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When a single pellet is injected before the H-mode (high confine-
ment mode) transition of neutral-beam heated single null divertor
discharges, three different types of discharges are clagsified by the
increment of line-averaged electron demsity (Aﬁep) at the pellet injec-
tion time. One of these three types of the discharges is obtained only
in the transient ﬁhase, hbwever, the very high confinement state of the
neutral-beam heated plasma is discovered. The characteristics of this
type of the discharge are as follows; when Aﬁep is greater than about
4x10'% m™3, the energy confinement time exceeds that of ohmically heated
discharges and volume averaged toroidal beta, <By>, reaches close to
the 8-limit by only the neutral-beam power of C.69MW (<@ >v1.6% at
1,=0.22MA, a=0.25m, Bp=1.2T and qw%2.5).

Keywords: Pellet, H-mode, Neutral-beam, Single Null Divertor, Confine-

ment Time, Toroidal-beta, B-limit
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1. INTRCDUCTION

One of the main objects of the fusion-oriented tokamak research is
the production of high-8, high-confinement and high-temperature plasmas.
The reason of those objects is to produce high fusion power ocutput at
low cost. Many tokamaks are devoted to the investigation of these
properties of auxiliary-heated plasmas. Recently, the high confinement
mode (H-mode) of neutral-beam(NB)-heated divertor discharge has been

discovered first in ASDEX]"2 and later also found in Doublet—III3 and

PDXQ. The characteristics of the H-mode have attracted great attention
since the energy confinement time of the H-mode recovers that of
ohmically heated plasmas at high density region. Another high confine-
ment mode during NB-heating has also found in ISX-B> (Z-mode) and in
Doublet—III6 (P-mode). In JFT-2M, the H-mode of NB-heated divertor

7 or non-divertor (limiter) discharge8 has been also discovered.

discharge
The characteristics of the H-mode found in JFT-2ZM (hydrogen NB-heated
deuterium discharge at the single null divertor configuration) are
almost always the burst-free H-mode’. In addition to the H-mode, much
higher confinement discharge has been discovered in JFT-2M. This
discharge is achieved by injecting a large pellet before H-transition

of NB-heated single null divertor plasma. The global energy confinement
time (TEG) of this discharge exceeds that of ohmically heated ones and
the volume-averaged toroidal beta (<Bt>) reaches cleose to the B-limit.
This higher confinement mode, which is similar to divertor P-mode in

D—III6,-is called "Ultra H-mode". The characteristics of a single

pellet injected and NB heated discharges are reported in this paper,

2. EXPERIMENTAL SETUF

grT-2M10s11 {5 4 Tokamak with D-shaped vacuum vessel (1.31m major
radius and 0.415%0.595m minor radius). The maximum toroidal magnetic
field (B) is 1.42T and the maximum Plasma current (Ip) is 0.5MA at
D-shape configuration. The divertor of the JFT-2M is a simple open
divertor. The material of divertor plates and liﬁiter is carbon
graphite. Figure 1 shows the top view of the JFT-2M and various
diagnostic apparatus. The hydrogen NB-injection system consists of

two beam lines, one of them is a Co-injection line (Co-NB), and the

,_1_
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other is a Counter-injection line with respect to the direction of the

plasma current. Injection angle is about 38 degrees to the major

radius. The pellet injector12

13

is the Cak Ridge National Laboratery
(ORNL) type*~ of gas-propellant single pellet injector. The size of
the pellet (design value) 1is 1.65mm®x1.65mm” and the reproducible speed
of the pellet is about 0.7km/sec. The block diagram of the pellet
injector and the ablation monitor comstructed by the single and the

array of photo-diode with H,/D, filter is shown in Fig. 2.

3. EXPERIMENTS AND RESULTS

Experiments were performed by injecting a deuterium pellet before
H-transition (0.66sec in Figs. 4, 5 and 9). The injection speed of the
pellet was about 0.7km/sec. The hydrogen Co-NB of 34keV was injected
into the single null divertor plasmas (deuterium) from G.65sec (time
interval of the dotted vertical line in Figs. 4, 5 and 9), and heating
power injected from the port was about 0.77MW (net heating power by the
calculation of NBI power deposition code was about 0.69MW). Figure 3
shows the outer magnetic surface, which is closed surface of about Smm
inner from the separatrix surface, null point and various configuration
parameters determined by the magnetic fitting methodlls14515 (except Bp).
Three different types of discharges are classified under these conditions.
The various plasma parameters of these three types of discharges are
shown in Figs. 4, 5 and 9. Two remarkable differences are found in
these figures. One is the increment of the line-averaged electron
density (ne) at the pellet injection time (depending on the size of a

pellet), and the other is seen in the outside Mirnov loop (ﬁe) signal.

