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Improved energy confinement for additionally heated JT-60 limiter
and lower x-point discharges have been obtained with hydrogen pellet
injection. Energy confinement time was enhanced up to 40% relative to
usual gas fuelled discharges at the medium NB or NB+ICRF heating power
for which the strongly peaked electron density profile was sustained
within 0.5 sec after a series of pellet Injection. The improved
discharges are characterized by the pressure profile strongly peaked
around the magnetic axis and degraded when a large sawtooth reappears

or the pressure gradient may reach a critical value.
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1. INTRODUCTION

Pellet fuelling experiments on many tokamaks have demonstrated its advantages of
enhanced energy confinement in addition to the high fuelling efficiency relative to the usual
gas puffing. After pioneering studies on ISX-A and -B [1,2], the enhanced confinement
characteristics mainly due to the strongly peaked density profile have been observed on
medium sized tokamaks viz. ALCATOR-C [3], D-III [4], ASDEX [5,6], JFT-2M [7] etc.
The experimental observation in ALCATOR-C high-field ohmically heated (OH) discharges
[3] had large impact on the fusion research: The global energy confinement time, 1TE,
increased with electron density, ne, in a high-ne range and achieved Lawson number, netE,
exceeded that required for the thermal break-even. In those tokamaks, the enhanced
performance due to the pellet injection has also been observed for additionally heated
discharges [4,6,7}. The improvements are related to reduction in the ion transport loss
[6,8]. On the two large tokamaks, TFTR and JET, pellet injection experiments started and
the obtained plasma performance turned out to be desirable. Such good results are owing to
recent advances in injector technique producing high speed (>1.5km/sec) and/or multiple
pellets which enables deep penetration into large and high temperature plasmas [9,10]. In
TFTR OH experiments, the achieved Lawson number exceeded 1.4x1020m-3sec [11). In
JET ICRF (+NB) heated limiter discharges, the fusion products of 1~2x1020m-3ke Vsec
comparable to the top data of H-mode were obtained [12,13]. The high performance of
additionalily heated plasmas in JET depends mainly on increase in density and the highly
peaked temperature profile. The improvement in TE, however, is limited by up to 20%.

In JT-60, the pellet injection experiments started in June 1988. Since then, the plasma
behavior of pellet fuelled limiter and lower-x point [14] discharges have been studied. A
combination with neutral beam (NB) heating increased TE by 40% as compared to gas
fuelled NB heated discharges. This paper presenting the results of the improved
confinement characteristics of the hydrogen pellet injection experiments for JT-60 hydrogen
plasmas is arranged as follows: In Sec.2, the experimental set-up of the pellet injector 1s

described. Section 3 deals with parameters of target plasmas and the operation scenario of
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the injection experiments. The enhanced characteristics are given in Sec.4. In Sec.5, the

limit of the improved confinement is discussed. Section 6 summarizes the conclusion,

2. EXPERIMENTAL SET-UP

A four-barrel pneumatic pellet injector installed on JT-60 in March 1983 produces
cylinder-shaped hydrogen pellets with velocities approaching 1.6km/sec, with which two
small and two large pellets can be fired independently with time intervals of from 001t02.0
sec[15]. Sizes of the pellets are 2.7mm¢( in diameter) %2 .7mml ( in length) and
3.8mm®x3.8mml. The small and large pellets contain 0.7x1021 and 2.0x1021 atoms,
respectively, which correspond to volume averaged electron density <ne> of 1.7x1019m-3
and 4.9x1019m"3 in the typical JT-60 lower-x point configuration ( R~3.00m, a~0.7m,
V~40m3 ). The averaged fuelling efficiency for the injector is typically 70~80% of the
particle inventory determined by the ideal pellet dimensions and the remaining particles are
lost in the formation and acceleration phases. The ablation profiles of injected pellets are
monitored by a 7-channel Hg, detector array using fiber optics with time response of 1usec
[16]. The line of sight of ecach detector, the geometry of the pellet injector, chords of a
Thomson scattering system and a FIR interferometer are shown in Fig.1 for the lower x-
point configuration. The pellets are injected with an angle of 47 degree from the midplane.
The injection trajectory is off-axis and the nearest distance from the geometric center of the

torus is 12cm. Figure 2 shows the magnetic surfaces of the limiter configuration and lines

of sight of a lower half set of soft X-ray (SX) detectors (PIN diode array).

3. TARGET PLASMAS AND OPTIMIZATION OF THE

OPERATION SCENARIO

The targets for the pellet experiments were OH or low-power NB heated (<2ZMW)
plasmas with B¢=4.3~4.8T, Ip=1.5~2.5MA(limitcr)/ 1.5~1.8MA(divertor),
qa=4.4~2.9(limiter)/ qefr=3.5~2.8(divertor), Te(0)= 2~3keV and fl.=2~3x1019m3. The
strongly peaked density profiles desirable for the heating experiments were obtainable only

by the pellet penetration to or beyond the magnetic axis. Such penetration was achieved by a

o
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the injection experiments. The enhanced characteristics are given in Sec.4. In Sec.5, the

limit of the improved confinement is discussed. Section 6 summarizes the conclusion.

