured with a VUV spectrometer in the
divertor plasma. As a result, lines from Ne IV-Ne VIII were identified. By combining the
measurement with an absolutely calibrated multi-channel interference filter spectrometer
and that with the VUV spectrometer, the radiation loss through neon line emission was
estimated in the divertor plasma. In the case of pumping off, the detached plasma evolved
into the MARFE. It was observed that the line intensities of highly ionized neon (Ne VII,
Ne VIII) increased simultaneously with the formation of the MARFE and furthermore
increased after the MARFE formation. It is considered that after the divertor plasma was
detached, the plasma flow velocity and the friction force were weaker in the case of
pumping off than in the case of pumping on and more impurities moved toward the Xpoint region. These observations imply impurity back flow from the divertor to the
upstream by the reduction of friction force.

Reference
1) T.Ishijima, et al, submitted to Plasma Phys. Control. Fusion.
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7.7 Carbon impurity behavior in w-shaped pumped divertor of JT-60U l}
S. Higashijima, H. Kubo, T. Sugie, K. Shimizu, A. Kumagai*, A. Sakasai,
N. Asakura, S. Sakurai, N. Hosogane, S. Konoshima, H. Tamai,
T. Ishijima*, H. Takenaga, K. Itami and M. Shimada
7.7.1

Introduction
To realize a tokamak reactor, it is necessary to realize high performance in the main
plasma and cold and dense divertor plasma simultaneously. For this purpose, divertor geometry
of JT-60U was modified from an open divertor to a w-shaped pumped divertor to demonstrate
cold and dense divertor. When a cold and dense divertor plasma is formed, carbon generation
by physical sputtering is suppressed, and the chemical sputtering is the dominant carbon
generation mechanism. After the divertor modification, we investigated the difference of
carbon impurity generation between helium and deuterium plasmas and it was demonstrated
that carbon generation by chemical sputtering was important in high density operations.
There are two questions on impurity to be addressed in the divertor experiments after
the divertor modification. The first is whether hydrocarbon molecules that reach near the
x-point can be reduced by the divertor dome or not (dome effect). The second is whether
carbon impurity in the main plasma is reduced, and its transport in the divertor region is
changed by the combination of gas puffing and pumping (puff & pump effect).
7.7.2

Results
The carbon impurity behavior was investigated in the w-shaped pumped divertor of
JT-60U. The conclusions are summarized as follows;
(1) The difference of carbon impurity generation in helium and deuterium plasmas indicates
that carbon generation by chemical sputtering process is important in deuterium plasmas.
(2) The divertor dome is effective in suppressing the production of hydrocarbon molecules in
the private flux region and preventing hydrocarbon molecules from easily reaching the
x-point.
(3) The intensity of CD-band calculated with the IMPMC-code agrees well with measurement
within a factor of -2.5.
(4) The Z^f values in the main plasma become lower, and the MARFE onset densities are
higher with main gas puff than with divertor gas puff. To reduce carbon impurity in the
main plasma, the gas puffing from the top of main plasma is effective.
Reference
1) Higashijima S. et al., J. Nucl. Mater. 266-269, 1078 (1999).
Collaborative Graduate School, University ofTsukuba
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7.8 Visible Spectra in JT-60U Divertor Plasma1)
(Wavelength Range Between 300 nm - 780 nm)
Tomohide NAKANO, Hirotaka KUBO, Tatsuo SUGIE,
Satoru HIGASHIJIMA Shingo SUZUKI, Akira SAKASAI and Kiyoshi ITAMI
Spectra in a visible range (300 - 780 nm) were measured in order to study impurity
behavior. Spectral lines from D I, He I-II, B II, C II-IV and O I-III and spectral bands
from CD and C2 molecules were identified. Most of the spectral lines from the light
impurity ions were attributed to radiative transitions without change in the principal
quantum number (An = 0). Transitions between levels with high azimuthal quantum
number were observed in the case of An ^ 0. The spectral bands from C2 were identified
as Swan bands.

" S h o t #30101
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Slit Width : 50 ^ m
ND Filter: none
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Fig.l spectrum in 540 - 575 nm region
References
1) T.Nakano et al. : JAERI-Research 99-003,(1999).
2) N.Akaokaet al. : JAERI-M 87-054,(1987).
3) H.Kubo et al. : JAERI-M 88-126,(1988).
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7.9

Heat and particle transport of the SOL/Divertor plasmas
in the W-shaped divertor of JT-60U[l]
N. Asakura, S. Sakurai, N. Hosogane, K. Itami, K. Shimizu, M. Shimada,
A. Sakasai, Y. Koide, O. Naito, H. Tamai, S. Konoshima, H. Kubo,
S. Higashijma, H. Takenaga, T. Sugie, H. Shirai, K. Masaki, T. Nakano
and the JT-60 Team
Capability for multi-point measurements of temperature and density distributions in the
SOL, i.e. at the midplane, near the x-point and at the divertor plates, was developed in the Wshaped divertor on JT-60U . In particular, Mach probes were installed at the midplane and near
the x-point in order to evaluate the parallel plasma flow. In this paper, studies of the SOL
plasma transport and plasma flow along the magnetic field line were summarized.
Divertor plasma detachment
The detached divertor was formed by deuterium gas puffing in L-mode discharges (Ip= 1.11.7MA/B=3.5T/PNBI=4.3MW). When the radiation loss in the divertor was increased, the
divertor plasma started to detach from the target plate. Electron temperature just below the x-point,
TgP, decreased to 10-20 eV due to an increase in radiation power near the x-point The range of
TgP was consistent with an enhancement of radiation power by carbon ions (C3+).
During the
x-point MARFE, T £ P decreased to 3-5 eV near the separatrix. Degrees of the plasma
detachment at the x-point and outer target were -0.1 and 0.02-0.04 for the W-shaped divertor,
respectively. The value of 0.02-0.04 was a factor of 8 as small as that for the open divertor. This
may be caused by the high neutral density in the private region near the target.
Accompanied with the reduction in T £ P , a peak in the ion saturation current profile measured
with the double probe facing the up-stream side, Jsat,up, was enhanced near the separatrix. At the
same time, the ratio of the ion saturation currents at down- and up-steam sides, JSat,down/Jsat,up,
decreased (less than 0.1), suggesting an increase in the parallel flow velocity to the divertor.
During the x-point MARFE, Jsat,up near the separatrix decreased by one or two order of
magnitude, and the large peak shifted to the boundary of the attached region. Radial diffusion of
the particle flux was enhanced upstream.
Reversal of plasma flow with the ion grad-B direction
For the ion grad-B drift away from the divertor (reversed Bt), J™t4own/J™Mip at midplane and
near the x-point were less than unity. The SOL plasma flew from the plasma top to the outer
divertor target. On the other hand, for the ion grad-B drift direction towards the divertor (normal
Bt), J^uown/J^iup of more than 2 near the separatrix showed that the flow reversal occurred at
the midplane, while the plasma flew from the x-point to the target plate in the divertor chamber.
Flow reversal was also observed between ELMs in the ELMy H-mode. It disappeared in a
short period of 1 -2 ms just after the ELM event. Rapid formation of the flow reversal at the end of
the ELM pulse was one of the evidences that the drive mechanism exists in the plasma edge.
One of the candidate mechanisms is the toroidal effect on the poloidal ion drift, which drives
the parallel ion flux ("Pfirsh-Schluter flow") at the midplane, r,, ~2qn; Vxcos9 , where q is the
safety factor, Vx poloidal ion drift velocity and 0 = 0 at the midplane. The flow direction is
consistent with the measurements for three cases: (1) normal Ip and Bt directions, (2) reversal Ip
and Bt directions, and (3) normal Io and reversal Bt directions. Mach number of the "PfirshSchluter flow" was evaluated to be 0.1-0.3 using the measured T;, Er (= Vf+2.8Te) and the efolding lengths of T; and ne profiles. The value was comparable to that estimated from
j ™tddown/J ™t,up using the Hutchinson's formula [2].
[1] N. Asakura, et al., presented in i 7 th IAEA Fusion Energy Conference, Yokohama (1998)
[2] I.H. Hutchinson, Phys. Rev. A 37 (1988) 4358.
ACKNOWLEDGMENT: the first author would like to thank Drs. B. LaBombard, B. Lipschultz
and C.S. Pitcher of PFC, MIT for fruitful discussion on the SOL and divertor plasma transport
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7.10 Plasma characteristics near the X-point
in W-shaped divertor of JT-60U1)
S. Sakurai, N. Asakura, N. Hosogane, K. Itami, M. Shimada and O. Naito
Formation of a cold, dense and radiative divertor plasma is essential to reduce the heat flux
to the divertor target plate. A reciprocating Mach probe system2) was installed below the Xpoint of the W-shaped divertor in JT-6OU3) to investigate the cold and dense plasma
formation.
Profiles of electron temperature T e , ion saturation current j S at a t upstream and downstream
sides of a probe head were measured from the outer divertor nose to the X-point in ohmic and
low power (~4MW) NB heated discharges (I p = 1.7 MA, B t = 3.5 T). The plasma shape,
position, density and heating power were kept constant during measurement. After the probe
insertion, strike point was swept to obtain a plasma profile at the target plate.
A large peak was observed in the electron density profile near the X-point when the line
averaged main density exceeded about 60% of MARFE onset density. The electron density n^
at the peak exceeded the average density of main plasma as shown in Fig.2 The electron
temperature near the separatrix decreased rapidly from 60 eV to 20 eV as the density peak
increased. The electron temperature profile became flat and decreased down to -10 eV during
a MARFE. The e-folding length of electron density and temperature profiles, A.ne (~20 mm)
and X-Te (~30 mm) are independent of the main density and heating method (OH or low
power NB) under the attached condition, the ion saturation current ratio j s a t u P/j s a t d o w n can be
used as a qualitative index of the plasma flow toward the target plate. In discharges with
reversed I p and B t (ion grad B drift direction is opposite to the target), the flow velocity
toward the target decreased near the separatrix in comparison with normal I p and B t direction.
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References
1) Sakurai S. et al.: J. Nucl. Mater, to be published.

