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This report studies mainly the density limit for a series of gas-
and pellet-fuelled limiter discharges in JT-60. With the pellet imjection
into high—current/low—q (q(a)=2.3v2.5) discharges, the Murakami factor
reaches up to 10~13x1019m~27-1, The values are about factors of 1.5%2.0
higher than those for usual gas-fuelled discharges. The pellet injected
discharges have high central density, whereas the electron density in
the outer region (a/2<r) is limited below the same level with that for
gas fuelled plasmas. The density limit can be explained with the power
balance in the outer region of the plasma, for which the plasma purity
(Zeff), heating power and the electron temperature are the key parameters.

The disruptive limit of the density can be explained by Pghpg and

nez(r=50cm)xzeff(r=50cm).
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1.Introduction

The density range and the profile play the most important roles to optimize the reasonable
reactor concept. They affect the plasma performance in all aspects, viz. confinement
characteristics, plasma purity, fusion output, heat deposition, current drive efficiencies, wall
(divertor plate) load, disruption properties, ash exhaust, pumping rate etc. Therefore,
intrinsically, there are many ' density limits' for different physical and engineering aspects. One
of the key limits of the density, this report studies the density limit for disruption. To emphasize
the tole of the power balance in the outer region (a/2<r) of the plasma, we analyzed a series of
gas- and pellet-fuelled limiter discharges in JT-60.

JT-60 uses a pellet injector to study the density-related characteristics of the plasma. With
the pellet injection, energy confinement time was enhanced up to 40% relative to usual gas
fuelled discharges and the strongly peaked electron density profile with the peaking factor
(central value / volume averaged value ) ne(0)/<ng> <4.5 was obtained for medium current of
Ip=2.1MA (g(a)=3.3) [1,2]. For the highest plasma current of 3.1MA (q(a)=2.3), ne(0)/<ne>
<3 and ne(())<2.7'><1020rn'3 was sustained within 0.5-1 sec after a series of pellet injection.
For a series of 3.IMA discharges, central plasma pressure reaches 2 atm. and achieved values
of ne(0)Ti(0O)TE (<1.2x1020m'3scc keV) is two times larger than those obtained with gas-
puffing. For well center-fuelled discharges, the sawtooth activity is suppressed. Improved
energy confinement for the pellet fuelled plasma is mainly due to the peaked density and
pressure profiles inside the g=1 rational surface, whérc the confinement characteristics appear
to be better than those in the outer (g>1) region [1,2]. The pressure gradient of discharges with
a center peaked density profile reaches locally the marginal value for the infinite-n ballooning
mode inside rg. The total pressure inside rg (or the poloidal beta within g, Bp1) has not
reached the ideal ballooning limit optimized for all position inside rs. The analysis with
ERATO-code shows that the attained maximum Pp; is consistent with the internal n=1 kink
mode beta limit [3].

This report is arranged as follows: In Section 2, the experimental setup of the JT-60
device, diagnostics related to this report, discharge conditions are briefly described. Section 3
deals with the density limit for disruption. In Section 4, MAREFE limit in JT-60 is discussed.
In Section 5, the fuelling efficiencies for gas- and pellet-fuelling are compared. Section 6

presents the conclusion.
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2. Experimental Set-up and Discharge Conditions

Recent JT-60 experiments use limiter and lower x-point configurations (shown in Fig.1)[4].
The typical limiter configuration (Fig.1(b)) has an almost circular cross section and the major
and the minor radii (R and a) are 3.05m and 0.9m. For the lower x-point divertor
configuration, R~3m, averaged minor radius~0.7m and the plasma elongation~1.3~1.4. The
main working gas is hydrogen. The operational region of the discharges are: Ip<3.1MA
(limiter), Ip<2.0MA (divertor) , Bt<4.8T and NBI power <25MW. The first wall and the
divertor plates are covered with carbon tiles.

A four-barrel pneumatic pellet injector installed on JT-60 produces cylinder-shaped hydrogen
pellets with velocities approaching 2.3km/sec, with which two simall and two large pellets can
be fired independently . Sizes of the pellets are 3.0mm®( in diameter):xS.Ornml ( in length) and
4.0mm%x4.0mml. The small and large pellets contain 0.96x1021 and 2.3x1021 aroms,
respectively. The averaged fuelling efficiency of each pellet is about 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 pellets are injected with an angle of 47 degree from the
midplane. The injection uajchory is off-axis and the nearest distance from the geometric center
of the torus is 12cm, The ablation profiles of injected pellets are monitored by a 7-channel Hy,
detector array using fiber optics with time response of 1usec. 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(a). With the FIR interferometer ( the chord is 50cm off-axis
from the geometric center of the vacuum vessel), the line averaged electron density in the outer
region can be measured. Figure 1(b) shows the limiter configuration and lines of sight of a
lower half set of soft X-ray (SX) detectors (PIN diode array). Figure 1(c) gives the lines of
sights for bolometer arrays for the measurement of the radiated power.