2. EXPERIMENTAL SET-UP

A four-barrel pneumatic pellet injector installed on JT-60 in March 1988 produces
cylinder-shaped hydrogen pellets with velocities approaching 1.6km/sec, with which two
small and two large pellets can be fired independently with time intervals of from 0.01t02.0
sec[15]. Sizes of the pellets are 2.7mm%( in diameter) x2.7mml! ( in length) and
3.8mm%x3.8mml. The small and large pellets contain 0.7x1021 and 2.0x1021 atoms,
respectively, which correspond to volume averaged electron density <ne> of 1.7x1019m-3
and 4.9x1019m-3 in the typical JT-60 lower-x point configuration ( R~3.00m, a~0.7m,
V~40m3 ). The averaged fuelling efficiency for the injector is typically 70~80% of the
particle inventory determined by the ideal peliet dimensions and the remaining particles are
lost in the formation and acceleration phases. The ablation profiles of injected pellets are
monitored by a 7-channel He detector array using fiber optics with time response of lusec
[16]. The line of sight of each detector, the geometry of the pellet injector, chords of a
Thomson scattering system and a FIR interferometer are shown in Fig.1 for the lower x-
point configuration. The pellets are injected with an angle of 47 degree from the midplane.
The injection trajectory is off-axis and the nearest distance from the geometric center of the

torus is 12cm. Figure 2 shows the magnetic surfaces of the limiter configuration and lines

of sight of a lower half set of soft X-ray (SX) detectors (PIN diode array).

3. TARGET PLASMAS AND OPTIMIZATION OF THE

OPERATION SCENARIO

The targets for the pellet experiments were OH or low-power NB heated (<2MW)
plasmas with B{=4.3~4.8T, Ip=1.5~2.5MA(1imiter)/ 1.5~1.8MA(divertor),
qa:4.4~2.9(nmiter)/ qeff=3.5~2.8(divertor), Te(0)= 2~3keV and fi,=2~3x1019m3. The
strongly peaked density profiles desirable for the heating experiments were obtainable only

by the pellet penetration to or beyond the magnetic axis. Such penetration was achieved by a



JAER[—-M 89-050

the injection experiments. The enhanced characteristics are given in Sec.4. In Sec.5, the

limit of the improved confinement is discussed. Section 6 summarizes the conclusion.

2. EXPERIMENTAL SET-UP

A four-barre! pneumatic pellet injector installed on JT-60 in March 1983 produces
cylinder-shaped hydrogen pellets with velocities approaching 1.6km/sec, with which two
small and two large pellets can be fired independently with time intervals of from 001t02.0
sec[15]. Sizes of the pellets are 2.7mm¢( in diameter) x2.7mml ( in length) and
3.8mm®x3.8mml. The small and large pellets contain 0.7x1021 and 2.0x1021 atoms,
respectively, which correspond to volume averaged electron density <ne> of 1.7 x1019m-3
and 4.9x1019m-3 in the typical JT-60 lower-x point configuration ( R~3.00m, a~0.7m,
V~40m3 ). The averaged fuelling efficiency for the injector is typically 70~80% of the
particle inventory determined by the ideal pellet dimensions and the remaining particles are
lost in the formation and acceleration phases. The ablation profiles of injected pellets are
monitored by a 7-channel He, detector array using fiber optics with time response of 1psec
[16]. The line of sight of each detector, the geometry of the pellet injector, chords of a
Thomson scattering system and a FIR interferometer are shown in Fig.1 for the lower x-
point configuration. The pellets are injected with an angle of 47 degree from the midplane.
The injection trajectory is off-axis and the nearest distance from the geometric center of the
torus is 12cm. Figure 2 shows the magnetic surfaces of the limiter configuration and lines

of sight of a lower half set of soft X-ray (SX) detectors (PIN diode array).

3. TARGET PLASMAS AND OPTIMIZATION OF THE

OPERATION SCENARIO

The targets for the pellet experiments were OH or low-power NB heated (<2MW)
plasmas with B¢=4.3~4.8T, Ip=1.5~2.5MA(limitcr)/ 1.5~1.8MA(divertor),
qa=4.4~2.9(limiter)/ qefr=3.5~2.8(divertor), Te(0)= 2~3keV and .=2~3x1019m-3. The
strongly peaked density profiles desirable for the heating experiments were obtainable only

by the pellet penetration to or beyond the magnetic axis. Such penetration was achieved by a
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combination of one or two 2.7mm? and a 3mm¢® pellets. To find out the optimum scenarto
of pellet injection, plasma density just before the injection was scanned in a series of 1.5MA
ohmically heated lower-x point discharges [17] : For low density (1<2x1019m-3), the
pellet penetration was limited at the periphery because of high temperature and probably the
ablation due to high energy electrons. In such cases decay time of 7, after the pellet injection
was short. For high density (e23%x1019m-3), pellet hit the inner side wall passing through
the plasma because of low electron temperature and the radiated power loss increased
rapidly.due to the deterioration of the power balance in the periphery In this case the plasma
became disruptive and the stored energy decreased or the discharge terminated by a major
disruption. The inner half region of the plasma has been already cooled before the pellet
penetrate beyond the axis because the plasma particles diffuse along the field lines faster
than the pellet speed, therefore, the ablation rate decreases drastically at r<0 and the pellet
can reach the inner side wall. For medium density (Fe~2~3x1019m3), pellets penetrated
near the axis, the radiated power was small and increase in the stored energy had the
maximum value. In this case the decay time of 0, reached 1~1.5sec. These experimental
results show that the control of target plasma density is important for the optimmum pellet
penetratton, which depends also on number and time interval of pellets, plasma current and
the configuration of the plasma. The window of the optimum density is small and the
achieved density alters with the wall condition { JT-60 uses carbon tiles for the first wall).
To enlarge the optimum window, we adopted an operation scenario shown in Fig.3 (a). The
typically adopted time interval of each pellet is 50 msec and the pellets are injected into low-
power (~1.7MW ; lunit of NBI) NB heated plasmas. In this case the plasma is stable even
when the pellet penetrate beyond the axis, because the remaining mass of the pellet at r<0
can be evaporated due to the NB power and stable penetration is obtained. In the heating
experiments, main heating powers were injected just after the last pellet. This is because , if
the main power is applied before the pellet injection, pellets cannot penetrate to the center of
hot plasmas and because NB injection into the peaked density profile produced by pellets
can make power deposition profile peaked around the axis.Figure 3(b) shows ablation

profiles of the three pellets for a lower x-point 1.8MA discharge (E8007). The first and the