1

x

_

I

153 (1998)

100

[Divertor Reciprocating Probe]

i

i

i J i .1 i i 1 i i

1

. i i i

:

>

•MM

tF1.i!^
j

Review of JT-60U Experimental Results in 1997,

1 •

h'2

13

2.4 (MARFE) 1

i

:

2) Sakurai S. et al.:

^ ^

{

i

i

1 1 1 1 .

.

(

i

i

i

.j

1.7^

^^8

I-"

10
* i i

-10

i4

B

24

(MARFE)

0
10
20
30
Distance from separatrix (mm)
{mapped on mid-plane}

Fig. 2 Profiles of electron density ne and
temperature Te near the X-point in OH
discharges. Line averaged main density
(x.10 Inr) are shown in figures.

R
F/g. 7 Experimental Setup

-93-

JAERI- Research 99-048

8. Diagnostics, Heating and Current Drive Systems and Analyses Tools
8.1 Core Correlation Reflectometer onJT-6011^
K. Shinohara, R. Nazikian1, T. Fujita, and R. Yoshino
Core correlation reflectometer has been newly installed on the JT-60U tokamak.
The reflectometer can measure electron density fluctuations near the cut-off layer at which
the launched millimeter wave is reflected. The target of this reflectometer is to measure the
fluctuation and its correlation in the core region, especially in the internal transport barrier,
ITB, region of high performance reversed shear plasma.
The reflectometer consists of four channels, two of which operate in fixed
frequency and the other two channels are tunable. The frequencies of the launched waves
are 115 and 130 GHz for the fixed frequency channels, and 122.5 ± f bank GHz, where f bank =
2.73, 5.28, 6.37, 6.93 and 7.27 GHz, for the variable channels. The tunable channels can
step through the five frequencies in each 60 ms. The correlation of the fluctuations is
determined from the correlation between fixed and variable frequency channels and the
radial profile of the correlations can be measured every 60 ms in a discharge. The
polarization of the launched wave is the extraordinary mode, X-mode, in order to obtain a
high space resolution and to access the high field side of the magnetic axis. A quadrature
phase detection is used, thus we can measure the complex amplitude of the reflected wave.
The profile of the correlation profile is measured in the high performance reversed
shear plasma. The correlation length in the ITB region, the steep density gradient region,
after the clear ITB is formed is shorter than the correlation length in the flat density region
at the formation phase of the ITB2).
We are planning to investigate the relation between transport and the fluctuations
in ITB of not only reversed shear plasmas but also high (3p plasmas.
Reference
1) K. Shinohara, et ah, to be submitted to Rev. Sci. Instrum.
2) R. Nazikian, et al., Plasma Physics and Controlled Nuclear Fusion Research (Proc. 17th
Int. Conf. Yokohama),
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Princeton Plasma Physics Laboratory, Princeton University
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8.2 YAG laser Thomson scattering diagnostics0
T. Hatae, A. Nagashima1, T. Kondoh, S. Kitamura, T. Kashiwabara,
H. Yoshida, O. Naito, K. Shimizu2, O. Yamashita1, and T. Sakuma
'X-ray Laser Research Group, Kansai Research Establishment
2
Electronics Division, Tokai Research Establishment
The YAG laser Thomson scattering system for the JT-60U was designed and developed
to measure the pseudcontinuous time evolution of electron temperature and density profiles with
20 spatial channels.2' Initially five spatial points and a laser repetition rate of 10 Hz (energy >2
J/pulse) were implemented. Later collection optics for edge plasma measurements was installed
and the measurement points were increased to 15. The YAG laser repetition rate is being
increased from 10 to 50 Hz so that the Thomson scattering system will provide Te and ne every
20 ms at 15 spatial points in the near future. The detector that is used to detect the Thomson
scattering light and the background light in the near infrared wave length is a silicon avalanche
photodiode (APD). Since the gain of an APD varies with temperature, the APD requires careful
temperature control. The Temperature of the APD is stabilized by Peltier element so that the gain
is kept constant within ±0.5%. The stable performance of the APD enables accurate Te and ne
measurement. During plasma operation, the electron temperature is measured over a wide range
from the low temperature plasmas (Te ~10eV) in the runaway plasma current tail generated by a
killer pellet to high temperature (Te >5keV) of high performance negative shear plasmas.
The polychromator has six wavelength channels. One of the channels (ch.0: center
wavelength = 1064 nm, bandwidth = 3 nm) is used for calibration by Rayleigh scattering. The
instrument was designed to use five wavelength channels to measure the electron temperature.
In JT-60U, the stray light level is kept very low by using precise beam alignment, baffles with
knife edges and baffle plates in the laser guide tube. Since the stray light was always almost the
same, we used the wavelength channel on the laser line (1064 nm) to measure very low electron
temperatures by subtracting a component of the stray light. In the case of five filters without
ch.0, electron temperatures less than -20 eV is difficult to measure. However, it is possible to
measure electron temperatures lower than -20 eV by using six wavelength channels.
In the first polychromator filter design, the widest filter on the short wavelength side
(ch.5) was designed as the center wavelength, 811 nm, with a bandwidth of 200 nm in order to
reject the influence of the ruby laser light. Recently negative ion source neutral beam injector
(NNBI) was installed. Electron temperatures around 10 keV are expected due to electron
heating. The measurement accuracy for Te values greater than several keV is improved by using
a wider bandwidth filter on the short wavelength side. However, since there are some strong
emission lines (e.g. Ha = 656.3 nm, D a = 656.1 nm) below 700 nm which could be a problem
for the Thomson scattering diagnostic, care must be taken in widening the bandwidth.
Therefore we designed the new ch.5 filter so that the range was from -670 nm to -911 nm in
order to measure high Te plasmas with higher accuracy. The upper limit of the bandwidth was
comparable to that of the old design. This widest filter can reject light whose wavelength is less
than 657 nm with a blocking ratio of 10"4~10"5. From the calculation, we found that this system
has the ability to measure a wide range of electron temperatures from very low Te of less than
10 eV to high Tt of - 10 keV.
References
1) Hatae T.: Rev Sci. Instrum. 70(1), 772(1999)
2) Hatae T.: Fusion Eng. Des., 34-35, 621(1997)