3.1 The characteristics of the type 1 discharge (Fig. 4)

The "increment of m, at the pellet injection time [(Aﬁep) measured
by tHe HCN laser interferometer shown in Fig. 4(a)] is abeout 1.5x101%
m~3, and after this time the demsity is increasing linearly with time.
The Dy-intensity [see Fig. #4(e)] apart from the singular point (near
the limiter or the location of the gas puffing) decreases after the
pellet injection. The bolometer signal [see Fig. 4(f}] which shows the
sum of radiation and charge exchange loss power from lower half of the

plasma is increasing linearly up to the time of sudden increase of

__2_
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D, -intensity. The global energy confinement time [TEczws/(Ptotal_
dWg/dt), where the stored energy (Wg) shown in Fig. 4(b) is determined
from the magnetic fitting method assuming the constant internal
inductance (1;) of 1.04 and Py, is the total input power] of this

case is shown in Fig. 4(d). After the pellet injection TEG

is equal to
the value of ohmically heated discharges at the same density regionm,
but decreases gradually as inecreasing the density and the radiation
loss power. These are clearly shown by closed triangles and open
squares in Fig. 8 (closed triangles show TEG of this type of discharges
and open squares show those of ohmically heated ones). This degradation
of TEG compared with that of ohmically heated discharges at the same
density region may be due to the increase of the radiation loss power
from the central part of the plasma. These properties shown in Fig. 4
are almost the same as the H—mode7’9 achieved by the gas puffing
operation. It is concluded that when an injected pellet is small

(Aﬁep§2xlolgm_3) the characteristics of the discharge are the same as

the H-mode achieved by the gas puffing operation,

3.2 The characteristics of the type 2 discharge (Fig. 5)

This is the Ultra H-mode discharge. Aﬁep shown in Fig. 5(a) is
about 4.5x10!%m™3. TFigure 6(a) shows the ablation profile of this
large pellet measured horizontally by the single H,/Dy detector. An
ablation rate at the point of X=0.1725m, X=0.1212m, X=0.0729m and
X=0.0242m can be also estimated from the signals in Figs. 6(b), 6(c),
6(d) and 6(e) respectively. These are obtained from the measurement of
Dy-intensity in the vertical direction by using H,/D, detector array16.
X is the length from the center of the vacuum vessel (R=1.31m) on the
mid-plane. The speed of a pellet in the plasma is estimated from the
peak time of the Intensity and the point X in Figs. 6(b), 6(c), 6(d)
and 6{(e). The X-axis shown in Fig. 6(a) is converted from time to R{m)
by using the estimated speed of a pellet in the plasma and points X.
These signals show that the pellet is ablating mainly around r(minor
radius)=0.1m and passing through the center of the outer magnetic
surface. Wg shown in Fig. 3(b) is increasing linearly to the value of
34kJ. When Wg reaches 34kJ, %e signal always grows.and the burst-out

of the plasma energy occurs. The frequency of the %9 is about 5kHz,

and the growing of the %9 signal occurs at the safety factor (4y) of the
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outer magnetic surface shown in Fig. 3 close to 2.5 (qw changes from
2.9 to 2.5 during NB-heating). At this time <B¢> is about 1.6%, and
the factor of g in the equation of <B¢>=gxIy/(axBp) is about 2.2. It
is considered that this results agree with the range of theoretical

limits due to kink and ideal ballconing modest’

with free boundary.
Therefore, this burst-out of the plasma energy is considered to be
caused by the B-limit. During increasing phase of Wg, about 70% of net
NB-heated power is stored in the plasma [dWg/dt is shown in Fig. 5(c)].
The value of 70% is the factor of 2 greater than that reported in