_3_
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second pellets reach 1=0.45 and r=0.25m, respectively, and the last pellet penetrates beyond
the axis. The ablation profiles measured are in good agreement with results calculated with a
pellet ablation code based on the Parks-Turnbull's model [18] and the large dip on the third
profile at r~20cm corresponds to the position of the q=1 resonant surface [16]. JT-60 has
14 unit NBI systems with an injected power level of ~1.7MW/unit and 14 steps of NB
power can be utilized in the heating experiment. When two units were adopted for the bias
injection (~3.4MW), it was hard to penetrate the pellets deeply into the plasma or the
resultant ne profiles became broad and increase in the stored energy was small. Figure 4
shows achieved electron density and temperature profiles measured with the Thomson
scattering system and the power deposition profiles for a NB heated 2.1MA limiter
discharge with Pgpg of 5.4MW at 0.4 sec after a series of three pellets when the stored
energy measured with a diamagnetic loop (WDIA) reaches the maximum value. The density
profile has a peaking factor, ng(0)/<ne>, of ~5 with the central value ne(0)~1.8x1020m'3.
The power deposition profiles were calculated with an orbit following monte-carlo code
OFMC [19]. The vertically injected hydrogen neutral beam with energy of 70keV has a.
diameter of ~40cm and the centrally peaked power deposition profile can be produced in the
pellet fuelled conditions. There remains, however, ambiguities for central values, since the

Thomson scattering measurement does not cover the central region within r<20cm.

4. IMPROVED PERFORMANCE OF PELLET FUELLED
PLASMAS

4.1 Lower X-point Discharges

Figure 5 shows the relationship between the plasma stored energy WDIA and the
absorbed power Pyhg for NB heated 1.8MA (a) and 1.5MA (b) lower x-point discharges.
The open circles correspond to data of pellet fuelled discharges. The gas fuelled discharges
at Pahs<13MW were operated to have high-ne of ~5x1019m3 which was comparable to the
pellet data. The phenomenological findings demonstrated by Fig.5 are as follows: The
improvement in WDIA due to the pellet injection has the maximum value at medium Paps of

~10MW and reduces asymptotically to the base (gas fuelled) value at Paps>15MW. The

_4_
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the axis. The ablation profiles measured are in good agreement with results calculated with a
pellet ablation code based on the Parks-Tumbull's model [18] and the large dip on the third
profile at r~20cm corresponds to the position of the q=1 resonant surface [16]. JT-60 has
14 unit NBI systems with an injected power level of ~1.7MW/unit and 14 steps of NB
power can be utilized in the heating experiment. When two units were adopted for the bias
injection (~3.4MW), it was hard to penetrate the pellets deeply into the plasma or the
resultant ne profiles became broad and increase in the stored energy was small. Figure 4
shows achieved electron density and temperature profiles measured with the Thomson
scattering system and the power deposition profiles for a NB heated 2.1MA limiter
discharge with Papg of 5.4MW at 0.4 sec after a series of three pellets when the stored
energy measured with a diamagnetic loop (WDIA) reaches the maximum value. The density
profile has a peaking factor, ng(0)/<ne>, of ~5 with the central value ne(0)~1.8><1020m'3.
The power deposition profiles were calculated with an orbit following monte-carlo code
OFMC [19]. The vertically injected hydrogen neutral beam with energy of 70keV has a .
diameter of ~40cm and the centrally peaked power deposition profile can be produced in the
pellet fuelled conditions. There remains, however, ambiguities for central values, since the

Thomson scattering measurement does not cover the central region within r<20cm,

4. IMPROVED PERFORMANCE OF PELLET FUELLED
PLASMAS

4.1 Lower X-point Discharges

Figure 5 shows the relationship between the plasma stored energy WDIA and the
absorbed power Paphg for NB heated 1.8MA (a) and 1.5MA (b) lower x-point discharges.
The open circles correspond to data of pellet fuelled discharges. The gas fuelled discharges
at Pahs<13MW were operated to have high-n, of ~5x1019m=3 which was comparable to the
pellet data. The phenomenological findings demonstrated by Fig.5 are as follows: The
improvement in WDIA due to the pellet injection has the maximum value at mediumn Papg of