-95-

JAERI-Research 99-048

8.3 Dual CO2 laser polarimeter for
Faraday rotation measurement in tokamak plasmas1}
Yasunori Kawano, Shin-ichi Chiba, Hiroshi Shirai, Akira Inoue, and Akira Nagashima
(Abstract)
The first operational results of the dual CO2 laser polarimeter to measure the Faraday
rotation in large tokamaks is described. The polarimeter consists of two same type polarimeters
except of those wavelengths of 10.6 and 9.27 |j.m. By simultaneous measurement of two
wavelengths, the Faraday rotation component at vacuum windows is expected to be eliminated
from measured polarization angle. Each polarimeter utilizes photoelastic modulators for
reliable polarization detection. Such polarimeter scheme is easily compatible with the dual
CO2 laser interferometer, hence the new system is called as the dual CO2 laser polarimeter /
interferometer. The Faraday rotation by the JT-60U plasma is successfully measured even at
a fast disruption. The Faraday rotation
angle from 9.27-|im polarimeter show
good agreement with calculation. It is
found the calibration of 10.6-p,m
polarimeter should be improved for full
two-color operation. The accuracy of
the polarization angle is 0.1° for data
sampling rate of 1 kHz, which is
sufficient for large devices like ITER.
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8.4 Dual CO2 laser polarimeter with a single modulation unit
Yasunori Kawano, Shin-ichi Chiba, and Akira Inoue
8.4.1 Introduction
In JT-60U, it has been demonstrated that the tangential Faraday rotation measurement
is feasible for electron density diagnostics in the tokamak experiment °. On actual tokamaks,
a Faraday rotation signal includes not only the Faraday rotation by a plasma (plasma component)
but also the Faraday rotation by a vacuum window (window component). Therefore, the
two-color polarimeter scheme should be introduced to evaluate and to eliminate the window
component2). Recently, the dual CO2 laser polarimeter with a wavelength combination of
10.6 and 9.27 (im has been developed for above purpose3). Though the two-color operation
is confirmed, the window component is not evaluated yet. The reason is that the calibration
accuracy of 10.6-|am polarimeter is insufficient. In order to resolve this problem, the dual
CO2 laser polarimeter has been modified significantly.
8.4.2 Modification of Optical Arrangement
In the previous arrangement of polarimetry optics, two modulation units were
independently used for two wavelengths measurement (see Fig. 1 in Ref. 3). A modulation
unit consisted of a couple of photoelastic modulators for the polarization modulation of
infrared light and an analyzer plate (a polarizer plate). There was a dichroic mirror which
worked as a beam selector (only 9.27-(im beam was reflected). After passing through this
dichroic mirror, the s-polarization component of 10.6-um beam was substantially reduced,
which resulted in small rotation angle (small signal intensity) to be measured. Hence, it was
difficult to obtain the sufficient calibration accuracy. Therefore, it is very important to
remove the issue related to the dichroic mirror.
To resolve above problem, the optical arrangement for polarimetry has been modified.
Figure 1 shows the new arrangement of the dual CO2 laser polarimeter / interferometer.
(The system is called as the dual CO2 laser polarimeter / interferometer because the simultaneous
measurement of polarimetry and interferometry is performed for the identical laser beam.)
The optics for interferometry are not changed. The optics for polarimetry are modified for
the common use of a single modulation unit for two wavelengths of the CO2 laser. The
retardation amplitude of the PEM is adjusted to a quarter wave for 9.27 jam. In Fig. 1, since
there is no dichroic mirror in front of the modulation unit, polarization characteristics of both
laser beams are not changed before they are modulated. After the modulation unit, only
modulated amplitudes of laser beams are needed to detect. As a result, the problem of the
previous optical arrangement is resolved. A preliminary calibration test for the modified

-97-

JAERI-Research 99-048

polarimeter show good linearity of the rotation angle measurement for both wavelength
lasers.
Opf/cs for
polarimetry

Optics for
interferometry
[Vls-HeNel

Probing beams: to plasma
LO-beams: to retardation optics

CO 2 (9.27nm)

Fig. 1 New optical arrangement of the dual CO2 laser polarimeter / interferometer

8.4.3 Operational Results
Figure 2 shows the typical
waveforms of the dual CO2 laser
polarimeter / interferometer shown in
Fig. 1. Simultaneous measurement of
polarimetry in two wavelengths and
interferometry is confirmed by the
modified optical arrangement of the
polarimeter. In this case, since toroidal
magnetic field Bt is almost constant
during the discharge, there are little
contributions of the vacuum window
component on the Faraday rotation
angles a measured by two polarimeters.
It is to noted that the signal to
noise ratio of the 10.6-um polarimeter
signal is improved to the comparable
level of the 9.27-um polarimeter signal
(see Fig. 3 in Ref. 3).
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On the other hand, two problems are remained as follows: i) in principle, the Faraday
rotation angle of 10.6-um polarimeter should be larger than that of 9.27-um polarimeter.
However, the observation is contrary to this. It is suspected that the accuracy of the present
calibration is not enough; ii) the shape of 10.6-(j.m polarimeter signal is distorted from 10 to
12 s. Though the reason is not clear yet, possibly signal saturation occurs due to high dc
offset level. The origin of such a high dc offset may be attributed to either the large
orientation angle of the modulation unit axis or the large amplitude dc noise. Anyway, those
problems must be resolved for full operation of the dual CO2 laser polarimeter.
8.4.4 Discussions
1) Improvement of calibration accuracy
So far, the calibration test has been performed by use of a polarizer plate which is
mounted on a manually rotated stage. Therefore, a calibration procedure took hours to
complete. Additionally, accuracy and reliability of calibrated results are depend on operators
skill. In order to improve above issues, a computer controlled rotation stage and data
analysis software for calibration are now under preparation. The prompt, flexible, and
accurate calibration tests will be expected by use of those tools.
2) Diamond window
It is preferable for polarimetry to reduce the Faraday rotation at vacuum windows.
One way is to find window materials whose Verdet constant is small. Of course, it should
be optically transparent at infrared range of light. Now, we are interested in Diamond.
Diamond is transparent at infrared range including the CO2 laser wavelength. The Verdet
constant of diamond is much smaller than that of zinc-selenide (ZnSe) which is generally
used for windows of CO2 laser diagnostic systems. In Table 1, basic properties of diamond
and ZnSe are shown4). It is well known that diamond is hardest material among minerals.
The excellent heat conductivity and low thermal expansion coefficient of diamonds are
advantageous for high power applications. According to such properties, diamond is attractive
as a window material not only for the CO2 laser polarimeter but also for general infrared
Table 1 Basic properties of diamond and zinc-selenide (ZnSe).

Hardness
(KNOOP)

ZnSe

Heat
Conductivity
(w/moc)

Thermal
Expansion
(10-6/°C)

Verdet
Constant
(min/A_@0.59nm)

9000

2600

0.8-4.8

0.029

105

16.7

8.5

-0.5
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diagnostics in large tokamaks like ITER. However, natural diamond is usually too small to
use as vacuum windows. On the other hand, recently, the artificially fabricated diamond
with larger diameter is getting available5). Since there are few experiences to use diamond
as a vacuum window on actual tokamaks, we propose to investigate the diamond window for
diagnostic applications in large tokamaks.
8.4.5 Summary
The optical arrangement of the dual CO2 laser polarimeter with a wavelength
combination of 10.6 and 9.27 um has been modified. A single polarization modulation unit
is commonly used for two wavelengths measurement successfully. The signal to noise ratio
of 10.6-um polarimeter is improved by this modification.

References
1) Y. Kawano, S. Chiba, H. Shirai, et al., Rev. Sci. Instrum. 70, 1430 (1999).
2) Y. Kawano and A. Nagashima, Rev. Sci. Instrum. 68, 4035 (1997).
3) Y. Kawano, S. Chiba, H. Shirai, et al., Rev. Sci. Instrum. 70, 714 (1999).
4) The figures of Hardness, Heat Conductivity, and Thermal Expansion are from a table in
a homepage of Pastec. Co. The Verdet constant of diamond (A = 0.59 um) is from
Rika-Nenpyou (Maruzen, Tokyo, 1985) p. 513 (in Japanese). The Verdet constant of
ZnSe (A = 0.82 urn) is from Hikari Sangyou Gijutsu ni kansuru Naigai Doukou Chousa
Houkokusho IV(Hikari Sangyou Gijutsu Sinkou Kyoukai, Tokyo, 1984) p. 151 (in Japanese).
The wavelength dependence that the Verdet constant is approximately proportional to A'2
is used in Table 1.
5) A. Kasugai, K. Sakamoto, K. Takahashi, et al., Rev. Sci. Instrum. 69, 2160 (1999).
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8.5

Reconstruction of ECE spectrum from incomplete FTS
interferogram using maximum entropy method

A. Isayama, N. Isei, S. Ishida, M. Sato, T. Showa!), T. Kodama^ and N. Iwama^
1) Faculty of Engineering, Toyama Prefectural University

1. Introduction
In JT-60U, there are three ECE diagnostic systems, which are the Fourier transform spectrometer system (FTS), the grating polychromator system (GPS) and the heterodyne radiometer
system. In the FTS, absolute calibration is done using liquid nitrogen, and the electron temperature profile can be obtained. Relative calibration for the other diagnostic systems are done by
using the result of FTS.
In the ELMy H-mode, however, electron temperature measurement by FTS becomes difficult
since strong pulses by nonthermal emission enter the Michelson interferometer in FTS during a
scan of the movable mirror. In order to measure the electron temperature in an ELMy H-mode
phase using FTS, the nonthermal emission pulses must be removed. Since the interferogram
is incomplete after the removal, the usual method using fast Fourier transformation (FFT) is
not available without some kind of modification of the interferogram. We have already shown
that electron temperature can be obtained by substituting the interferogram at the one time slice
(~ 25 ms) before for the damaged parts in the interferograml\
In this section, as another approach, we applied the maximum entropy method (MEM)
' in
order to reconstruct the ECE spectrum more precisely from the incomplete FTS interferogram.
When applying the MEM, there is one parameter, which is referred to as the normalization
parameter, which must be determined before the calculation.
We determine it by applying
the generalized cross validation (GCV) ' which is originally introduced for a linear problem,
and investigate whether it can be used for the measurement of electron temperature of the ELMy
H-mode plasma.
2. Formalization
The amplitude of the interferogram / is written as
K-\

I(mAx) = 2Aa J2 S(kAo) cos{2^kAa(m + S)Ax}

(1)

k=0

where #=200, m = -L', -I! + 1,..., - 1 , 0 , 1 , . . . , L - 1. M = L + I! =1024 is data points
obtained in a scan, S is spectrum to be determined, ACT =3.66 GHz is frequency resolution,
Ax=S0[ixm] is optical step size of the movable mirror, and 8Ax ^ 0.33 is a phase shift. m=0
corresponds to the point where the optical path difference becomes zero. By using matrix and
vectors,
I

