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An improved divertor confinement (IDC) regime has been found in the
lower X-point configuration of JT-60. Tmprovement in particle confinement
was observed in beam heated hydrogen plasmas when both the heating power
and line averaged density exceeded thresholds. The radiation power from
the divertor plasma increased to as much as 30% of heating power.
Discharges with improvement in energy confinement by up to 20% and
enhanced divertor radiation lasted for several seconds in a quasi-steady
state without significant impurity accumulation in the core. The
threshold line averaged electron density for IDC increased linearly with
power and dropped with increasing safety factor. The in-out asymmetry of
particle recycling changed with Bt direction and the improvements were
observed only when ion VB drift was toward the X-point. These findings
suggest that collisional transport mnear the separatrix is connected with
the onset of the IDC regime.
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1. INTRODUCTION

Steady-state operation with enhanced confinement is required to
achieve ignition and long-pulse burn in the next generation of
tokamaks such as ITER. Reduction of the heat flux onto divertor plates
is a crucial issue to secure the steady burn operation. Formation of cold
and dense divertor plasmas [1,2] by remote radiative cooling [3-5] is
indispensable to alleviate heat load on the divertor plates and and to
lessen particle pumping requirement.

An improved divertor confinement (IDC) regime has been
observed in the loWer X-point configuration of JT-60 [6-9] with the
following characteristics: the particle confinement improves in a quasi-
steady state for several seconds; remote radiative cooling develops in
the divertor region with radiated powers of up to 10 MW, which
corresponds to 50% of the input power. The energy confinement time
was improved by up to 20%. Asymmetric particle recycling and
radiation power were observed between inner and outer divertor
separatrices. Carbon emission is highest at the inner separatrix, and
hence the reduction in the heat load onto the inner divertor plates was
significant. This situation  is advantageous for next-step tokamaks
because the limited space of the inner divertor region makes it difficult
to install divertor plates at an angle nearly tangential to the magnetic
field lines which is needed to decrease the net heat flux. Although we
had previously reported that the particle tecycling in the divertor was
very high in the IDC regime [6,7], we have now found that divertor
particle recycling does not enhance appreciably during IDC. The

previous result was due to contamination of Hy (656.3 nm) signals
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(through interference filters with FWHM of about 4.5 nm) by C II line
(657.8 nm) emission [10].

We operated JT-60 in four combinations of Ip and By polarities to
examine the effects of ion ¥V B drift (BxV B) direction on IDC and to
check the symmetry of the device. As a result, we found that the IDC
regime developed only when the ion VB drift was toward the X-point
Reversal of B¢ direction changed particle confinement and lighé
impurity behavior significantly. A reduction in oxygen impurities was
observed when the ion ¥V B drift was toward the X-point and the heating
power exceeded a threshold power of about 9 MW. Reversal of I,
direction did not significantly affect the confinement properties and
impurity behavior. The B; polarity dependence of the particle
confinement agrees with Hinton and Staebler's theory on collisional
transport near the separatrix [11]. Staebler has extended that theory
and has proposed a model of the IDC regime by considering carbon
behavior and collisional transport effects at the plasma edge [12].

Pronounced vertical asymmetry in the impurity radiation has been
observed in limiter discharges. The sign of the asymmetry was opposite
to the ion VB drift direction in Alcator [13] and PDX [14]. However, in
PLT the vertical asymmetry in impurity density was found to be
correlated with details of the gas feed, the positioning of the limiter and
the plasma temperature near the limiter edge [15]. In JT-60, the
divertor radiation was highest when the ion V B drift was toward the X-
point.

The magnetic configuration and diagnostics used in this study are
depicted in Section 2. Changes in particle recycling and impurity
shielding effects are described in Section 3. Section 4 presents a

characterization of the IDC regime such as onset conditions, parameter
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dependences of the divertor radiation and the global energy

confinement. Section 5 is devoted to discussion. A summary is given in

Section 6.

2. EXPERIMENTAL ARRANGEMENT

A cross-sectional view of a typical lower X-point configuration of
JT-60 is shown in Fig. 1 together with diagnostic viewing chords and
locations of measurements. The major and averaged minor radii of the
plasma were about 3.1 m and 0.7 m, respectively. The plasma
elongation was about 1.4, The height of the X-point from divertor
plates was normally 3 ~ 5 cm. The gap between the plasma edge and
outer limiters is larger than 10 cm. The limiter and divertor plate
material was graphite. The working gas was hydrogen. The gas was
puffed from outer ports so that the flow reversal effect by gas fueling is
unlikely to be effective. Neutral hydrogen beams at around 65 keV
were injected with powers up to 25 MW. The experiments were
conducted at an average wall temperatare of about 280°C. No special
wall conditioning was employed for getting IDC except Taylor-type
discharge cleaning after vacuum opening.

Diagnostics mainly of particles and impurity line emissions are
respectively illustrated in Fig. 1(a) and (b). The fields of view for line
emissions are indicated by pairs of solid lines. The line integral of
clectron density was measured by 2 FIR interferometers along off-axis
vertical chords (fie lys and e lyz23) and by a 2-mm p-wave
interferometer along an oblique chord which passes near the magnetic
axis of the plasma (fie liy2). The 2-mm interferometer signal, however,

often suffered from fringe losses. Hence the line averaged electron
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dependences of the divertor radiation and the global energy

confinement. Section 5 is devoted to discussion. A summary is given in

Section 6.