~10MW and reduces asymptotically to the base (gas fuelled) value at Pahs>15MW. The
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increase in WDIA at high Papg is larger in 1.8MA discharges than in 1.5MA cases, which
implies the confinement can be improved by higher Pabg at higher plasma current. In
Fig.5(a), the improvement in WDIA or g for the pellet data is up to 40% compared to the
base line at Papg of 9.5MW. In this paper TE is calculated with values at the flat top of the
stored energy and contribution of dW/dt is negligible. Figures 6, 7 and 8 show the
comparison of plasma parameters among gas fuelled (E8009), two-pellet (E8005) and
three-pellet injected (E8007) discharges at the same Pyhg of 9.5MW. The operational
sequence and the pellet ablation profiles for E8007 have been shown in Fig.3. In Fig.6,
sets of traces for the three discharges are presented. For E8007, the line density averaged at
r=0.7a increases immediately up to 6x1019m-3. then decays slowly to the gas-fuelled level
and the central electron temperature, Te(0), measured by ECE emission decreases as the
discharge is diluted by cold particles from the pellet, then, recovers with a time scale
similar to the decay of fi. The stored energy for ES8007 takes the maximum value at t=6.2
sec when Te(0) almost recovers to its initial value and happens to decay simultaneously with
the onset of a large sawtooth (shown later in Fig. 8). For E8003, m(r=0.7a) just after the
pellet injection is higher than that for E8007, however decays faster. This means the pellet
does not penetrate deeply into the core region. In Fig.7, profiles of ne and T for the three
discharges measured at t=6.2sec (0.4 sec after the pellet injection) with the Thomson
scattering system. The Te profiles for E8007 and E8005 have almost the same values with
that for E8009, while ne(r) for the pellet discharges are kept much higher than that for the
gas fuelled shot especially in the core region. Therefore the increase in the stored energy is
concluded to depend mainly on the increase in the density. Figure 8 presents signal
intensities of the soft-X ray emitted from the core region ; (a) and (b) show time evolutions
of spatial distribution and those for the 4 chords near the magnetic axis, respectively.The
SX profile for E8007 peaks strongly in a region inside Ch.10 for E8007. In turn, for
E8005, the profile is flat in this region. For E8007 a small sawtooth is observed at t=0.04
sec, for E8005 repeating sawteeth occur from t=6.0 sec. Their inversion radii correspond to
the position of the Ch.10. The stored energy of E8005 (Fig.6) saturates simultaneously with

the onset of the first sawtooth at t=6.0 sec, and that of E&007 happens to decrease at t=06.2
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sec also with the onset of the large sawtooth. From these observations, the SX profiles
strongly peaked inside the sawtooth inversion radii (rs) after the pellet injection are the key
features of improved confinement characteristics of NB heated discharges.

The energy confinement time TE for the pellet and gas fuelled discharges with Bt=4.5T
are plotted in Fig.9 as a function of the plasma current Ip. For the gas fuelled lower-x point
discharges, the increase in Tg with Ip is degraded at qeff<3 [20]. While, for the pellet
discharges, TE increases linearly with Ip at geff<3 and the improvement due to the pellet
injection is distinct in the low-q regime (Ip=1.8MA) probably due to suppression of the
sawtooth activity.

The peaked SX profiles has not been produced for ohmically heated pellet discharges
so far. The time evolution of the SX profile is shown in Fig.10 for a 1.5MA lower x-point
discharge E7471. In this case three pellets were injected from t=4.9 to 5.0 sec with time
intervals of 50msec. The difference in the SX profile between OH and NB heated
discharges can be related to the differences in the heating power deposition profiles. For
E7471, the maximum WDIA was also limited by an occurrence of a large sawtooth at

=5.4sec, the stored energy was, however, degraded smoothly to the gas fuelled level. This
is because the improvement in WPIA for OH discharges are sustained in whole region of
the plasma. The sawteeth oscillations after the pellet injection had large amplitude and long
period of ~100msec which is longer than that before the injection by a factor of 2~3.
4.2 Limiter discharges

Figure 11 shows the relationship between WDIA and Paps for NB heated 2.1 MA
(qa~3.4) and 2.5MA (qa~2.9) limiter discharges with Bt=4.8T, The peliet data are shown
by closed symbols. The increase in WDIA  for the 2.1MA discharges is up to 30% at
Pahs~10MW as compared to the base 1inés of gas fuelled discharges. The improvement in
WDIA for the 2.5MA discharges are relatively small, because the pellet penetrations are
shallower and the SX profiles after the injection do not peak. Figure 12 shows the
dependence of WDIA on the penetration depth from the axis measured with the pellet
monitor for 2.1 and 2.5 MA discharges. For both sets, four pellet injected and a gas puffed

shots with the same Paps of 10MW are included. The differences in the penetration length
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for each plot are mainly due to the differences in target plasma conditions and in fuelling
efficiency of injected pellets. The stored energy increases drastically when pellets penetrate
into the core region (r<30cm), otherwise the stored energy of the pellet shots shows small
enhancement relative to the gas fuelled cases. In Fig.12 time evolutions of the SX profiles
for the four 2.1 MA discharges are also given. The peaked SX profile corresponding to the
distinct improvement in WDIA can be produced only when the pellets penetrate deeply into
the plasma.

The enhanced stored energy was also observed for pellet injected discharges heated
by ICRF alone or in combination with NB. Figure 13 gives the improved performance for
1.5MA limiter discharges heated by OH, ICRF alone, ICRF(<2MW)+NB(2~5MW} and
NB alone. The solid and dashed lines indicate the gas fuelled base line for 2.0 and 1.5 MA
gas fuelled discharges. For OH and IC heated discharges the improvement in WDIA g
about 30%, and that for combined and NB heating cases is up to 40%. For the IC and IC
+NB heated discharges, the improvement was observed only when the ion cyclotron
resonant surface was located at the plasma center (corresponding to B(0)=4.3T). For off-
axial heating (r~0.32m, rg~0.2m) with low power IC of only below ~IMW, increase in
WDIA after the pellet injection was drastically suppressed even under the best NB+pellet
condition. Figure 14 shows time evolutions of soft-X ray signals for chs. 8-12. Two pellets
were injected at t=5.95 and 6 sec. During the ICRF heating phase, the peaking of the soft-X
ray profile was suppressed and two inversion radii of the sawtooth like oscillation were
observed. The ICRF power was observed to be deposited around ch.9 and ch.10 (r~0.14
~(0.21m) from which the energy was released and the inward and outward heat flux
increases the SX signal at r<0.14m (ch.11,12) and r>0.28m (ch.8). The behavior is
enlarged in Fig.14. After the ICRF heating phase, the SX signals happen to increase and
show the usual sawteeth oscillations. This behavior suggests that the safety factor profile in
the central region may be double valued.