= OS

(2)

Oij = 2Aacos{2ir(iAcr){jAx)}
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Under the constraint,
— 111 — OS\ | 2 = e2

(e2:mean square of residuals)

(4)

we find a solution which maximize the entropy
K-\

(5)
fc=0

S is determined by minimizing
(6)

M

fc=0

Here, 7 is the inverse of the Lagrange's multiplier, and referred to as the normalization parameter. By differentiating Eq.(6) with respect to Si (I = 0,1, • • •, K — 1),
lnSo
t

OOS-tOI =

(7)

We determine S by numerical calculation using the Newton's method. The normalization parameter 7 must be determined before the calculation. We determine the optimum value by
applying GCV. When applying GCV to MEM, GCV is approximately defined as follows:
-2

GCV(7) « ±\

OS(7)|| a ( l - ±

(8)

A and D are defined as follows:
So

,

D =

(9)

The optimum value of the normalization parameter is the one which minimizes GCV.
3. Application of MEM to a complete interferogram
First, we apply MEM to the complete FTS interferogram shown in Fig. 1. The peak of
intensity at / «408 corresponds to the position where the difference of optical length becomes
zero. The intensity becomes small with the distance from this position. In Fig. 2, dependence
of GCV on the normalization parameter 7 is plotted. GCV slowly decreases with 7, until it
reaches a minimum at 7 as 1.9. After then 7 rapidly increases. If the value of the normalization
parameter is too small, contribution from the second term in Eq.(7) becomes larger, and the
spectrum becomes noisy. On the other hand, if the value of the normalization parameter too
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large, the spectrum becomes too smooth, and the structure of the spectrum is lost. Thus, it is
necessary to choose an optimum value to have a good spectrum.
In Fig. 3, electron temperature profiles obtained by using MEM and FFT are shown. Both
results agree well with each other, and the relative error is less than ±5% in most of the data
points. Thus, MEM can be used for the electron temperature measurement in the ELMy Hmode phase.
4. Application of MEM to an interferogram in an ELMy H-mode phase
An example of the interferogram during an ELMy H-mode phase is shown in Fig. 4. Strong
pulses at 7=260, 560, 700, 850 and 1010 correspond to nonthermal emission pulses. After the
each pulse, the noise which changes much more slowly than the typical interferogram enters
the interferogram. This noise is attributed to the integral circuit in the amplifier in FTS. In order
to apply MEM, the nonthermal pulses and the slowly-changing noise must be removed. The
former is detected by applying the fourth order differential, which enhances the nonthermal
emission pulse. After removing the nonthermal emission pulses, high-pass filter is applied to
remove the slowly-changing noise. The interferogram after the differential and high-pass filter
is shown in Fig. 5. We can see that the nonthermal emission pulse and the slowly-changing
noise are successfully removed. In Fig. 6, the electron temperature profile reconstructed by
MEM from the interferogram in Fig. 5 is shown. Electron temperature measured by GPS,
which is relatively calibrated by FTS in ELM free phase, is also shown in Fig. 6.
As can be
seen in this figure, both results agree well with each other.
5. Discussion and Summary
In order to measure electron temperature of ELMy H-mode plasma, MEM is applied to the
incomplete FTS interferogram. In order to determine the optimum value of the normalized
parameter, GCV is applied. The reconstructed ECE spectrum agrees well with that obtained by
using the fast Fourier transform.
We have investigated the applicability of the method using an interferogram obtained during
an ELMy H-mode phase. We applied the method after removing the non-thermal emission
pulses and the slowly-changing noise. Although the interferogram was fairly damaged by the
non-thermal emission pulses, the obtained electron temperature profile agreed well with that
obtained by GPS.
References
1) Isayama, A., Isei, N., Ishida, S., Sato, M., Kodama, T. and Iwama, N.:
JAERI-Research 99-021.
2) Abies J. G.: Astron. Astrophys. Suppl. 15 383 (1974).
3) Gull, S. F. and Daniell, G. J.: Nature 272 686 (1978).
4) Gull, S. F. and Skilling, J.: IEE Proceedings 131, Pt. F 646 (1984).
5) Cottrell, G. A.: in 'Maximum Entropy in Action' (Clarendon Press, Oxford, 1991) pi09.
6) Amato, U. and Hughes, W.: Inverse Problems 7 793 (1991).
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8.6 Study of intensity ratios of He I lines (668 nm, 706 nm and 728 nm)
for measurement of electron temperature and density
in the divertor plasma*)
H. Kubo, H. Takenaga, A. Kumagai*, T. Sugie,
N. Asakura, S. Higashijima, and A. Sakasai
*Plasma Research Center, University of Tsukuba, Tennohdai, Tsukuba-shi, Ibaraki 3050006,Japan
Emission of He I lines (668 nm, 706 nm and 728 nm) has been simultaneously
observed in the divertor plasma. From calculations using a collisional-radiative model,
intensity ratios of these He I lines are considered to be useful to measure electron
temperature and density. In order to evaluate the feasibility of the intensity ratio method for
temperature and density measurements, the measured intensity ratios are compared with
those calculated from the temperature and density measured with Langmuir probes. As a
result, the measured intensity ratios are well reproduced by the calculations. The
discrepancies in the ratios I (728 nm) /1 (706 nm) and I (668 nm) /1 (728 nm) between the
measurements and calculations are about 12%. Therefore, the emission rate coefficients for
the He I lines are reliable for measurement of the temperature and density.

Acknowledgment
The authors are grateful to Dr. M. Goto of National Institute for Fusion Science for
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8.7 Ion temperature measurement in divertor plasmas
H. Kubo, A. Kumagai*, K. Shimizu, S. Higashijima, and T. Sugie
* Plasma Research Center, University of Tsukuba,
Tennohdai, Tsukuba-shi, Ibaraki 305-0006, Japan
1. Introduction
Measurement of ion temperature in divertor plasmas is crucial for understanding of
divertor physics. This paper discusses ion temperature measurement in the JT-60U divertor
plasma using the Doppler broadening of CIV line 580.1 nm.
2. Diagnostics
Figure 1 shows diagnostics for the present divertor study. The spectral profile of the
C IV line is observed using a high-resolution visible spectrometer with ten viewing chords
1). For the present study, the viewing chords are arranged to observed the outer divertor
plasmas. A linear polarizer is used to select the TI components of the spectrum. Electron
density and temperature are measured with Langmuir probes at the divertor plates.
An observed C IV spectrum is shown in Fig. 2. The plasma current is 1.1 MA, the
toroidal field is 3.6 T, and the NBI power is 4.3 MW. The spectrum is observed using the
viewing chord 7 (Fig. 1). The Zeeman pattern calculated considering the instrumental
function is also shown in the figure. The full width at half maximum of the instrumental
function is 0.017 nm, and it corresponds to the Doppler width of the C IV line emitted from
C + 3 ions with a temperature of 1.9 eV. The spectrometer observes the two % components.
The observed spectrum is well reproduced on assumption that the C + 3 ion temperature is 29
eV.
3. Principles of ion temperature measurement using the Doppler broadening
of a C IV line
In order to derive ion temperature from the Doppler broadening of an impurity ion
line in a hydrogen plasma, the question of thermal equilibrium with the background H + ions
must be answered.
Figure 3 shows the poloidal lengths for thermalization (H + - e, H + - H + , and C + 3 H + ) and C + 3 ionization. In the discharges to be discussed below, the pitch of the magnetic
field in the divertor plasmas is about 0.05 and the poloidal length from the outer divertor
plates to the null point, that is designated as dX in Fig. 3, is 21 cm.
The H + - e thermalization length is longer than dX in the temperature range above 11
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eV. Therefore, the H + ions and electrons are thermally de-coupled. The C + 3 - H +
thermalization length is shorter than the H + + H + one. Therefore, if the background H + ions
are thermalized, the C + 3 ions and H + ions are coupled thermally. The condition is satisfied
when the temperature is below 80 eV in this assumption. In addition, the C + 3 ions must be
themalized before their ionization. Therefore, the temperature should be below 110 eV. As a
result, when the electron and ion densities are above 1 x 10*° irw and the electron and ion
temperatures are below 80 eV, it is possible to derive the ion temperature from the Doppler
broadening of a CIV line in the discharges to be discussed below.