Figure 2 shows electron density profiles for pellet fuelled limiter discharges. With the pellet
injection, the strongly peaked electron density profile with the peaking factor (central value /
volume averaged value ) ne(0)/<ne> <4.5 was obtained for medium current of Ip=2.1MA
(q(a)=3.3) (Fig.2(a)). Figure 2(b) gives an example for ne(r) for a 3.1MA (q(a)=2.3) limiter
discharge, where ne(0)/<ne> <3 and ne(0)<2.7x1020m-3 was sustained within 0.5-1 sec after
a series of pellet injection. In Fig.2(b), ne(r) for a gas fuelled discharge is shown. In the outer
region, n for the pellet-fuelled discharge is not highly increased compared to that in the gas-
fuelled case. For well center-fuelled discharges in JT-60, the sawtooth activity is suppressed and
the particle confinement in the q<1 region is better than that in the outer region, therefore, the
produced density profile has a highly peaked portion inside the q=1 surface.
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3. Density Limit
3.1 Operational Region for Gas Fuelled Plasmas on the Hugill Diagram

Figure 3 gives the operational region for gas fuelled plasmas on the Hugill diagram. Figure
3(a) indicates the operational region for limiter and divertor discharges without disrupted data.
The upper boundary of n is written by ng=17x1019By/(Rq). In Fig.3(b), the disrupted data (
closed symbols) are plotted on the stable data. The disrupted data diffuse in the whole
operational region.

3.2 Operational Region for Pellet Fuelled Plasmas on the Hugill Diagram

The operational region for pellet fuelled limiter discharges are superimposed on that for the
gas fuelled discharges in Fig.4. With the pellet injection into high-current / low-q
(q(a)=2.3~2.5) discharges, the Murakami factor reaches up to 10~13x101%m-2T-1, The values
are about factors of 1.5~2.0 higher than those for usual gas-fuelled discharges.

In Figure 5(a), line averaged electron density for the 50cm-off-axis chord, ne(r=50cm), is
used to indicate the operational region. Figure 5(b) compares the line averaged n for the central
and the off-axis chords in the range of 2.3<q(a)<3.3. For gas-fuelled discharges (closed circles),
ne(r=0) is about 1.05~1.1xn.(r=50cm). For pellet fuelled discharges, ne(r=0)~1.1~2
xne(r=50cm). Therefore, when the operational region is plotted using ne(r=50cm), the pellet
data are gathered close to the gas-fuelled data as shown in Fig.5(a).

Figure 6 shows ne profiles for 2.8MA limiter discharges measured just (0.02sec) after the
pellet injection. E10243 was stable and E10237 disrupted at 0.1 sec after the pellet injection. The
pellet penetration for E10237 was shallower than that for E10243. E10237 had higher NBI
power and lower ng(r=0) compared to E10243, however E10237 disrupted and E10243 was
stable. In both cases Z.fr was 1.85. The reason of the disruption for E10237 is considered that
the discharge had higher density in the outer region.

These facts suggest that the operational region can be totally understood using ne in the outer

region of the plasma.

3.3 nRq/Bt vs. Pabs and Zeff

Figure 7 uses gas- and pellet- fuelled limiter discharges with Ip=2.8~3.1MA, Bt=4.5~4.8T
and q(a)=2.3~2.4. In Figures 7(a) and (b), ne(r=50cm)Rq/Bt is plotted against absorbed power,
Pabs, and Zefr averaged along the 50cm-off-axis chord. Disrupted (in the Ip flat-top phase) and
stable discharges are indicated with closed and open circles, respectively. With this data set, the
density limit is discussed in the following sections. In Fig.7(a), the upper limit of the stable
operation (broken line) traces with ~Paps0-5. However, the disrupted data scatter in the lower
density region.
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3.4 Time Evolution of the Density Limit Disruption

As N.Hosogane reported [5], the density limit disruption in JT-60 cvolves along the
following scenario in the early phase of the disruption; i) edge-cooling occurs, ii) m=2 and/or
m=3 modes glow, iii) edge-cooling evolves further and the MHD modes. gIow rapidly, iv)
kinetic energy in r>1(q=1.5) region is released . Figure 8 shows a time evolution of the density
limit disruption for a 2.1MA limiter discharge, in this case the pellets were injected at t==5.0 sec.
At t=5.54 sec, radiated power, Ppyq, starts to increase and the electron temperature, Te, at r=80cm
starts to decrease. Then Pryg continues to increase and T, in the edge region (r=60 and 80cm)
decreases much faster than Te.at the central region. At t=5.6 sec, the Ha signal increases
drastically and MARFE occurs. Then, at t=5.615 sec, fluctuation of the poloidal magnetic field
with m=2 and m=3 components start to increase. In this time evolution, the trigger (t=5.54sec)
of the instability is increase in Prad and decrease in Te(edge). At this time, Prad/Pabs=43%.