2. EXPERIMENTAL ARRANGEMENT

A cross-sectional view of a typical lower X-point configuration of
JT-60 is shown in Fig. 1 together with diagnostic viewing chords and
locations of measurements. The major and averaged minor radii of the
plasma were about 3.1 m and 0.7 m, respectively. The plasma
clongation was about 1.4. The height of the X-point from divertor
plates was normally 3 ~ 5 cm. The gap between the plasma edge and
outer limiters is larger than 10 cm. The limiter and divertor plate
material was graphite. The working gas was hydrogen. The gas was
puffed from outer ports so that the flow reversal effect by gas fueling is
unlikely to be effective. Neutral hydrogen beams at around 65 keV
were injected with powers up to 25 MW. The experiments were
conducted at an average wall temperature of about 280°C. No special
wall conditioning was employed for getting IDC except Taylor-type
discharge cleaning after vacuum opening.

Diagnostics mainly of particles and impurity line emissions are
respectively illustrated in Fig. 1(a) and (b). The fields of view for line
emissions are indicated by pairs of solid lines. The line integral of
electron density was measured by 2 FIR interferometers along off-axis
vertical chords (fi. lyg and e lyz3z) and by a 2-mm p-wave
interferometer along an oblique chord which passes near the magnetic
axis of the plasma (fig liy2). The 2-mm interferometer signal, however,

often suffered from fringe losses. Hence the line averaged electron
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density used in this study was estimated chiefly by the FIR
measurement along the outer vertical chord (U6) with an
experimentally determined multiplier of 1.4. The measurement points
of the 8-channel Thomson scattering using an off-axis laser beam are
shown by closed circles. The spatial resolutions were about 4 cm for the
outermost 3 channels and 9 ~ 13 cm for the inner channels. Typical
estimated errors were about £ 2 x 1018 m-3 for electron density and *
10% for electron temperature. Neutral particle pressures were
measured at thrce locations; outside of torus just above the midplane
by an ion gauge, lower outside by a Penning gauge and near the inner
separatrix of the divertor by a residual gas analyzer (RGA). The Hg
emission from the main plasma was monitored by 4 channels of oblique
chords (HMAIN) and 3 channels of vertical chords (HY). Distribution of
H, emission at the divertor plates was viewed by a TV camera with an
interference filter. The surface temperature of the plates was recorded
by an infrared TV camera with the same viewing field [16]. The spatial
resolution was about 9 mm and temperature resolution was about 5°C.
The radiation power loss from the divertor region was measured by a
bolometer along a horizontal chord (PFLY, ). The radiation power loss
from the main plasma was monitored by two 15-channel bolometer
arrays (schematically shown in Fig. 13) whose spatial resolution in
minor radius was about 7 ¢cm [10,17,18] . |
Impurity line radiations were measured by a multi-chordal
vacuum ultra-violet (VUV) spectrometer (0.5 ~ 50 nm) through an
upper outside port [19]. Light impurity line emission in the ultra-violet
range of 200 ~ 400 nm was measured by a 12-channel mirror-scanned
monochromator along lower chords. The impurity line radiation in the

divertor region was measured by an absolutely calibrated grazing
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incidence spectrometer (1.5~135 nm) along a vertical chord (U4) which
views the inner divertor separatrix and a multi-channel visible
spectrometer along a horizontal chord, the view field of which is larger
than that of the divertor bolometer. The HDIV signal used in this paper
was obtained from this visible spectrometer so that it is free from the
CII contamination. This signal includes the whole divertor Hy emission
while the HY* signal comes chiefly from the inner leg of the divertor.
The intensity of visible bremsstrahlung emission at 523.3 * 0.5 nm was
measured along two chords (IN2 and U6) to evaluate effective ionic

charge, Zeft.

3. By REVERSAL EXPERIMENTS

Discharge waveforms with nearly the same NB power and line
averaged electron density are compared in Fig. 2 to illustrate the
distinct time evolution with By reversal. The plasma current (I MA) and
toroidal magnetic field (4.5 T) were reversed at the same time to keep
the helical magnetic field structure and, in particular, the field lines
impinging on the divertor plates the same. A dramatic difference is
seen in the neutral particle pressure around the main plasma measured
by the Penning gauge (PNI"E&{}%{AL). Oxygen impurities in the main plasma
represented by -the OVIII line (Is-2p 1.897 nm) decreased with time
when the ion VB drift was toward the X-point (solid traces), while it
increased just the same way as the neutral pressure when the ion VB
drift was away from the X-point (broken traces). Carbon impurities
behaved in an opposite fashion as shown by the C VI line (1s-2p 3.374
nm) trace. When the O VIII intensity was reduced, carbon influx from

the divertor was enhanced as seen from the C II (657.8 nm) trace. The
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the divertor was enhanced as seen from the C II (657.8 nm) trace. The
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IDC regime started around 5 sec in shot E9107 and the plasma stored
energy evaluated by a diamagnetic measurement increased by 15%.
The plasma stored energy saturated early with reversed By (E9154).

The radiation power from the divertor region was well correlated
with the C 1II signal. Note that the radiation power from the main
plasma is higher and that the divertor radiation power was suppressed
at lower levels with reversed B; (B x ¥ B away from the X-point).
Heating power dependences of those radiated power fractions are
plotted in Fig. 3. During IDC when the heating power exceeded 14 MW,
the radiation power from the main plasma was reduced to around 20%
of the heating power and the divertor radiation power fraction was
enhanced up to 50%. The divertor radiation fraction increased only
modestly with power when the ion VB drift was away from the X-point
(no-IDC). The higher radiation powers from the main plasma with the
ion V B drift toward the X-point correlate with higher Z.¢r values as
indicated in Fig. 4.