4. Results and Discussion
Time evolution of an L-mode discharge is shown in Fig. 4. The plasma current is 2
MA, the toroidal field is 4 T, and the working gas is hydrogen. The C IV line emission is
measured using the viewing chord 2 (Fig. 1), that passes near the null point. During NB
heating, the electron density is raised by a gas puff. The electron temperature decreases from
75 eV to 12 eV, as the electron density increases in the main plasma. At 10.1 s, the outer
divertor plasma is partially detached and a MARFE appears around the null point. The C IV
emission near the null point increases rapidly. The C IV ion temperature near the null point
decreases from 35 eV to 22 eV, as the electron density increases in the main plasma.
Figure 5 shows the electron temperature, ion temperature, electron density and lineintegrated CIV line intensity in the outer divertor plasma at a line-averaged electron density
in the main plasma of 2.7 x 10*9 m-3> The plasma parameters are calculated with an
interpretive simple divertor code^), where the fluid equations along the field line in each flux
tube are solved with the boundary conditions given at the divertor plates by the Langmuir
probe measurement. At the divertor plates, the ion temperature is assumed to be equal to the
electron temperature. The calculated ion temperature increases more rapidly than the
calculated electron temperature with the distance from the divertor plates, because ion parallel
conductivity is lower than electron one. In the region with the distance of less than 10 cm,
the plasma parameters seem to satisfy the conditions discussed in Section 3. Carbon impurity
behavior is simulated with a two-dimensional impurity transport code based on the Monte
Carlo technique (JMPMC) 3) using the calculated plasma parameters. The line intensity and
ion temperature of C IV to be measured with the spectrometer are calculated by integrating
the emission along the viewing chords. The calculated C IV ion temperature is almost equal
to the calculated background ion temperature at the separatrix. The measured C IV ion
temperature and line intensity are also shown in the figure. The C IV ion temperature is
around 27 eV and lower than the calculated one. And it does not increase, as the calculated
one with the distance from the divertor plates. We cannot reproduce the measured ion
temperature distribution by changing the boundary condition for the ion temperature in the
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calculation. As for the C IV line intensity, the measured distribution is broader than the
calculated one.
The reason that the measured C IV ion temperature and line intensity are different
from the calculated ones has not been found. It might be related to the fact that a narrow
region with low temperature and high density, that cannot be reproduced by the calculation
but observed with a reciprocating probe measuring a region near the null point, appears near
the separatrix in the upstream of divertor plasmas in high-density discharges 4). Twodimensional calculation of the background plasma might be necessary. Carbon impurity
behavior (production and transport) should be also investigated. Further systematic
investigation is needed.
5. Summary
Spatial distribution of ion temperature was measured in the divertor region using the
Doppler broadening of a C IV line. The measured C IV ion temperature was lower than the
calculated one, and it did not increase as the calculated one with the distance from the
divertor plates. Further systematic investigation is necessary.
References
1) Kubo H. et al., Fusion Eng. Des. 34-35, 277 (1997).
2) Shimizu K. et al., J. Nucl. Mater. 196-198, 476 (1992).
3) Shimizu K. et al., J. Nucl. Mater. 220-222, 410 (1995).
4) Asakura N. et al., to be published in J. Nucl. Mater.
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8.8

Collective Thomson Scattering for Ion Temperature Measurement

T. Kondoh, A. Nagashima
1. Introduction
Collective Thomson scattering (CTS) diagnostics based on pulsed CO2 laser (k 10.6|im) have been developed to measure ion temperature and fast ions in JT-60U and to
demonstrate feasibility of measurements of confined alpha particles in ITER. High power
pulsed CO2 laser and heterodyne receiver system has been developed and installed in the
diagnostic room by the Oak Ridge National Laboratory team. Neutron shield of the beam
penetration optics from diagnostic room to the torus hall has been constructed.
We describe feasibility of the CTS as ion temperature measurement and as fast ion
diagnostics in negative-ion based NB heated plasmas.
2. Expected scattered power
The scattered power into the solid angle dQ and frequency
quency
do) is given by *)
PsdQdco =

PironeLdQ—S(k,O)),

(1)

IK

'
k

^

Laser beam, Pjdu

(r

Plasma

j w S - V ^ . Scattered angle, e

IK

(2)

fe((o/k) + —

W&

Scattered light, P s dQd«

where (0 is the frequency shift from the injection beam, k is the Fi j Geometry of the
change in wave vector, r0 is the classical electron radius, L is the
scattering length, ne is electron density, nx is ion density, S(k,(o)
is the spectral density function, 8 is the dielectric function, G is dielectric susceptibilities, and /
is velocity distribution, where i refers to the specific ion species, e to the electrons. Scattered
angle must be very small angle (9S ~ 0.5 deg.), because the Salpeter parameter a = 1/[2X.D
kiaser sin((y2)] must be greater than unity to obtain large contribution from ions. Where, A-D is
the Debye length, lq aser is the input wave number.
Signal to noise ratio, S/N, after heterodyne detection is given by
S/N =

(3)
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where B is the receiver bandwidth, T is the
integration time, Ps is the scattered power, and
PN is system noise (= Noise Equivalent Power
(NEP)). To obtain a good S/N value (« 5), Ps
of 3X10- 19 W/Hz is required with B = 0.5
GHz, NEP = 9xl0" 19 W/Hz, and a laser pulse
length of 1 us (Fig. 2).
Scattered power spectrum expected for

10"
P S (W/Hz)

high performance reversed shear plasma was

Fig.2 Signal to noise ratio versus scattered power.

calculated (Fig. 3) using equation (1) and (2) with laser and receiver condition of Table 1.
Plasma parameters are; electron density, and deuterium ion density, n e = n o = 10™ m~3,
electron temperature of Te=9keV, ion temperature of Tj = 15keV. Scattered power spectra for
different ion temperature are plotted in Fig. 4. The calculation shows that the contribution from
ions is much larger than electrons and a good S/N value is expected up to 2 GHz for the bulk
ion temperature measurement.
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Fig.3 Calculated spectrum for reversed shear plasma.
20

3

Tj=15keV, Te=9keV, nD=ne=I0 m-

Table 1. Specification of the
CO 2 Laser
Receiver
Wave length
lOjim
Detector
10 J
Notch filter
Energy
10MW
NEP
Power
Pulse length
1 us
Bandwidth
Repetition rate > 1 pulse/2sec
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Fig.4 Calculated spectrum for reversed shear plasma.
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collective Thomson scattering system
Scattering
QWIP
Scattering angle
Hot CO2 cell
Solid angle
19
9xlO" W/Hz
Scattering length
>3GHz
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The presence of small proportions of
impurities has important effects on the scattered
spectrum.
The effects of varying the
concentration of fully-ionized oxygen atoms are
shown in Fig. 5. The enhancement of the total
scattering power is expected only in low
frequency (f < lGHz) region. However, that
increase at high frequencies (f > lGHz), which
is important for ion temperature measurements,
can be neglected.
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Fig. 5 Effect of oxygen concentration. T[=l5keW,
Te=9keV, nD=1020m-3 , no/nD=0, 0.01, 0.03.

3. Feasibility of fast ion diagnostics
Filter band width : B
In this section, feasibility of fast ion
diagnostics for negative-ion-based neutral
10-17
NNB
beam (NNB) heating experiments is
10-18
examined. Figure 6 shows calculated
= 5(B=0.5GHz):
N
S/N = 4 (B=2GHz)
scattered spectra for flat distribution of x 10-19
J-S/N = 2(B=2GHz)
injected ions of Eb = 400 keV, nb =
at 1 0 -20
2xl0l 8 m -3 Good Signal-to-Noise ratio for
ion tail is not expected by use of the same
10-21
band width (B = 0.5 GHz) as ion temperature
10-22,
1
2
3
4
5
6
8
measurement. Therefore, bandpass filter of
Frequency (GHz)
B = 2 GHz will be added in order to measure
Fig. 6 Spectra for negative-ion-based neutral beam
fast ions. Wide band filter will improve the
injection. Ti=15keV, Te=8keV, ne=8xl019
m'3,
S/N ratio, because S/N ratio is proportional
Ebeam = 400 keV, nbeam =
2xl0l8m3.
to square root of the band width. Observation
of scattered spectrum by the fast ions can be
expected in negative-ion based neutral beam (NNB) heated plasma using present laser and
detection system.
4. Design and installation
Schematic view of the CTS system is shown in Fig. 7. High power pulsed CO2 laser
and heterodyne receiver system has been developed and installed in the diagnostic room by the
Oak Ridge National Laboratory team. The unstable resonator pulsed CO2 laser is tuned with a
cw CO2 laser to select the pulsed laser wave length and polarization. Pulse length of the pulsed
laser is stretched to nominally 1 (is.
Neutron shield of the beam penetration optics from diagnostic room to the torus hall has
been constructed. The laser beam path is vertical through the plasma using top and bottom
vertical ports 14.3 cm in diameter.
To reduce stray light, a hot CO2 absorption cell which has been developed for the ATF
torsatron is used as a stray light notch filter 2). The cell separates stray light from the scattered
light by means of resonant absorption in hot CO2 gas. The cell provides absorption of about
50,000 at an absorption bandwidth of about 500 MHz.
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A local oscillator laser for the receiver is a dc-excited CW CO2 laser. The laser
incorporates a feedback stabilization system to maintain operation on line center of the 10P20,
10.6 p.m transition. A quantum-well infrared photodetector (QWIP) which has a wide
bandwidth (3 GHz, NEP « 9xlO"19W/Hz) is the only infrared detector currently available for
this measurement. QWIP detectors are manufactured by the growth of alternating layers of
GaAs and GaAlAs.
JT-60U Torus Hall