Ref. 9. The increment of Wg is mainly due to the increment of both
electron and ion temperature. Figure 7 shows the central electron and
ion temperature obtained by the soft X-ray and mass-separated neutral
particle measurements, Both electrons and ions are cooled down by
injecting a large pellet. After injection both electron and ion
temperatures are approximately equal and heated to about 0.8keV. The
increasing rate and the value of Wg is roughly consistent to the
measured electron and ion temperatures assuming parabolic temperature
profile. The radiation loss power shown in Fig. 5(£) indicates that
impurity accumulation into a plasma core is very little in this case
compared with that in the H-mode. The radiation loss power and Dg-
intensity do not increase up to the time of the saturation of Wg. TEG
shown in Fig. 5(d) increases to 60v70msec and sustains this level for
about 20msec. TEG of this type of discharges shown by closed circles
in Fig. 8 exceeds that of ohmically heated ones at the same density
region. Three remarkable characteristics of the Ultra H-mode are
concluded as follows. First, the energy confinement time of Ultra
-mode exceeds that in the ohmically heated discharge at the same
density region. Second, <B;> reaches close to the B8-limit by the NB-
power of only 0.69MW. Third, the radiation loss power compared with

that of the H-mode is very little.

3,3 The characteristics of the type 3 discharge (Fig. 9)

In this discharge, a large pellet is also injected, but Ultra
H-mode terminates at %8 signal growing and discharge turns to the H-mode.
Aﬁep shown in Fig. 7(a) is about 4x101%m~3. Figure 10 shows the
ablation profile of this case. The ablation profile and Aﬁep are

similar to the type 2 discharges., Wg is linearly increasing up to the
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time of %8 signal growing [see Fig. 7(b)]. After that time Wg saturates,
Dy-intensity repeats increase and decrease [see Fig. 7(e)] and radiation
loss power increases with time [see Fig. 7(f)f. During the increasing
phase of Wg, dWg/dt equals to that of the discharge of type 2 [see
Fig. 7(c) and 3(c)]. - After the injection of a pellet, TEG starts
%ncrease from about 35msec to 60u70msec, but after the time of growing
ge signal, TEG decreases to about 35msec [see Fig. 7(d)}. During
increasing phase of Wg the pr?perties of this discharge are the same as
the Ultra H-mode. But after ﬁe signal growing Ultra H-mode terminates
and the discharge shows the same properties of the H-mode. In this
case, the characteristics of the discharge are concluded that the Ultra
H-mode terminates when <8 > reaches close to the B-limit softly, and

the discharge turns to the H-mode.

4. SUMMARY AND DISCUSSIONS

When a single pellet is injected before the H-mode transition of
neutral-beam heated single null divertor discharges, three different
types of discharges are classified by Aﬁep. First, when Aﬁep is about
2x101%m~3, the discharge shows the same properties of the H-mode
achieved by the gas puffing operation. Second, when Aﬁep is greater
than about 4x10'%m~3, the discharge shows the very high confinement
state (Ultra H-mode). This discharge can be obtained only in the
transient phase and temperature is only below one keV, however, TEG
exceeds that of ohmically heated ones at high density and <B¢> reaches

close to the 8-limit. Third, although Aﬁep is about 4X1019m'3,

when
ﬁe signal grows before Wy reaching 34kJ the Ultra H-mede terminates to

the H-mode.

Considering the linear relation between the peak value of TEG in
the Ultra H-mode discharges and ng, neoclassical ion thermal diffu-
sivity18 (Xineo) may be one of the possible explanation of this high
confinement state. This is similar consideration of the high confinement

state in a pellet injected chmically heated plasmas reported in Ref. 19.
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Fig. 4 Time evolution of various plasma parameters of type 1:

(a) line-averaged electron density {(ng), (b) stored energy
(Wg) and half envelope of By signal, (c) differential of
Wg determined by fitting 5 points (5 msec) of Wg to eubic
function, (d) global energy confinement time (1:9),

(e) Dg-intensity apart from the singular point, (£f) sum

of radiation and charge exchange loss power from lower
half of plasma measured by the bolometer.
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Fig. 8 TLine-averaged electron density (ng) versus global energy
confinement time (TEG). Squares (DO) are TEG of ohmically
heated discharges, cleosed triangles (A ) are TEG of type 1
discharges, closed circles (@) are t3C of type 2 and type
3 discharges. Arrows show the time history of TEG in type
1, 2 and 3 discharges.
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Fig. 9 Time evolution of various plasma parameters of type 3:
colums from (a) to (f)} are the same as Fig. 4(a) to
Fig. 4(f), respectively,
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