The characteristics of particle recycling are examined in Figs. 5 and
6. There was an in-out asymmetry in the particle recycling around the
main plasma. The intensity of Hg emission along the outer vertical
chord (U6) is plotted as a function of the line averaged density in Fig.
5(a). It increased more sharply with increasing density when the ion
V B drift was away from the X-point than with the opposite B difection.
The difference in the increasing rate was reversed in the case of the Hgy
intensity along the inner vertical chord (U23). Thus the inner to outer
H intensity ratio, a measure of the particle recycling asymmetry,
behaved oppositely depending on the B direction as shown in Fig. 3(b).
The particle recycling occurs more frequently at the inner side of torus

when the ion V¥V B drift was toward the X-point. This tendency was
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pronounced with increasing density. Figure 6 shows that both divertor
H, emission and neutral pressure around the main plasma increased
parabolically with the line- averaged electron density of the main
plasma. Those levels, however, were different with B¢ polarities.
Whereas particle recycling (Hg) in the divertor was higher with the ion
v B drift toward the X-point (before IDC), the neutral pressure was
lower around the main plasma. These observations imply that the
particle confinement was better and the particle recycling was more
localized in the divertor with the ion V B drift toward the X-point. The
particle confinement was improved further during IDC with relaxed
localization of particle recycling since the both strengths were reduced.
The parabolic dependence of both the divertor Hy emission and the
neutral pressure around the main plasma on the line averaged density
can be explained by an inversely-linear dependence of the global
particle confinement on density {20,21]. As shown in Appendix A, the
change in the global particle confinement time can be estimated by T2
! PNEUTRAL [22]. Accordingly the particle confinement time is
considered to be improved by a factor of 2 ~ 3 in the IDC regime.

If one normalizes the divertor Hy emission to the neutral pressure
the difference in recycling between the two ion V B drift directions is
more clearly shown. The IDC data points lie along the same line as the
non-IDC data for the same ion ¥ B direction as shown in Fig. 7 (‘a). The
ordinate is a measure of hydrogen ionization in the divertor from a
zero-dimensional argument described in Appendix B. Thus the divertor
effects are concluded to be enhanced with the ion V B drift toward the
X-point.

The dominant sources of carbon impurities were the divertor

plates. The local carbon influx can be evaluated from line radiation
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strengths of lower ionized states of carbon ions such as C II [23,24]. The
carbon contents in the main plasma have been experimentally
confirmed to be proportional to the C VI line strength {19]. Thereby Fig.
7(b) shows that the level of carbon influx from the divertor is
separated with By directions when it is normalized to the carbon
contents in the main plasma. This observation suggests that carbon ions
in the main plasma did not increase as much as the carbon influx, i.e.,
shielding effects on carbon impurities by the divertor were enhanced
with the ion V B drift toward thé X-point. The two closed circles at high
electron densities are data from strongly gas-puffed discharges.
Consequently the divertor shielding effects might. have been lowered

by gas puffing.

4. CHARACTRISTICS OF IDC
4.1 Onset condition for IDC

The IDC regime was observed only when the ion V B drift was
toward the X-point. Although the preferred direction of thé ion V B
drift is common to the H mode, the dependence on Bt was opposite.
Thus the H mode and IDC are independent phenomena. The IDC regime
was easily obtained at high By, whereas the threshold power for the H
mode increases with toroidal magnetic field [25,26]. In JT-60, H-mode
transitions were observed in low density discharges when Bt was
around 3.3 T [7,27]. The IDC regime set in afterwards at higher
electron densities at these magnetic fields as an example shot shown in
Fig. 8. In this shot, the H mode was triggered at 5.7 sec and thus the

plasma stored energy and the electron density rose until they reached
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electron densities at these magnetic fields as an example shot shown in
Fig. 8. In this shot, the H mode was triggered at 5.7 sec and thus the

plasma stored energy and the electron density rose until they reached
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steady state by excitation of edge localized modes (ELMs). They began
to increase again around 6.3 sec which indicates further improvements
in the energy and particle confinements by IDC. The increment in the
plasma stored energy, however, was modest since it evolved from the
H-mode phase. IDC did not occur at low fields below 3 T. At higher Bt
of around 4 T, IDC started at lower densities from the L mode and
EL.Ms were observed later when the poloidal beta became higher than
a limit which increases linearly with the safety factor [28]. Figure 9
summarizes the points where the IDC regime, L/H transitions and ELMs
appear in the domain of line averaged electron density and absorbed
power. The high B; discharges are considered to be marginal for H
mode since no sharp H transition was detected within applied powers
up to 23 MW. The reason why high Bt was favorable for IDC is that
there were q-dependences of the threshold density, energy
confinement and remote radiative cooling.