Diagnostic Room

High Power Pulse CO 2
Laser System

I

—tti

Injection I asert1

Pulsed CO 9 Laser
Detector

I I nral Ocrillqtnr

IHot CO 2 Absorber Cell

f

Heterodyne Receiver System

Fig.7 Schematic view of the CTS system
5. Summary
The analysis performed in this article shows that the CO2 laser (lOJ/pulse, ljisec) and
the heterodyne receiver systems can provide good S/N ratio for ion temperature. Measurement
of the fast ions in NNB heated plasmas is also available by use of wide-band filter bank.
Installation of the pulsed laser and the receiver system has been completed and required
specifications shown in table 1 has been already obtained. Next step to construct the system is
to set up the optical system in the torus hall. Measurement on the JT-60U plasma will start in
2000.
References
(1) J. Sheffield, Plasma Scattering of Electromagnetic Radiation (Academic, New York,
1975)
(2) R. K. Richards et al., Appl. Phys. Lett. 62, 28 (1993)
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8.9 Penning gauge for the fast neutral pressure measurement
at the midplane of JT-60U
A. Sakasai
1. Introduction
A new Penning gauge was installed at the midplane of JT-60U to measure the partial neutral
pressure near the main plasma with a fast response. The Penning gauge had been developed on
JT-60 by Dr. N. Ogiwara as shown in Fig. 1 [1 - 3]. The main features of the gauge are follows:
(a) the response time is fast (< 10 ms), (b) the structure is so simple that the gauge is reliable for
use in the strong magnetic field near the plasma, and (c) the measured neutral pressure range is
very wide (10"5 -10 - 1 Pa). The neutral pressure near the main plasma at the midplane is very low
as compared with one in the divertor region. So the specification of low neutral pressure range
(~10~5 Pa) is required for the diagnostic system.
2. Diagnostic Instrument
The Penning gauge was installed at the P-5 horizontal port. The vacuum chamber of the
gauge was directly connected to the diagnostic port through the bellows in order to reduce the
conductance, which was related to obtain the fast response for the pressure measurement. The
gauge was utilized the toroidal magnetic field up to 4.05 T on the axis of JT-60U. Actually, the
magnetic field strength at the location of the gauge is 46% of that on the axis. The gauge was
located between the two toroidal field coils. The high voltage of 3.0 kV was automatically applied
to the anode of the gauge by using a gauss meter, which is used to measure the magnetic field
strength at the location of the gauge . The cathode of the gauge is connected to the ground potential
through an I-V (current to voltage) converter. The high voltage application system is operated for
the field strength of above 0.3 T, which is corresponding to above 0.65 T on the axis of JT-60U.
In order to measure the wide range of the cathode current (0.1 u,A - 10 mA) in the Penning
gauge, the signal of the cathode current is divided into mantissa and exponential parts by the I-V
converter. The voltage signals for the mantissa and exponential parts of the cathode current in the
torus hall are transmitted to the diagnostic shield room via an optical link system. The time
resolution of the I-V converter is 20 ms based on its computer program now. The measured
cathode current is equivalent to the total pressure at the midplane.
The light emitted from the Penning discharge and the discharge ion current depend on the
anode voltage, the magnetic field strength and the pressure. The spectral lines of Ha (656.3 nm)
and He I (667.8 nm) were used to measure the partial pressure of deuterium and helium. The light
from the gauge is also transmitted to the diagnostic shield room through a focus lens via an optical
fiber array. The spectral lines of Ha (656.3 nm) and He I (667.8 nm) are detected with a filter
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spectrometer, which has two interference filters for the spectral lines and two photomultipliers, in
the diagnostic shield room.
3. Results
Figure 2 shows time evolution of the cathode current, He I line, Ha line, the exponential and
mantissa parts of the cathode current with the new Penning gauge at the midplane in an ELMy Hmode discharge. The cathode current increased up to 2 \iA during NB injections (t = 6.0 - 8.5 s, t
= 9.5 - 12.0 s) in this discharge. The cathode current signal was combined with the exponential
and mantissa part signals of the cathode current. The current is equivalent to the pressure of 8 x
10'5 Pa at the midplane. The intensity of the Ha line is too weak to measure the D2 partial
pressure at the midplane. The measurement of the partial pressure is possible for above ~ 10"3 Pa
in the optical system. However, the total pressure can be measured with a wide range pressure of
10' 5 - 10"1 Pa. At the limiter discharge phase, the light of the Ha line from the main plasma is
coming to the Penning gauge. A noise caused by the additional light of the Ha line should be
considered to measure the partial pressure for D2 and helium.
Figure 3 shows time evolution of the pressure signals at the inner bottom, the outer bottom
and the midplane, and a prefilling gas puff rate before the plasma initiation (t = 0.1 s). The
vacuum chamber of JT-60U was filled up to about 0.01 Pa with D2 gas puff rate of 2.5 Pam 3 /s x
1.6 s. The decay time of the pressure at the midplane just after the plasma initiation is very short as
compared to those at the inner and outer bottoms, the pressure measurement is possible with a fast
response time of 20 ms, which is determined by the I-V converter now.
4. Summary
A new Penning gauge using the toroidal magnetic field was installed at the midplane of JT60U to measure the neutral pressure near the main plasma with a fast response. The Penning
gauge is automatically operated by using a gauss meter (i.e. a magnetic field detector). The
measured neutral pressure range is very wide (10~5 - 10"1 Pa). The response time of the pressure
measurement is fast (20 ms). The neutral pressure measurement at the midplane with the gauge
will be expected to evaluate the neutral back flow from the divertor plasma to the main plasma in
the H-mode experiments.
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Fig. 1 Details of the gauge head. The Venetian blind is placed between the Penning cell
(anode and cathodes) and the plasma.
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Fig. 2 Time evolution of the cathode current, He I line, Ha line, the exponential and mantissa parts
of the cathode current with the new Penning gauge at the midplane in an ELMy H-mode discharge.
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Fig. 3 Time evolution of the pressure signals at the inner bottom, the outer bottom and
the midplane, and a p refilling D2 gas puff rate before the plasma initiation (t -0.1 s).
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8.10

Improvements to N-NBI Operational Characteristics and Performance
L. R. Grisham', M. Kuriyama, A. Honda, T. Itoh, M. Kawai, and N-NBI Group