The increase in TE for the limiter discharges was large compared with that for the lower
x-point discharges at geff>3. This is probably because producible ablation profiles are more

favorable for the limiter discharges than for divertor ones, since, for the limiter
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configuration, the g=1 resonant radius is larger than that of the lower x-point configuration

for the same qefr and the pellet trajectory is closer to the magnetic axis.

5. LIMIT OF THE IMPROVED CONFINEMENT

The enhanced stage of pellet fuelled discharges on JT-60 is terminated and degraded to
the gas fuelled level when a large sawtooth recovers or the spatial gradient of the SX
emission profile (which is considered to correspond to the pressure profile) reaches a
critical value. In all cases the central electron temperature was not changed drastically at the
crash as shown in Fig.6. This is because Tg profiles for pellet injected discharges are
relatively flat, therefore, local interchange of the central plasma column is not considered to
alter the measured Te(0). In the following sub-sections, the two effects limiting the
improved confinement for the pellet fuelled discharges, sawtooth recovery and the pressure
gradient, are presented.
5.1 Sawtooth Crash

Figure 15 shows the degradation in WDIA occurs simultaneously with the onset of a
sawtooth and the strongly peaked SX-profile is broadened at each sawtooth crash.
Fig.15(a) compares traces of WDIA fora pellet fuelled (£7994) and a gas fuelled (E8002)
1.5MA lower-x point discharges with the same NB power of 3.5MW. From t=6.2 sec,
WDIA for the pellet shot decreases rapidly to the gas fuelled level. Figure 15(b) shows the
time traces of SX emission rate for two chords seeing the center and r~2/3a for E7994.
After the pellet injection, sawteeth activities are observed within 0.4 sec, then, no sawtooth
but the large continuous m=1 mode is activated and WDIA decreases gradually until t=6.21
sec and the first and the second sawteeth occur at t=6.21 and t=6.29 sec, respectively. At
each crash the peaked portion of the SX profile at r<rg (Ch.9~Ch.10) is drastically
flattened (Fig.15(c)) and wDIA happens to decrease.

The target plasmas for the peliet injection experiments on JT-60 have the sawtooth
activity before the injection and the safety factor at the axis q(0) is considered to be less than
unity. Figure 16 showing traces of change in the internal inductance for E7994 (a) and

E8002 (b) implies the current density profile is broadened by the pellet injection: The trace
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configuration, the g=1 resonant radius is larger than that of the lower x-point configuration

for the same qefr and the pellet trajectory is closer to the magnetic axis.

5. LIMIT OF THE IMPROVED CONFINEMENT

The enhanced stage of pellet fuelled discharges on JT-60 is terminated and degraded to
the gas fuelled level when a large sawtooth recovers or the spatial gradient of the SX
emission profile (which is considered to correspond to the pressure profile) reaches a
critical value. In all cases the central electron temperature was not changed drastically at the
crash as shown in Fig.6. This is because Te profiles for pellet injected discharges are
relatively flat, therefore, local interchange of the central plasma column is not considered to
alter the measured Te(0). In the following sub-sections, the two effects limiting the
improved confinement for the pellet fuelled discharges, sawtooth recovery and the pressure
gradient, are presented.
5.1 Sawtooth Crash

Figure 15 shows the degradation in WDIA occurs simultaneously with the onset of a
sawtooth and the strongly peaked SX-profile is broadened at each sawtooth crash.
Fig.15(a) compares traces of WDPIA fora pellet fuelled (E7994) and a gas fuelled (E8002)
1.5MA lower-x point discharges with the same NB power of 3.5MW. From t=0.2 sec,
WDIA for the pellet shot decreases rapidly to the gas fuelled level. Figure 15(b) shows the
time traces of SX emission rate for two chords seeing the center and r~2/3a for E7994.
After the pellet injection, sawteeth activities are observed within (.4 sec, then, no sawtooth
but the large continuous m=1 mode is activated and WDIA decreases gradually until t=6.21
sec and the first and the second sawteeth occur at t=6.21 and t=6.29 sec, respectively. At
each crash the peaked portion of the SX profile at rSrg (Ch.9~Ch.10) is drastically
flattened (Fig.15(c)) and WDIA happens to decrease.