Figure 10 shows that there were thresholds both for the electron
density and for the absorbed power with respect to the onset of IDC.
The IDC regime has never been observed with absorbed powers below
about 9 MW. The threshold electron density for IDC increased with
increasing input power when the toroidal magnetic field was kept
constant as seen in Fig. 9. The threshold value for Paps ~ 18 MW of
about 2.3 x 1019 m-3 agrees with a density level where the asymmetry
in the particle recycling began to manifest as seen in Fig. 3. The
threshold density decreased with increasing By. Lowering the toroidal
magnetic field under 3.3 T led to excitation of frequent ELMs, which
limited the electron density from rising higher than the threshold. This

appears to be the cause for no IDC regime in low By discharges.
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The Ip and By dependences of the threshold electron density
appear to be summarized as a dependence on an effective safety factor
qefr [29]. Figure 11 indicates that the threshold electron density is
approximately inversely proportional to the safety factor. It is
important to note that the connection length of magnetic field lines
around the main plasma increases with qeyf. These findings suggest
that the IDC regime could be related to the connection length as well as

ion V B drift direction.

4.2 Time evolution of IDC

The transition from L-mode confinement to the IDC regime was
gradual and there were some time lags among various signals. The
neutral pressure and oxygen impurity lines emitted from the main
plasma dropped first at 4.7 s in Fig. 2. The rise rate of the plasma
stored energy slightly changed around 5.2 s and the divertor radiation
began to be enhanced at 5.4 s. The IDC regime was always preceded by
an abrupt rise and fall of the O III (70.4 nm) signal along a vertical
chord viewing the inside leg of divertor (U4) as seen in the bottom box
at the right hand side of Fig. 2 (at 4.4 ~ 4.4 s). The electron density
often did not increase during this phase. No appreciable change in edge
T. and n, was observed by the Thomson scattering at the onset of IDC.
The O II and O VI lines along the same chord and the O VI line along a
slightly inner chord (Fig. 1b) behaved similarly to O 11U4, The O III
lines were also measured by the 12-channel mirror-scanned
monochromator. It was found that the farther the view from the X-
point, the lower the O IIl brightness. Thus the O IIIV4 signal represents

oxygen recycling from the divertor rather than charge-state changes of

A]O,
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oxygen ions. It should be noted that the neutral pressure and oxygen
impurity lines never dropped when the heating power was less than 9
MW or the ion V B drift was away from the X-point. The O I1U4 signal
behaved similarly to the HMAINI gional in this respect. Figure 12 shows
the power dependences of the reduction in the oxygen line (O VII and
O III) intensities and a low-emergy (~ 0.5 keV) charge-exchanged
neutral flux from the main plasma in the case of the ion V B drift
toward the X-point. The ordinate represents the ratio of the steady-
state value to the peak one during each NBI pulse. The oxygen lines and
the charge exchange flux are well correlated; they decrease during NBI
pulse when the heating power is higher than 9 MW and the reduction is
significant when the power is above 15 MW. The drop in the O III ratio
is the most drastic. Such a reduction in any of the three signals was
never been observed when the ion VB drift was away from the X-point.

Figure 13 illustrates the time evolution of the bolometer array
signals in a typical IDC discharge shown in Fig. 14, There should have
been density hesitation around 5 s if the NB power had been kept
constant.  The signal from a bolometer viewing the core plasma
(channel 13) diminished in correlation with the reduction of the oxygen
lines as shown in Fig. 14(a). Then the plasma stored energy started to
rise. Although carbon impurity lines began to rise at this moment, the
carbon emission intensity normalized to the electron density did not
increase significantly during the improved phase. The C II emission and
radiation power from the divertor region increased with a time lag of
0.05 ~ 0.4 s. The enhanced divertor radiation is considered to be caused
by increased carbon influx from the divertor plates. The C II intensity
is plotted as a function of the peak surface temperature of the inner

divertor plates in Fig. 15(a). Although the data was taken with the
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same IR camera as the data of Fig. 14, the field of view was nearer to
the edge of tiles than that in Fig. 14. The C II intensity increases with
rising temperature, in particular, above 900 K. The rise of the
corresponding edge temperature at the leading edge of those tiles is
estimated to be higher by a factor of 2 ~ 3 based on a magnetic fieid
pitch of about 1/40 and a maximum gap between adjacent tiles of 1.5
mm for a 1-MA discharge. Thus radiation-enhanced sublimation [30]
could be the dominant mechanism for the carbon influx rather than
chemical sputtering, whose erosion maximum occurs slightly below 900
K [31]. By approximating the sputtering yield as I'c /I'y o< C II / Hy and
the increment of the leading edge temperature to be twice that of the
surface temperature, one gets an Arrhenius plot as Fig. 15(b), which
reveals a temperatﬁre independent physical sputtering yield at low
temperatures and thermally activated sputtering yield above 1300 K.
The estimated activation energy of about 1 eV (the slope of the solid
line) agrees with the radiation-enhanced sublimation by hydrogen ions
[30,31].

Eventually the discharge reached a quasi-steady state, which
lasted until the NB power dropped below the threshold. Visible
bremsstrahlung mecasurement indicated that Zg¢r was 3 ~ 4, slightly
increasing during the improved phase. Thus, oxygen ions were
exchanged for carbon ions. Note that no "carbon bloom" phenomenon
which can cause deterioration of energy confinement {32-34] was

observed even under 25-MW NB injection for 4 sec.