The negative ion based neutral beam system which was installed on JT-60U was
the first application of this advanced technology to a fusion device, and marked the first
use of high currents and high beam powers of negative ions for any purpose whatsoever.
In many respects this technology is much more challenging than the positive ion
technology which had been employed previously in fusion research, and the dominant
physical processes involved are different. Because the schedule for implementation on
JT-60U precluded a high power test stand, it was not possible to ever test the major
components of the system prior to putting them into operation on JT-60U. As a result,
much of the operational development has had to be done in conjunction with tokamak
operations, with only limited time available for beam development data taking.
Unsurprisingly, this new, but largely untested, negative ion technology encountered some
difficulties during its initial operations. These difficulties were most succinctly manifest
in the unexpectedly large power loading on the accelerator and ground grids of the
negative ion accelerators, which arose from a variety of mechanisms, and which limited
the usable pulse length and power of the N-NBI. The principal thrust of the collaboration
between JT-60U and PPPL was to identify and ameliorate the physical mechanisms
limiting the performance of the JT-60U negative ion based neutral beam system.
It was initially unclear what combination of processes was resulting in the excessive
power loading on the ion source / accelerator grids, and in turn limiting the pulse length
to a thermal inertial time constant. After a variety of tests, we concluded that the
underlying difficulties arose from three basic conditions. These problems were the
following.
(1) The gas pressure in the ion source and grid structure was ramping upwards rapidly
both before and during the beam extraction pulse, due to the lengthy (7-10 second) time
constant of the long tube from the gas pulse valve array to the ion source. The rapidly
increasing pressure during the beam pulse resulted in increasing beam stripping
(premature neutralization) within the extractor and accelerator structure. This produced a
low energy tail in the beam, and also increased the power loading to the grids because
many of the stripped particles had divergent trajectories. In addition, the depletion of
space charge in the early part of the trajectory through the extractor / accelerator meant
that the remaining space charge was less than the downstream electrostatic lenses had bee
designed for, so they somewhat over-focussed the beam, resulting in increased
divergence.
(2) There was a very strong time dependence during a beam pulse of all of the ion source
and extractor parameters such as the arc current, arc voltage, arc power, and the coextracted electron fraction in the extractor gap. Since the extractor and accelerator
voltages were constant, while the source parameters were strongly varying with time, the
perveance match could not be the same throughout the pulse, which meant that the beam
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divergence had to vary (generally increase) with time during the course of a beam pulse.
The increasing divergence and grid power loading led to the inability to fire long beam
pulses of even low power, or high power pulses of much greater than the ground grid
thermal time constant of about 1-1.4 seconds. We initially assumed that the time
dependence in the arc parameters was arising as a result of the increasing gas pressure.
However, once the rise in gas pressure during the beam pulse was mostly corrected, we
found that the time variation in the arc and extractor waveforms was still nearly as strong
as it had been before the pressure ramping was corrected. Thus, while the previously
ramping gas pressure was important for premature negative ion stripping, it was not the
main driver for the time dependence of the arc and extractor waveforms. We deduced
that this time dependence was being driven primarily by two mechanisms: (2a) the
time-varying charge to mass ratio of the ion source plasma, and (2b) the thermal
equilibration time of the arc filaments.
(2a) The JT-60U negative ion source cathode filaments are supposed to operate in the
space charge limited mode in which the electron emission and sheath drop should be
insensitive to the filament temperature. Under these conditions, the filaments are
presumed to be hot enough that the electron flow across the filament sheath is limited by
the space charge compensation, rather than by the thermionic electron emission from the
filament. The space charge compensation depends, in turn, upon the average charge-tomass ratio of the ion source plasma. This is because the positive ions drifting across the
cathode sheath from the source plasma to the filaments partially compensate the space
charge of the electrons drifting from the filaments back across the sheath to the source
plasma. The rate at which an ion drifts across the sheath is proportional to the square root
of its charge-to-mass ratio. Since in a source of this sort, almost all multi-electron ionic
species will be singly charged, this has the consequence that heavier ions drift more
slowly across the sheath, and yield correspondingly greater space charge compensation
per ion. Thus, if heavier contaminants are present in the plasma composition, the space
charge limited emission should be greater than with a purely hydrogenic plasma.
However, the only contaminants commonly present in hydrogenic positive ion sources
are fairly light (oxygen, nitrogen) and do not change in concentration much over the
course of a beam pulse.
The case with a JT-60U negative ion source is different than for a positive ion source.
As the source surfaces heat up due to the radiated filament power and the arc power, the
vapor pressure of cesium in the source increases, with almost all of the vapor being
ionized to singly charged ions. Because cesium has a mass of 137, each singly charged
cesium ion drifting across the filament sheath can space charge neutralize 8.3 times as
many electrons going the opposite way as can an atomic deuterium ion (after taking into
account the fact that the ion source plasma also contains some diatomic and triatomic
hydrogenic ions, this enhancement probably drops to something more like 7 in a JT-60U
source). Accordingly, during the time when the cesium vapor pressure, and thus the
cesium ion concentration within the plasma, is changing as the source surfaces become
hotter during the early phase'of the arc pulse, the space charge limited electron current
emitted across the filament sheaths will also change. Since thermal time constants of
even thin layers of cesium are long compared to plasma time constants, this meant that
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the impedance of the filament sheath was changing during the early portion of the arc
pulse, as the cesium ion concentration increased, This drop in impedance due to the more
effective space charge neutralization at the cathode sheath resulted in the electron current
rising while the voltage across the sheath decreased. Consequently, the equilibration time
for a cesiated negative ion source operating with the cathodes in the space-charge-limited
regime is governed in part by the thin film surface time constants governing the cesium
vapor pressure. We determined that all of the previous operation of the JT-60U negative
ion sources had taken place during the prolonged turn-on transient of the sources, which
is much longer than for positive ion sources, and which was giving rise to the strong time
dependence of the arc and extractor waveforms.
(2b) A second factor contributing to the strongly varying arc and extractor parameters
during the early JT-60U negative ion source operation was that the temperature of the
filaments was not fully equilibrated by the time the beam extraction pulse began. This
would not have mattered much if the filaments were already hot enough to be in the space
charge limited regime. However, it appears that they may not have been entirely into the
space charge limited regime by the start of the beam pulse, so this also contributed to the
strong time variation of the arc and extractor waveforms.
(3) During the early source operations, when the beam pulses were occurring during the
turn-on transient, there appeared to be a strong spatial variation of the source negative ion
density, as deduced from beam measurements with a scanning calorimeter taken in the
near field of the upper negative ion source. Once we changed the timing so that the beam
extraction was occurring under nearly-equilibrated arc and gas conditions, much of this
spatial non-uniformity disappeared, and especially most of the short scale length variation
smoothed out. However, a high spatial resolution scan with the movable calorimeter
revealed that there is still some fall-off in the negative ion density at each end of the
source, with an indication that the biggest decline is occurring at the lower end of the
source (with the present wiring arrangement and plasma grid and filament heating current
directions).
Solutions undertaken for the basic source problems identified during the
collaboration:
(1) The steep ramping of the gas pressure within the ion source and accelerator structure
during a beam pulse was found to arise from the very long vacuum time constant (7 -10
seconds) of the line from the pulse valve array to the ion source. The preferred solution
would have been to move the valve array much closer to the ion source, thereby greatly
decreasing the vacuum time constant. However, because of the size of the gas valve
array, this was not immediately practical. Consequently, we took the next best course,
which was to move the timing of the start of the gas pulse as many seconds before the
start of the arc as the timer would allow, and to correspondingly reduce the driver signal
amplitude, so that the gas pressure in the grids and source had reached near-equilibrium
values by the start of the beam pulse. This timing change produced three benefits. It
provided a more constant gas environment for the arc. It also reduced unwanted stripping
of the negative ions in the extractor / accelerator, thus reducing grid impingement by
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divergent prematurely neutralized particles, and also reducing overfocussing by the
downstream lenses caused by stripping-induced space charge depletion. Finally, and
probably most importantly, it reduced the the low energy tail arising from premature
stripping to an insignificant level in the final neutral beam transmitted to JT-60U.
Doppler - shift spectroscopy showed that with the new gas timing essentially all of the
transmitted beam power is at the full acceleration energy.
(2) By changing the timing of the arc initiation, it was possible to largely solve the fact
that the source had previously been operating entirely during the turn-on transient arising
from the equilibration time of the cesium positive ion concentration in the plasma and the
filament equilibration time. By increasing the arc pre-pulse from its traditional length of
0.5 seconds to 1.5-2.0 seconds we were able to bring all of the arc and extractor
parameters into near-equilibrium by the start of the beam pulse. A longer arc pre-pulse
would result in an even closer approach to equilibrium, but the values chosen were the
maximum ones compatible with other constraints of the JAERI timing clock system.
Eliminating the time variation of the source plasma illuminating the extractor made
possible longer pulse lengths without beam faults. Shortly after this timing change was
instituted, the N-NBI injected into JT-60U a beam pulse lasting 1.9 seconds with no
faults, which was by a considerable margin the longest uninterrupted beam which had
been achieved. The termination at 1.9 seconds was not due to a beam fault, but rather
was triggered by an unrelated thermal interlock within JT-60U. It was expected that
progressively longer pulses would be produced during the rest of the run period.
Unfortunately, an unrelated massive water leak into the N-NBI system due to the failure
of a power supply to turn off prevented further successful long pulse operation of the NNBI during the remainder of the 1998 session. Barring some similar accident in 1999,
we should be able to further extend the N-NBI pulse length.
(3) In order to ameliorate the reduced, but nonetheless significant, spatial inhomogeneity
still remaining in the beam after we moved the beam extraction into the equilibrated
phase of the arc pulse, adjustable series resistors were installed in the lines to each of the
eight filament groups in each of the two N-NBI sources. As we come to understand the
nature of the spatial inhomogeneity in the plasma during the 1999 collaboration, we will
adjust the relative values of the series resistors feeding different filament groups to try to
even out the discharge, and thus produce a more uniform beam with lower average
divergence. Along with the other improvements already made, this should reduce power
loading on the grids, and permit increases in beam power along with further increases in
pulse length.
1

Princeton University Plasma Physics Laboratory, P. O. Box 451, Princeton, N.J., USA
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8.11

Determination of Radial Electric Field Profile with EFIT
T. Oikawa, L. L. Lao* and T. Fujita
^General Atomics, San Diego, CA, U.S.A.

8.11.1

Introduction

In the reversed shear discharges, enhanced core confinement has been observed [1], and record
value of fusion gain has been achieved on JT-60U [2]. It has been suggested that Er x B velocity
shear stabilizes small-scale microturbulence and improves transport, where Er is the plasma radial
electric field. The presence of Er is the result of radial force balance in the plasma. Since Motional
Stark Effect (MSE) measurements are affected by the plasma electric field and sensitivities to Er vary
depending on viewing geometry and beam velocity, ET profile can be determined with two different
measurements. On DIII-D, Er profile has been determined by viewing from two different angles [3].
Measurement of both the full and half-energy components of beam has been employed on TFTR [4].
New MSE system is planned for measurement of Er profile on JT-60U. The equilibirum reconstruction code EFIT [5] on JT-60U has been modified to include Er effect in advance of the installation of
new MSE system. The implementation in EFIT with geometries of neutral beam (NB) and MSE systems in JT-60U is described in 8.11.2. Results of application of new EFIT to the simulated equilibrium
including Er effect on MSE are presented in 8.11.3.
8.11.2