Figure 9 gives another disrupted case without long MARFE before the disruption. At
t=6.14 sec, Te at r=80cm happens to decrease and Pryq starts to increase. In the low temperature
region dominated by line-radiation, decrease in T, increases Prag. When Prag increases, Te
decreases further. In Fig.9, the trigger of the disruption occurs at t=6.14 sec ,Prad/Pabs =30%,
and the power balance in the edge region cannot be stabilized after this time. In the early phase of
the edge cooling (6.15<t<6.18 sec) , the central temperature is not affected. Figure 9(b) shows
profiles of radiated power de'nsity calculated with a magnetic surface fitting of the measured data
for t=6.14 and 6.17 sec. After the degradation of the thermal balance, radiated power increases
from the outer portion of the plasma.

Figure 10 plots the relationship between Pryg and Paps at the u*igger time of the disruption
(closed circles) and that for stable discharges (open circles). The broken line in the figure
represents Prad=Pabs, For the stable discharges, Prad/Pabs is from 10 to 40%. For the disrupted
discharges, the ratio is from 20 to 100%.

3.5 Disruption Limit

The major fraction of the total radiated power is due to that in the edge region. Figure 11 (a)
shows the relationship between Ppaq(total) and ne2(r=50cm)xZf(r=50cm). The linear
dependence indicates that ne2(r=50cm)xZege(r=50cm) is a good measure of the total radiation
power. In Fig.11(b), disrupted and stable discharges are plotted in the space of
ne2(r=50cm)xZef(r=50cm)/Pans and Paps. In this figure, it can be understood that the disruption
condition is represented as the result of the degradation of the power balance in the outer region

of the plasma and decrease in Zefr and increase in Pyps rises the density limit.

3.6 Edge Temperature
To evaluate the radiated power precisely, electron temperature is a key factor in addition to ne
and Zefr, because the radiation power is a strong function of Te. The dominant light impurity

747
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species in JT-60 are carbon and oxygen. For these impurities, the radiation power parameter
increases drastically with decrease in Te at Te<1 keV. Figures 12(a) and (b) show the range of
Te(r=60cm) at just before the trigger time of the disruption defined in Sec. 3.4 for disrupted and
stable discharges. The disrupted data have Te(r=60cm) ranged from 0.4 to 1.3 keV which is
systematically lower than that for stable discharges for the same Paps and ne2(r=50cm)xZeff

(r=50cm).

3.7 Hugill diagram for OH discharges

Figure 13 is the Hugill diagram for OH limiter discharges. The upper density limit for stable
discharges can be written by ne(r=50cm)Rq/B=12x1019m-2T-1. For OH discharges, the
parameter nRq/Bt séerns a good indication of the dénsity limit for the current carrying toroidal
configurations. This is because the similar discussion about values of nRq/Bt or ratio of
electron density / current density (ne/j) can describe the density limit for ultra low-q ( ULGQ;
g(a)<1) and reversed field pinch (RFP; q(a)<0) configuarations. Figure 14 shows the Hugill
diagram for the ultra low-q discharges on REPUTE-1 device [6] . In the The region enclosed by
solid lines corresponds to discharges overcoming the radiation barrier. The other group in a
higher density range (enclosed by broken lines ) corresponds to low temperature (Te ~30~80eV).
In the field of RFP research, the upper density limit is known as 'lower-I/N' limit, I and N are
the plasma current and line density defined by nema? [7].
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4. MARFE Limit

Figure 15 gives the typical time evolution of MARFE. The occurrence of MARFE
suppresses the further increase in ne although the gas-puffing of 12Pam3/sec is added. Figure 16
shows the MARFE limit in JT-60 limiter discharges with gas-puffing. For Paps <15MW and
Pabs>15MW, the MAREE limits are described by neRq/Bt=14 and 17x10%m-3T-1.