—1Z2 —
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4.3 Global power balance

Global power balance was examined by evaluating the heat flux
onto the divertor plates with the infrared camera. An example of time
evolution of the measured peak temperature and evaluated power to
the plates is shown in Fig. 14 (b) and (c). The maximum surface
temperature of the plates did not exceed about 800°C within a 4-sec
beam pulse. The peak heat flux was less than 5 MW/mZ even under
22-MW heating and it dropped -during the IDC regime. Figures 14(b)
and 16 show that there was an asymmetry in the heat flux onto the
divertor plates; the reduction of heat flux was larger at the inner
separatrix (ion drift side) resulting in a decrease in the peak
temperature of the -inner divertor plates. The similar asymmetric
behavior was observed in Hg TV images of the plates. The hydrogen
recycling at the inner separatrix increased during the early phases and
it decreased during IDC, the signatures of which can be seen in the HY 4
trace of Fig. 2.

Although the missing power is not negligible in the early phase of
NB heating, most of the input power is accounted for in the later phase
as shown in Fig. 14(c). The total power load on the divertor plates
during the IDC regime was estimated to be less than one third of the
input power. The radiation power from the divertor region including
the X-point increased up to nearly a half of the input power. The total
radiation power from the main plasma was about a quarter of the input
power in the beginning. It then declined to less than one fifth of the
input power over the period from 5.5 to 6.3 sec (Fig. 14). During this
same period, power to the divertor plates increased until the divertor

radiation was significantly enhanced. Most of the power from the main
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plasma at the later phase was radiated near the X-point with reduced
radiation from the core plasma as seen from the change in the
bolometer signal distribution in Fig. 13. Metal impurity densities have
been low in divertor configurations with graphite tiles [19].

The parameter dependence of the divertor radiation is examined
in Fig. 17: (a) A significant enhancement in the divertor radiation was
observed when the absorbed power exceeded 15 MW; (b) irrespective
of the absorbed power, the divertor radiation power increased at T, ~ 3
x 1019 m-3 when no gas was puffed during NBI heating phase; (c) the
increment in the divertor radiation was well correlated with the
increment in the C II emissivity in the divertor region. These data are
from 1-MA discharges with the ion V B drift toward the X-point
including non-IDC phases. The toroidal magnetic field is constrained to
be 4 ~ 45 T for (a) and (b) and 4.5 T for (c). Figure 17(d) shows that
attainable divertor radiation power depended on the toroidal magnetic
field; the higher magnetic field, the higher divertor radiation could be
achieved. When By was less than 3 T, the ratio of the divertor radiation
to the absorbed power remained less than 20%.

Whereas Ne gas was puffed into IDC plasmas, we could not increase
the radiation power from the divertor region further. The carbon
impurity influx decreased instead. Thus carbon ions in the divertor
plasma were replaced by Ne ions. The Ne puff, however, could lower

the threshold power for IDC to about 7 MW.

4.4 Energy confinement improvement by IDC

Figure 18 shows the plasma stored energy evaluated from the

diamagnetic measurement as a function of the total absorbed power.
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The ion V B drift direction is toward the X-point. The line averaged
electron density is in the range of (2 ~ 4) x 1019 m-3. The non-IDC data
points which are shown as closed symbols obey an offset linear law.
These data are from phases around the threshold density or gas puffed
phases in which the transition into the IDC regime was delayed. The
non-IDC data with the ion ¥V B drift away from the X-point lie nearly the
same line with slightly less incremental confinement time. The open
symbols represent IDC data. The stored energy improved by up to 20%
in the case of 1 MA and by up to 10% in the case of 1.5 MA discharges
iﬁ going from non-IDC to IDC regimes. The energy confinement time,
however, did not scale with I, both in L-mode phase and IDC phase
when the safety factor became less than three [35]. The data of 1.8 MA
(qeri ~ 2.8) and 2.0 MA (qerr ~ 2.6) shots were not very different from
that of 1.5 MA (qeff ~ 3.3) shots. Although the improvement in energy
confinement appears to be associated with the increase in electron
density from time evolution of each shot, the energy confinement times
collected from many shots did not depend on the electron density as
seen in Fig. 19.

When a new set of data was taken in late 1989, the carbon influxes
and resulting divertor radiation power for beam heated plasmas in
later 1989 were not enhanced so much as in Fig. 17. The increment of
C II was suppressed below two in the unit of Fig 17(c) and the radiation
power from the divertor remained less than 5 MW. However, the
energy confinement still improved as shown in Fig. 18. To find the
mechanism for this improvement, we examined correlations of the
energy confinement time with several parameters. Some of the
correlations are shown in Fig. 20. Here the energy confinement time 1s

normalized to an absorbed power of 20 MW assuming a Goldston
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scaling-like inverse-square dependence to cancel the power
dependence of data from 14 MW to 22 MW. The improvement is best
correlated with reduction in oxygen contents in the main plasma (a).
The enhanced divertor radiation power appears to be a sufficient
condition for the improvement rather than a necessary one (c). There is
no correlation with carbon level (d). Although the neutral pressure data
for the best improved data points are missing, the energy confinement
improvement appears to be correlated with reduction in neutral
pressure (b), namely improvemént in particle confinement.

The electron temperature during IDC did not decrease with
increasing density as seen in Fig. 14(a) in contrast to L-mode plasmas.
Electron temperature profiles are compared in Fig. 21 to see the
difference between IDC and non-IDC (ion V B drift 'down or up). The
hatched area indicates the scatter in the Thomson scattering profiles
obtained from about 10 shots. Data points near the center were missing
because of the off-axis laser beam. Although the electron density
profiles were almost the same within the scatter, the electron
temperature was systematically higher during IDC with the ion VB drift
toward the X-point. The profile shape did not change much during the
IDC regime. The temperature and density profiles had shoulders near
the edge presumably because of high magnetic shear near the
separatrix. We could not exclude the possibility of central peaking of
the profiles during IDC. Actually centrally peaked ion temperature
profiles were sometimes observed by charge exchange recombination
spectroscopy as illustrated in Fig. 22. This fact suggests that the IDC

réegime can be compatible with a hot-ion mode.