The target plasmas for the pellet injection experiments on JT-60 have the sawtooth
activity before the injection and the safety factor at the axis q(0) is considered to be less than
unity, Figure 16 showing traces of change in the internal inductance for E7994 (a) and

E8002 (b) implies the current density profile is broadened by the pellet injection: The trace
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for E7994 decreases after the pellet injection and recovers to its initial value at t=5.9 sec,
then , keeps almost constant value within 0.3 sec and re-starts to increase at t~6.2 sec (1.4
sec after the pellet injection). At this moment the sawtooth reappears. The calculated
classical diffusion time of the field line (tR) with a characteristic length of 0.2m (~rg) and Te
of 1.5 keV (~measured value averaged from t=5.8 to 6.2 sec) is 1.9sec, which is
comparable to the recovery time of the sawtooth. Therefore, reconstruction of the current-
density profile may explain the recovery of the sawtooth activity which is stabilized by the
pellet injection within from 0.5 to 1.5 sec. During the sawtooth-free phase produced by
deep penetration of pellets, no mode structure or the strong m=1 mode was observed. The
MHD behavior similar to those observed on TFTR OH discharges [11] may be caused by
the high pressure due to the pellet injection which saturates growth of the island without
field line reconnection and produces continuous m=1 activity [21].
5.2 Pressure Gradient

For some discharges with relatively high Paps of 10~15MW, the improved stage is
terminated under a sawtooth-free condition. Figure 17(a) shows waveforms of SX
emission rate for two chords seeing r=0 and r~2/3a for a 2.1MA limiter discharge (E8120)
with Pahg of 14MW. Figure 17(b) gives time traces of the total radiated power and local
radiated power densities at the center Prad(() and r=80cm Praq(edge) calculated with Abel
inverted signal intensities of a bolometer array, Nj XX VI line emission rate, WDIA and 7,
(r=0.7a). In the increasing portion of the central SX signal, no sawtooth activity is
observed. After the collapse of the SX signal, Prad(0) decreases, Prad(edge) increases,
Me(0.7a) slightly increases and WDIA decreases. The Nj XXIV line which is considered to
be emitted from the central core dose not change drastically as compared to the SX signal
but decreases gradually with the reduction in the central density. The result means that the
contribution of the heavy impurities to the signal intensity of the SX emission is weak. The
calculated power density of the NB deposited at the center is 0.5MW/m3 which is about 5
times larger than Prad(0) of 0.09MW/m3, therefore, the rapid flattening of the SX profile
cannot be related to the radiation collapse. These behaviors imply the peaked density profile

is broadened by the MHD collapse. In Fig.17(a), a large m=1 activity occurs. Sometimes,
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large continuous m=1 oscillations were observed during the increasing portion of the central
SX emission or no mode structure was detected before and after the SX collapse. The large
m=1 mode has not been considered to have large influence on the global confinement of the
pellet injected discharges.

In JT-60 pellet fuelled discharges the SX profile well reflects that of the electron
pressure. Figure 18 shows the profile of square root of line-integrated soft-X ray intensity
and that of the electron pressure neTe measured with the Thomson scattering system fora
NB heated 2.1MA limiter discharge (a) and an OH 1.5MA lower x-point discharge (b). The
ordinate for the former is adjusted to have the same value with the latter at r=20cm which is
the inner most position measurable with the Thomson system. The soft X ray emission rate
is roughly proportional to ne? TeM and the m-value changes mainly with the detection
systern, electron temperature and accumulated impurity species. The SX detection system in
JT-60 uses a 250pum thick beryllium window as a SX-filter. For the pellet injected condition
on JT-60, Zeff~1.2 and Te=0.5~2.5keV. If the contribution of heavy impurities for the SX
emission rate can be neglected and the main impurity species are oxygen and carbon, m-
value is from 1.3 to 2.0 for a parameter regime of Zeff=1.1~2.0 and Te=0.5~2.5 keV.
Therefore, the square root of the SX intensity is in proportion to neTcO-65“1 which can be
considered to give the electron pressure especially for the pellet injected discharges in which
the temperature profile is broad and the heavy impurity accumulation is small. In Fig.19(a),
the relationship between the plasma stored energy ( WDIA) and the volume integrated values
of the square root of SX signals, ¥Igx, is shown for Ip=2.'1 and 2.5MA limiter and Ip=1.5
and 1.8MA divertor discharges with Paps of 2~25MW. Figure 19(b) shows time evolutions
of WDIA, [gx(r=0), Isx(r=a/2) and the volume integrated values of YIgx (closed circles) for
a 1.5MA lower x-point discharge. The linear relationship in Fig.19(a) and the agreement of
Jﬁ&d\/ with WDIA during the SX profile keeps the peaked shape in Fig.19(b) suggest the
SX intensities reflect the plasma pressure and the effects due to the heavy impurity
accumulation on the SX emission can be neglected. Figure 20 demonstrates width of the
peaked portion of the SX profile decreases with the safety factor and supporis our

observation that the pressure profile is peaked inside the characteristic radius rs.
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The trigger of the sawtooth-free flattening of the density profile has not been clear
so far, because the current density profile cannot be measured experimentally. An ideal
ballooning stability analysis, however, shows that the steep pressure gradient after the
pellet injection reaches the ideal high-n ballooning limit and the improved confinement is
observed clearly to be limited by a critical value of the pressure gradient. Figure 21 shows
the pressure profiles estimated using the SX signals for the series of NB heated 1.5MA
lower x-point discharges with Papg of from 2 to 16MW. These discharges has almost the
same rg of ~0.18m which was derived by an inversion analysis (fit on the flux surfaces) of
SX signals. Every pressure profile consists of a parabolic shaped bias portion and a central
‘cap'. The bias parts increase with Pypg, but the caps remain almost unchanged, which can
explain that pellet data for the 1.5MA lower x-point discharges in Fig.5(b) locate
approximately parallel to the gas fuelled data. Figure 21 also means the pressure gradient
just inside the sawtooth inversion radius is limited at a certain value. In Fig.22, the gradient
of square root of the SX intensity (~pressure gradient) just before the SX collapse are
plotted for 2.1MA limiter and 1.5MA lower x-point discharges. The attached marks S and P
correspond to sawtooth and sawtooth-free collapses. In the regime of Papg>10MW, the
gradient is kept almost constant even when Pgpg is increased and the improved stage is
terminated by the sawtooth-free collapse. The upper limit of the pressure gradient increases
with I, (Fig.23) and the value AP/TpZ is approximately constant. From figures 20 and 23, it
can be concluded that the improvement in confinement is larger for high-I discharges,
because the 'cap'-width and the gradient are large for hithIp and low-q discharges.