Implementation

EFIT reconstructs the plasma equilibrium by solving the Grad-Shafranov (GS) equation with
minimizing x2 for the measured quantities. In the EFIT code, P' and FF' in the GS equation are
parametrized linearly to facilitate minimization. Thus, non-linear optimization problem is transformed
to a sequence of linearized optimization problems using the Picard's iteration scheme. MSE measurements are included in the form derived below.
First, MSE polarizing angle response to the magnetic fields is derived. In the following, (X, Y, Z)
coordinate is used, where —X corresponds to port 1 of JT-60U. Let "P" be a point on the beam line
and "Q" be a point corresponding to the observer (Fig. 1). Present MSE systems located at port 13
and 17 view counter-tangential NB #7B. Azimuth angle and vertical angles of beam line are 9 and
a, respectively. Azimuth angle of point P is 4>p. Azimuth and vertical angles of vector PQ are </>PQ
and a P Q . Their domains are -180° < 4>P,4>PQ < 180° and -90° < a,aPQ < 90°. The unit vector
parallel to beam line is U B = (UBX, UBY, UBZ) = (cos 6 cos a, sin 6 cos a, sinfl). (H, V) coordinate
is defined on a plane K perpendicular to line PQ. V-axis is a normal projection of z-axis to the plane
K. The vector UV = (UVX, UVY, UVZ) = (-cos(/>pQsinapQ, -sin^ P QsinapQ,cosQpQ) is a unit
vector parallel to V-axis. H-axis is perpendicular to V-axis. The vector U H = (UHX, UHY, UHZ) =
(—sin^pQ,cos^pQ,0) is a unit vector parallel to H-axis which is perpendicular to UV and on the
plane K. The motional electric field is

(

5 R COS <pp
BK sin (£P +

- Bff, sin <f)p \
Bj, cos <j)P ,

BZ

(1)

j

where B$ is negative in the normal direction (CW) on JT-60U. Horizontal (H) and vertical (V)
components of E (see Fig. 1 (d) ) are
EH = (v x B) • U H = ^ U B • (B x UH) = v^ (A°4BZ + A°3BR + A%B^j ,
(2)
Ew

= vhVB • (B x UV) = vh (A\BZ + A%BR + A%B^

Thus, tangent of MSE polarizing angle(?r component) •yn is written as
_EV_

A\BZ
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(a) projection on the X-Y plane

(b) projection on the X-Z plane

(c) plane K and (H,V) coordinate

(d) MSE polarizing angle

Figure 1: Schematic views of coordinate, beam and observer (MSE polarimeter).

A\ = UVX • UBY - UVY • UBX,

where

A\ = UHX • UBY - UHY • UBX,

A% = UBZ (-UVXsin^p + JJVYcosfa) + UVZ (UBXsincfc - UBYcos</>P),
A% = -UBZ (UVX cos fa + UVY sin <j>P) + UVZ (UBX cos fa + UBY sin fa),
A% =

-UBZ (UHX cos fa + UHY sin fa) + UHZ (UBX cos fa + UBY sin fa).

Here, it should be noted that a component of MSE polarizing angle (7^) itself is used in the JT-60U
version of EFIT (7^ = 7^ - 90°), while the original EFIT on DIII-D uses tangent of a component.
Next, we consider the effect of the radial electric field on MSE polarizing angle. The radial electric
field can be written as follows,
Er = - V $ = -wV* = -u

+ u>RBRez =

x JB,

(5)

where $ and ^ are a electrostatic potential and a poloidal flux per radian in (f> (toroidal direction:CCW), and eR, ex and e^ are the unit vectors of R, Z and <j> in the cylindrical coordinate, a n d
and RBR = -d^l/dZ.
Total electric field is expressed as
(rad/s), RBZ =
u> =
•S'total

Thus, replacing Vb with vi
in the following equation.

Vb x B + uReji x B = (vb + ujRe^) x B.

(6)

in eq.(4), the response function of MSE polarizing angle is written

tan7,r =

= . „
, „
EB
A4BZ + A3BR
where ER = —uRBz, Ez = u)RBR,

E2ER

-

(7)

E3EZ

(8)
= A°5 - UVZ (u>R/vt>),

_
E, = E2 =

= ^ 3 , A2 = A°2,
UVX cos (ftp + UVY sin <j>p _ cos (fag - fa) sin q P Q
_ UVZ
UHX cos (?!>p + UHY sin <f>p sin (faq =

fa)

= ^§. 0)
(10)
cosapQ

, E3 = 0.

(11)
(12)

Coefficients Ai and E{ vary differently depending on viewing geometry and beam velocity. The MSE
response function in eq. (7) is linearlized using Picard's iteration scheme as
(A\ — Ai tan7w) B2m

+ (A$ — A3 tan7,r) BRm+

- [(Ei - E2taji^) (RBz)(m+1) + (EA - £ 3 tan7, r ) (J2BR)(m+1)] $/(^r)(r»+1)
= (A2 tan 7^ — AQ) B^1 .

(13)

Since Er is not constant on a flux surface, EFIT instead fits to the gradient of the electrostatic potential
$. Assuming $ is constant on a flux surface, $ is parametrized linearly the same as P' and FF'.
EFIT maps MSE measurements onto a flux surface geometry, and self-consistently solves for the Er
and magnetic field profiles that best match the measurements.
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8.11.3

Application Results

To determine the profiles of q and Er with good accuracy, another MSE system viewing the same
spatial positions as the present MSE systems is necessary because two MSE systems with different A%
and Ei coefficients give informations to determine both magnetic field and radial electric field. New
MSE system, which is planned to be installed at port 3 viewing co-tangential NB #9B, is considered
in the simulation of reconstructioin by new EFIT. The procedure of simulation is as follows.
(1) The prediction code based on the JAERI equilibrium code SELENE simulates the diagnostic
signals of poloidal coil currents, magnetic probes, flux loops and MSE (P3, 13 and 17 systems have
9, 4 and 15 channels, respectively). The Er effect on MSE is included by giving profile of the flux
function w(= d$/d$>), where to is parametrized in the same manner as P' and FF' in EFIT,
(14)

U! —
i=0

where a normalized poloidal flux $> has value of 0 (on axis) to 1 (on separatrix).
(2) EFIT reconstructs the equilibrium and ET profile for the input data produced in the step (1).
(3) The equilibrium and Er profile by the prediction code and the result of EFIT are compared.
First, the equilibrium without Er (u> = 0) is reconstructed. The equilibrium is a reversed shear configuration with £i = 0.7, /?p = 1 and qo = 5. The safety factor profile simulated by the prediction code,
<7(sim.), and its reconstructed results by EFIT, g(EFIT), are shown in Fig. 2 (a). EFIT reconstructs
both KEECUR=0 (no ER) and =2, where KEECUR (variable name in the EFIT code) represents
the number of the terms in u> in eq. (14) (KEECUR= Nu + 1). In both cases (KEECUR=0 and 2),
q profiles and equilibriums are well reconstructed. Determined ER on the midplane in KEECUR=2
case is quite small as shown in Fig. 2 (b). This agrees well with the input En = 0 (ui = 0).
Next, Er is included in the same equilibrium as in Fig. 2. MSE signals are simulated by setting
w(*) = 2 x 105 - 1.5 x 10 5 *. As shown in Fig. 3 (a), q profile by EFIT including Er agrees well with
the original #(sim.), while q profile by no Er reconstruction deviates from g(sim.). Good reconstruction of ET is shown in Fig. 3 (b). This shows necessity of including ET in reconstruction of plasma
with large Er, such as the reversed shear plasma with steep pressure gradient.
Finally, measurement of half-energy component of beam is considered. Since the motional electric
field is smaller in the half-energy measurement than in the full energy measurement, the half-energy
measurement is more sensitive to ET. Eq. (11) and (12) indicate this dependence of coefficients Ei
on beam velocity. Reconstruction using the half-energy measurement (9 channels) of P17 instead
of P3 system (9 channels) is shown in Fig. 4. Spatial positions of the half-energy measurement at
P17 are almost same as P3 system. Fig. 4 (b) shows reconstruction of Er. In the case of no ET, q
profile is wrongly reconstructed, which indicates that the half-energy measurement is sensitive to Er.
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Figure 2: no ER (w = 0). PIS, 17 and new PS MSE systems are used, (a) q profiles (q(sim.) :
original, g(EFIT) : EFIT reconstructions), (b) ER profiles on the midplane.
However, its applicability is limited by the penetration of the half-energy component of beam into the
high density core. In addition, the uncertainty in Er due to the uncertainty in MSE angles, which can
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Figure 3: u = 2 x 105 - 1.5 x 10 5 *. PIS, 17 and new PS MSE systems are used.
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Figure 4:w = 2 x 105 - 1.5 x 10 5 *. PIS, 17 and P17(half-energy) MSE systems are used.
not be avoided in the actual measurements, is about 5 times worse [6]. Another possible problem is a
overlap of spectrum of orthogonally polarized components (TT, a) of other beam components («b and
Ub/3). In 1998, we measured half-energy component with P17 system (4 channels around the ITB).
However, signals for half-energy component did not seem to reflect ET evolution with the growth of
the ITB. This may be due to the overlap of background light and n and a components of Vb and Vb/3.

8.11.4

Conclusions

The effect of the radial electric field on MSE signals was included in the JT-60U EFIT code. New
EFIT successfully reconstructs the equilibrium and the profile of the radial electric field using the
magnetic and MSE data simulated by the prediction code, where a planned new MSE system is used.
Determination of the radial electric field with EFIT and new MSE system will help the understanding
of mechanism to improve confinement.
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