— 16 —
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5. DISCUSSION

The IDC regime is a very interesting state where the remote
radiative cooling is established with improved energy confinement. A
large fraction of the heat flux to the divertor region was lost by
radiation and charge exchange before it reached the divertor plates.
Indeed most of the radiated power f{rom the divertor plasma was
accounted for by carbon and hydrogen emissions [8]. It is, however,
very difficult to evaluate experimentally how much of the heat flux to
the divertor is lost by charge exchange versus radiation. The Ilarge
radiation power in the divertor region suggest that a cold and dense
divertor plasma is formed during the 1DC regime.

IDC is charactérized by an improved particle confinement regime.
To explain the improved particle confinement, there could be two
possible scenarios: The divertor is more efficiently refueling the
plasma, or the plasma has improved transport properties. The former is
unlikely since the divertor Hy emission during IDC is lower than that
during non-IDC (Fig. 6a) even when the hydrogen ionization rate is not
different (Fig. 7a). The improved transport properties may be explained
by Hinton and Staebler's theory [11]: the in-out asymmetry in the Hg
emissivity at the divertor plates observed by the Hy TV camera agrees
with the change in particle flux due to collisional transport near the
separatrix [36]. The asymmetric particle recycling was confirmed by
the vertical H, measurement when the electron density exceeds the
threshold for IDC as seen in Fig. 5. The in-out asymmetry was reversed
with B reversal. The difference in the time evolution of HY* and HPIV
signals came from the asymmetric particle recycling. The broken HRTY

trace in Fig. 2, which includes Hy emission at inner and outer strike
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points of divertor, increased with electron density while HZ?%, which is
chiefly from the inner strike point, stayed constant. This implies that
hydrogen particles tecycled more at the outer separatrix (ion drift side)
when the ion V¥V B drift was away from the X-point. The in-out
asymmetry in the particle recycling should pronounce the difference in
P%E’I\J%‘{AL seen in Fig. 2 since the pressure was measured at the outer-
side of the torus.

The positive feedback between particle confinement and divertor
radiative cooling proposed by Staebler [12] is a plausible mechanism for
the IDC phenomena. The radiated power from the divertor influences
the temperature at the X-point and hence it enhances the collisional
particle fluxes driven by electron temperature gradient. The buildup of
carbon impurities responsible for the increase in divertor radiation in
the inner divertor region agrees with the theory. However, refinement
of the theory may be required to explain the time lag between the
spontancous change in particle confinement and the rise in divertor
radiation.

Whereas the reduction of oxygen is correlated with the
improvement in energy confinement, it is unlikely to be the direct
cause. A clear correlation has been observed between oxygen
concentrations and neutral pressures around the main plasma. The
oxygen impurities appear to originate from walls due to the
bombardment by charge-exchange particles, which is inferred from
similar time evolution of oxygen line emissions and low-energy charge-
exchange neutral fluxes. Indeed we have seen in Fig. 12 that those
reductions due to NB heating are well correlated. The walls have been
reported to be the main oxygen source through OH or H>0O formation

[23, 37-39]. The oxygen appears to recycle at the divertor. The
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improvement in energy confinement of up to 20% can not be explained

by the decrement in oxygen impurities since the increment in the net

heating power, i.e., heating power minus radiation power is only a few
percent of the absorbed power in the core plasma.

The incremental energy confinement time for the data shown in
Fig. 18 does not appreciably differ between IDC and non-IDC cases. This
implies that the change in energy confinement is due to a change in
'background ohmic' confinement. The saturation of confinement
improvement with plasma current when the safety factor is bellow
three is common to divertor discharges in the L mode [35] and the H
mode [25] although the mechanism has not been understood.

The gradual development and modest improvement in particle
confinement are common to two regimes observed in ASDEX; I10C
(improved ohmic confinement) [40] and counter NB injection [41].
However IDC is distinct from these regimes in respect that reduction of
gas feed was not a prerequisite for transitions and that density peaking
was not observed by Thomson scattering or interferometer
measurements.

From the experimental observations, the time evolution of IDC may
be described as follows:

i) The particle confinement improves in discharges with the ion VB
drift toward the X-point when the electron density reaches a
threshold level which depends on heating power and the safety
factor.

ii) Oxygen impurities in the fnain plasma decrease owing to the
reduced source by the decline in charge exchanged neutral particles
which hit the walls. As a result, the radiation power from the main

plasma falls.

o igi
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iii) The rate of temperature rise of the divertor plates increases with
increased power to the divertor due to the reduced main plasma
radiation. The carbon influx increases dramatically when the surface
temperature exceeds 900 K.

iv) Carbon impurities are accumulated in the divertor region by the
enhanced divertor shielding effect. Accordingly, the divertor
radiation power increases until the temperature rise of the plates
becomes suppressed.

v) The discharge reaches a 'quasi-steady state with the improved
confinement and the enhanced remote radiative cooling.