As shown in Figs. 5(a) and 11, the improvement at high Papg (15~25MW) were small.
The reason has not been clear. Figure 24 indicates pressure profiles for 2.1MA limiter and
1.8MA lower x-point discharges estimated when the stored energy takes its maximum.
E8115 and E8008 are shots with relatively high Papg of 14MW and 25MW, respectively,
and the improvement in WPIA for these were small as shown in Figs. 5 and 11. The
pressure profiles for these two discharges are not peaked around the axis and are degraded
0.2~0.3 sec after the pellet injection which is faster than other well improved discharges

Wlth medium Pabs.
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3.3 ACHIEVED CONFINEMENT REGIME

Figure 25 is the Lawson diagram on which data from pellet injected discharges are
indicated with large closed circles. The maximum value of the product ng(OYtE(a)Te(0) of
the pellet discharge is 6.8x1019m-3seckeV in a NB heated Ip=2.5MA limiter discharge
(me(0)=1.2x1020m3, 1g=0.2sec, Te(0)=2.8keV and Pahs=10MW) where Tj(0) and ne(0)
are considered to be equal to Te(0) and ne(0), respectively, since the measured Zeff is
smaller than 1.1 and high-density with low-temperature makes the energy equipartition time
shorter than several msec. The achieved value of the fusion product exceeds those
previously obtained on JT-60 at Ip=3.1MA. Lawson numbers achieved in 1.5MA lower-x
point OH discharges (ne(0)=1.2x1020m'3 and tg=0.4sec) also exceeded previously
obtained values. Figures 26 (a) and (b) demonstrate the extended density limit for the JT-60
operation by the pellet injection. In each figure, open and closed symbols correspond to the
divertor and limiter discharges and the gas and the pellet fuelled discharges are given by
circles and triangles. For the pellet discharges, the plotted values are those just after the
pellet injection. The allowable density regime was extended by 50~100% , this may be
because the power balance in the outer region of the plasma is not deteriorated even at the
high average density due to the centrally peaked density profile produced by the pellet

injection.

6. SUMMARY

Improved energy confinement for additionally heated JT-60 limiter and lower x-point
discharges have been obtained with hydrogen pellet injection. Energy confinement time was
enhanced up to 40% relative to usual gas fuelled discharges at the medium NB or NB+ICRF
heating power level of <15MW for which the strongly peaked electron density profile with
ne(0)/<ne><5 and ne(O)<2.0><1020m‘3 was sustained within 0.5 sec after a series of pellet
injection. Achieved values of ne(0)Te(0)TE(a) (<6.8x1019m3sec keV) at Ip=2.5MA
exceeded those previously obtained on JT-60 at Ip=3.1MA. The improved discharges are
characterized by the pressure profile strongly peaked around the magnetic axis and

degraded when a large sawtooth reappears or the pressure gradient may reach a critical
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Figure 25 is the Lawson diagram on which data from pellet injected discharges are
indicated with large closed circles. The maximum value of the product ne(O)tE(a)Te(0) of
the pellet discharge is 6.8x1019m-3seckeV in a NB heated Ip=2.5MA limiter discharge
(ne(0)=1.2x1020m3, 1g=0.2sec, Te(0)=2.8keV and Pahs=10MW) where Ti(0) and ne(0)
are considered to be equal to Te(0) and ne(0), respectively, since the measured Zeff is
smaller than 1.1 and high-density with low-temperature makes the energy equipartition time
shorter than several msec. The achieved value of the fusion product exceeds those
previously obtained on JT-60 at Ip=3.1MA. Lawson numbers achieved in 1.5MA lower-x
point OH discharges (nc(0)=1.2><1020m'3 and tg=0.4sec) also exceeded previously
obtained values. Figures 26 (a) and (b) demonstrate the extended density limit for the JT-60
operation by the pellet injection. In each figure, open and closed symbois correspond to the
divertor and limiter discharges and the gas and the pellet fuelled discharges are given by
circles and triangles. For the pellet discharges, the plotted values are those just after the
pellet injection. The allowable density regime was extended by 50~100% , this may be
because the power balance in the outer region of the plasma is not deteriorated even at the
high average density due to the centrally peaked density profile produced by the pellet

injectton.