The first step appears not to occur when the ion V B drift is away
from the X-point. The IDC phenomena had never been observed in the
outer X-point configiration of JT-60, either. These facts agree with the
change in particle confinement due to collisional transport near the
separatrix. Heating powers above the threshold for IDC may be
required to steepen the temperature gradient along the field lines of
SOL plasmas. The lower limit in the electron density which rises with
increasing power may be imposed from the collisionality of the SOL
plasma: Electrons must become collisional for the collisional effects to
take place; Vv,= VeRq/ve > 1, where v¢, R, g and v, are the electron
collision frequency with ijons, the major radius, the safety factor and
the electron thermal speed, respectively. Since V¢ oc ng / Tel-2, the

condition of Vv,~ 1 leads to neth oc To2 / q. From the Goldston type L-

mode scaling, the plasma stored energy scales with \[Pabs and hence the
volume averaged temperature rises as <T> oc m for given density.
- Accordingly if one assumes ngSOL oc fip and TSOL oc <T>, one gets M th
o< P,ps/q. This functional dependence agrees with the density

threshold for IDC observed in Figs. 10 and 11. The collisional conditicn
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of v, > 1 for TeSOL ~ 100 eV and Zgfr ~ 2 plasmas with R ~ 3 m and q ~
4.5 requires ncSOL > 5 x 1018 m-3, which is about a quarter of iicth,
Since we do not have measurements of SOL plasma parameters, it is
difficult to make a further quantitative argument.

We speculate that the connection length between the X-point and
the divertor plates implicitly affect neSOL andjor T.SOL, In this respect,
it is of interest to note that a similar decrease in oxygen impurities
occurred in beam heated limiter plasmas with circular cross-section
resting on the inner bumper-type graphite limiters [19,41}. Vertical
shift of the plasma opposite to the direction of the ion V B drift was
found to prevent this oxygen reduction. Thus steps 1) and ii) may occur
even in limiter configuration with the limiters acting as heat sink.

The abrupt rise and fall of the O IIIV4 signal may indicate a change
in the particle confinement. The global particle confinement time in
beam heated plasmas degrades with power similarly to the energy
confinement time [21]}. The increase in O IIIU4 should reflect the
enhanced particle recycling due to the drop in particle confinement
with increasing density (see Appendix A) combined with the power
degradation, which interpretation may be supported by the hesitation
in electron density rise around the moment when the O IIIU4 signal
reaches a peak. This density level coincides with the threshold for IDC.
Then recycling particles begin to decrease due to the particle
confinement improvement and hence resulting in the fall in O IITU4 and
the rise in density.

Step i) was initiated right after the NB injection when the electron
density was above the threshold. At this early phase, the temperature
of the divertor plates did not rise very much and hence the carbon

influx remained at low levels. Thus steps iii) and iv) appear to be the

— 21 -
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effect of the improved confinement rather than the cause. However, the
enhanced divertor radiation which is due to the increased carbon influx
contributes to maintaining or steepening the temperature gradient
along field lines and hence to the continuity of the improved
confinement phase. The carbon source is much higher in the case of the
ion ¥V B drift toward the X-point because the heat flux to divertor is
higher due to the reduced radiation power from the main plasma-
compared to the opposite ion V B drift direction.

The radiation power density in the divertor plasma reached levels
of up to 10 MW/m3 during IDC. This is comparable to those in MARFE
plasmas [43,44]. Thus, the IDC state can be viewed as an improved
particle confinement regime with an associated MARFE radiation region
located near the X :point. The parameters of the divertor plasma in a
weak IDC phase (PRLY, ~ 4 MW) were estimated to be T¢ ~ 26 eV and ne
~72 % 1020 m-3 with a carbon concentration of 0.3% [8]. Thus a cold and
dense divertor plasma was realized. The carbon concentration in the
divertor during more typical IDC phases is considered to be higher by
more than three times this estimate. A dense divertor plasma might
have been formed even before the IDC transition since high neutral
compression, comparable to that in the outer semi-closed divertor [22],
was realized; the neutral pressure measured by an RGA near the
divertor (Fig. la) was 40 ~ 80 times larger than that at the lower
outside port. In the presence of thermal neutrals, radiation from carbon
impurities can be significantly enhanced by .charge—exchange
recombination [8,45,46]. Impurity charge-exchange processes with
beam neutrals [47] may also partly contribute to the correlation’
between the oxygen concentration and radiation power from the main

plasma.
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The enhanced impurity shielding effects (Fig. 7b) which contribute
to the buildup of carbon ions in the divertor plasma may be attributed
to higher separatrix electron temperature away from the divertor
compared to that in the reversed B, direction. Carbon ions may
accumulate near the X-point outside the high recycling region by
thermal forces due to strong temperature gradient along the magnetic
field [48]. However, we could not resolve carbon distributions in the
divertor plasma within the diagnostics installed on JT-60.

The particle species dependence is central to discovering the
mechanism for IDC. 1t is of interest to see whether the IDC phenomena
would be realized in deuterium plasmas. There has been no report on
IDC-like phenomena from JET or DII-D. This is presumably because
these machines havé been operated at lower B¢ field which is
advantageous for H-mode transitions rather than IDC. Low B; operation
is disadvantageous for achieving remote radiative cooling as we saw in
Fig. 17(d). The H mode often excludes IDC in two respects; ELMy phases
may restrict the density to rise higher than the threshold for IDC and
ELM-free phases may reduce the power to the divertor due to the
impurity enrichment in the main plasma. Experiments on JT-60U at By
= 4.2 T [49,50] will reveal IDC characteristics in deuterium plasmas. As
of September 1991, no IDC phenomena have been observed in JT-60U
within the applied powers up to 21 MW at 4 T. Instead, ELMy H

phases were often triggered when heating power was above 12 MW.

-0
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6. SUMMARY

Prominent changes in light impurity behavior with B reversal
were observed in the beam heated (Paps > 9 MW) plasmas in the lower
X-point configuration of JT-60. The IDC regime, improved particle
confinement and remote radiative cooling, was achieved with ion drift
toward the X-point. There was a threshold both in the electron density
and input power. An improvement in energy confinement during IDC
by up to 20 % was correlated with the improved particle confinement.
The energy confinement time did not scale with plasma current and the
improvement became less significant when the effective safety factor
was below three. The decrease in oxygen impurities appears to be
caused by the reduction in neutral particle density around the main
plasma, The decrease in the radiation power from the main plasma
resulted in increased power flux to the divertor. The surface
temperature rise of divertor tiles above 900 K increased the carbon
influx and hence the radiation power in the divertor. Eventually the
quasi-steady state with remote radiative cooling up to a half of input
power was established by confining carbon ions chiefly within the
inner divertor separatrix. The in-out asymmetries in hydrogen
recycling and carbon buildup agree with the collisional transport
theory, No improvement in particle confinement nor enhanced divertor
radiation were observed when the ion V B drift was away from the X-
point. The hydrogen ionization in the divertor and impurity shielding
effects were weaker than those with the ion V B drift towards the X-

point.
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Fig. 1 Typical lower X-point configuration of JT-60 and location of
diagnostics relevant to particle measurements and impurities. Solid
lines and broken dot lines show the fields of view and center of
chords, respectively. Thomson scattering measurement points are
indicated by closed circles.
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Fig. 15 (a) Temperature dependence of carbon influx from the diverter
plates. (b) Arrhenius plot of an approximated sputtering yield.
The solid line indicates a thermal activation energy of about iev.
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Fig. 16 Change in the distribution of power flux to the divertor plates
before (5s) and during {(7s) the IDC phase shown in Fig. 14.
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Fig. 21 Difference in the electron temperature preofiles with Bt

reversal. Hatched areas show the scatters in electron
temperature and density profiles measured by Thomsen
scattering. :
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Fig. 22 The ion temperature profile obtained by charge exchange
recombination spectroscopy at 5.8 sec (broken line) and
7sec (solid line) of the shot shown in Fig. 14.
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APPENDIX A

Evaluation of Change in Particle Confinement from Electron

Line Density and Neutral Pressure around the Main Plasma

The global particle confinement time is defined by the following

equation,
T, = <n>V /OTAID (1)

where <n>, Vv and ®T2M are the volume averaged density, the plasma
volume, the total neutral influx to the main plasma, respectively. The
neutral influx can be expressed by Eq. (2) assuming a linear density

profile within ionizing region (a - Ajz, a) in slab georﬁretry [51]:
OWAN = Dy Ap n(a - hiz) / hiz (2)

where D1, Ap and n(a - Ajz) are the cross-field diffusion coefficient, the
plasma surface area and the plasma density at r = a - Aj;. The ionization

length is approximated as,

Kiz ~ ¥Q /0.5 n(a - A’]Z) <OVZ>jon (3)
where vg and <ov>ion are the effective atom penetration velocity and
the average ionization rate coefficient. Combining Egs. (2) and (3) and

assuming a similar density shape, <n> o fl < n(a - Ajz), we get the

following two expressions:
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YN o k A2 O

Ty« V/k | (5)
where.k = <0V>jon D1 Ap /2 vy, Tﬁe experimental observations of the
parabolic dependence of recycling flux (the Ha emission and neutral
pressure) and inversely-lincar dependence of the particle confinement

time on density indicate that k is approximated to be constant. If one

assumes that @7 o PT{azin = k' [2,
AT, /V « 1/k o 1/K = @2/ PH3!" (6)

Therefore the right hand side of Eq. (6) is a measure of the

improvement in the particle confinement.

APPENDIX B

Estimation of Divertor Ionization from Divertor Hy Emission

and Neutral Pressure around the Main Plasma

The strength of H, emission in the divertor region is proportional

to the ionizing hydrogen particles,

I8 = [ Hedv
o< J-div Nole<OV>ign dV
= [ divI dv=0gly - @iy (7)
where ng, ® 41V and ®{L¥ are the neutral density, the number of
protons which reach the divertor plates and the number of protons

which flow into the divertor region out of the main plasma,
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respectively. If one assumes that the divertor plates are saturated
with particles, the loss particles neutralized at the plates flow back to
the upstream. The neutral pressure around the main plasma without
gas-puffing should be proportional to the backflow particles which are
not ionized by the divertor plasma. If one assumes that the neutral
influx to the main plasma linearly increase with the neutral pressure

as in Appendix A,
PR; " e (1-n@Y ) @I = @7i" (8)
div

where MG, is a net ionizing coefficient in the divertor plasma. In

steady state,
q)qhv — (Dgluatln - (I)Tnam _ (9)
Hence,

L5’/ PH; " < (OGY - @)/ oRRin
e 1/(1-mf¥)-1
= ndiv 7 (1-ndiy) . (10)

Since the right hand side of Eq. (10) is a monotonically increasing

div

function of N4 | large values of ISLY/pRaim

H, imply that ionization

events in the divertor occur more efficiently.