6. SUMMARY

Improved energy confinement for additionally heated JT-60 limiter and lower x-point
discharges have been obtained with hydrogen pellet injection. Energy confinement time was
enhanced up to 40% relative to usual gas fuelled discharges at the medium NB or NB+ICRF
heating power level of <15MW for which the strongly peaked electron density profile with
ne(0)/<ne><5 and rle(0)<2.0><1020rr1‘3 was sustained within 0.5 sec after a series of pellet
injection. Achieved values of ne(MHTe(0)TE(a) (<6.8x1019m-3sec keV) at Ip=2.5MA
exceeded those previously obtained on JT-60 at Ip=3.1MA. The improved discharges are
characterized by the pressure profile strongly peaked around the magnetic axis and

degraded when a large sawtooth reappears or the pressure gradient may reach a critical
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value. The peakedness depends strongly on the penetration length of the pellets. Without
the peaking of the electron pressure around the plasma core the confinement can be
improved, but the enhancement is smaller. In the lower x-point discharges, the
improvement was distinct in the low-q (q<3) regime probably due to suppression of the

sawtooth activity.
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JT-60 LOWER X-POINT DISCHARGE
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0.2
I Bt=4.5T ]
N Pabs=8.0~12.0MW
[ >} PELLET ]
— I > ]
o : PELLETi? .
2 oif g .
m o
b
I TQeﬂza.D ]
0 i o]
IP(MA)

Tg for the pellet and gas fuelled lower x-point
discharges with B¢=4.5T are plotted as a func-
tion of Ip. The improvement due to the pellet
injection is distinct at qeff<3.

Time evolution of the SX profile for a 1.5 MA
ohmically heated lower x-point discharge.
Three pellets are injected at t=4.90, 4.95
and 5.00 sec. The observed profiles are
broader than those for NB heated discharges.
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Fig. 11 The relationship between WOIA and Papg for NB
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Fig. 12 Dependence of WPIA on the pellet penetration depth from the

magnetic axis.

fuelled discharges.

Closed symbols correspond to data for gas

Time evolutions of the 8X profiles for

the four 2,1 MA pellet injected discharges are also given,
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13 Improved performance for 1.5 MA limiter discharges

heated by OH, ICRF alone, ICRF+NB and NB alone.
The base line of 1.5 MA gas fuelled discharges is
given by the broken line.
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Time evolutions of soft-X ray signals for a IC and
NB heated 2,1 MA limiter discharge. Two pellets
were injected at t=5.95 and 6.0 sec. During the
ICRF heating, the peaking of the SX profile was
suppressed and two inversion radii of the sawtooth
oscillation was observed,



Fig.

15

JAERT -M 89050

1.0 IP=t?MA,DT: |
— ,E7994 -
0.8 pellet +NB
-2 -
=
S.V 0.6
[m]
Z 04 Wﬁ
|
[ | »
0.2~ llet : .
- Pelel pnB~3.5MW N
o r—q’] L L < )
4 5 6 N\ 7 8
s TIME\( SEC)
() 7 LN
20} sawteeth __. T
t l]i m=1 _%
5 1OF ! ; g
& -
=
F 1
> S
@ L
5
sgw@eeth
(0)15.'| | R R
=l
< 1of
>
= =
g r
5t !
Ef r 6.21 6.30°
prd ! 2 :
VR 6.29 6.33
< SEC  SEC
0 oL w7 I I B DY I I R
O 2 4 6 8 10 12 14
Ch.

onset of a sawtooth.

Degradation in WPIA occurs simultaneously with the

(a) compares traces of WwDIA

for a pellet fuelled (E7994) and gas fuelled (ES8002)
discharges with the same NB power.
traces of SX emission rate for two chords seeing the
center and r~2/3a (E7994).
SX profile is broadened at each sawtooth (E7994).

(b) gives time

{c) shows that the peaked
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Fig. 16 Time evolution of the internal
inductance for E7994 (a) and
EB002 (b) given in Fig. 14(a).
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Fig.

17 (a) shows waveforms of SX emission rate for two chords seceing
r=0 and r~2/3a for a 2.1 MA limiter discharge with Pgpg of
14 MW (E8120). (b) gives time evolutions of the total
radiation power and local radiated power densities at the
center and r=80 cm, KiXXVI line emission, WPTA and ns(0.7a)
for E8120,

r=0.7a
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. 18 The figure compares the profile of square root of
line-integrated SX intensity and that of the electron
pressure ngT, measured with the Thomson scattering
system for a NB heated 2.1 MA limiter discharge (a)
and OH 1.5 MA lower x-point discharge (b).
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Fig. 19 (a) The relationship between the plasma stored energy
and the volume integrated values of the square root
of SX signals for 2,1 and 2.5 MA limiter and 1.5 and
1.8 MA lower x-point discharges with Pabs of 2~25 MW
and (b) time evolutions of WDIA, ISX (r=0), SIX
(r+a/2) and (closed circles) for a 1.5 MA lower x-
point discharge E7974.
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Fig. 21

profile is shown as a function of the
safety factor.

(aU) 1.5 MA Lower X -point pellet + NB
2 T T

16MW
a_ (B8001)

o4 My
{7997}

S ¥ {intensity)

1 ! I Il 1 1

PR VR N S
1 2 3 4 5 6 7 B 9101112131415

Pressure profiles estimated with the SX signals
for the series of 1.5 MA lower x-point discharges.
The pressure gradients just inside the sawtooth
inversion radius remain unchanged even with
increasing Pgpg.
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Fig. 22 The maximum gradient of square root of the SX
intensity just before the SX collapse for 2.1 MA
limiter and 1.5 MA lower x-point discharges as a
function of Pupg. Attached marks S and P corre-
spond to sawtooth and sawtooth-free collapses.
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Fig. 23 The upper limit of the pressure gradient estimated
with the SX signals for pellet injected discharges
with Pgpg of ~10 MW.
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Fig. 25 Lawson diagram for JI-60 plasmas. Data from
pellet injected discharges are indicated with
large closed circles.
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Fig. 26 Extended operation regime for the electron density

by the pellet injection. Open and closed symbols
correspond to divertor and limiter discharges and
gas and pellet fuelled shots are indicated by
circles and triangles.