5. Fuelling Efficiency

Figure 17 shows the fuelling efficiency of the gas and pellet fuelling. For the gas puffing, the
fuelling efficiencies are about 20% and 30% for divertor and limiter configurations. Especially
for divertor configuration, the attainable electron density saturate below a low level because of
low recycling property [6]. For the pellet injection, the fuelling efficiency is 100% and itis a
favorable fuelling scenario for the divertor discharges in JT-60.

6. Conclusion

This report studies mainly the density limit for a series of gas- and pellet-fuelled limiter
discharges in JT-60. With the pellet injection into high-current / low-q (q(a)=2.3~2.5)
discharges, the Murakami factor reaches up to 10~13x101%m-2T"1. The values are about factors
of 1.5~2.0 higher than those for usual gas-fuelled discharges. The pellet injected discharges have
high central density, whereas the electron density in the outer region (a/2<r) is limited below the-
same level with that for gas fuelled plasmas.The density limit can be explained with the power
balance in the outer region of the plasma, for which the plasma purity (Zeff), heating power and
the electron temperature are the key parameters. The disruptive limit of the density can be
explained by Pjhs and ne2(r=50cm)xZes(r=50cm).
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4. MARFE Limit

Figure 15 ‘ gives the typical time evolution of MARFE. The occurrence of MARFE
suppresses the further increase in ne although the gas-puffing of 12Pam3/sec is added. Figure 16
shows the MARFE limit in JT-60 limiter discharges with gas-puffing. For Paps <ISMW and
P,bs>15MW, the MARFE limits are described by neRq/Bt=14 and 17x109m3T-1.

5. Fuelling Efficiency

Figure 17 shows the fuelling efficiency of the gas and pellet fuelling. For the gas puffing, the
fuelling efficiencies are about 20% -and 30% for divertor and limiter configurations. Especially
for divertor configuration, the attainable electron density saturate below a low level because of
low recycling property [6]. For the pellet injection, the fuelling efficiency is 100% and itis a
favorable fuelling scenario for the divertor discharges in JT-60.

6. Conclusion

This report studies mainly the density limit for a series of gas- and pellet-fuelled limiter
discharges in JT-60. With the pellet injection into high-current / low-q (q(a)=2.3~2.5)
discharges, the Murakami factor reaches up to 10~13x101%m-2T-1. The values are about factors
of 1.5~2.0 higher than those for usual gas-fuelled discharges. The pellet injected discharges have
high central density, whereas the electron density in the outer region (a/2<r) is limited below the
same level with that for gas fuelled plasmas.The density limit can be explained with the power
balance in the outer region of the plasma, for which the plasma purity (Zeff), heating power and
the electron temperature are the key parameters. The disruptive limit of the density can be
explained by Pjbs and ne2(r=50cm)xZesr(r=50cm).
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4. MARFE Limit

Figure 15 ‘ gives the typical time evolution of MARFE. The occurrence of MARFE
suppresses the further increase in ne although the gas-puffing of 12Pam3/sec is added. Figure 16
shows the MARFE limit in JT-60 limiter discharges with gas-puffing. For Paps <I5MW and
Paps>15MW, the MARFE limits are described by neRq/Bt=14 and 17%x10%m-3T-1.

5. Fuelling Efficiency

Figure 17 shows the fuelling efficiency of the gas and pellet fuelling. For the gas puffing, the
fuelling efficiencies are about 20% and 30% for divertor and limiter configurations. Especially
for divertor configuration, the attainable electron density saturate below a low level because of
low recycling property [6]. For the pellet injection, the fuelling efficiency is 100% and itis a
favorable fuelling scenario for the divertor discharges in JT-60.

6. Conclusion

This report studies mainly the density limit for a series of gas- and pellet-fuelled limiter
discharges in JT-60. With the pellet injection into high-current / low-q (q(a)=2.3~2.5)
discharges, the Murakami factor reaches up to 10~13x1019m-2T-1. The values are about factors
of 1.5~2.0 higher than those for usual gas-fuelled discharges. The pellet injected discharges have
high central density, whereas the electron density in the outer region (a/2<r) is limited below the
same level with that for gas fuelled plasmas.The density limit can be explained with the power
balance in the outer region of the plasma, for which the plasma purity (Zeff), heating power and
the electron temperature are the key parameters. The disruptive limit of the density can be
explained by Pjbs and ne2(r=50cm)xZesr(r=50cm).
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4. MARFE Limit

Figure 15 — gives the typical time evolution of MARFE. The occurrence of MARFE
suppresses the further increase in ne although the gas-puffing of 12Pam3/sec is added. Figure 16
shows the MARFE limit in JT-60 limiter discharges with gas-puffing. For Paps <ISMW and
Paps>15MW, the MARFE limits are described by neRqg/Bt=14 and 17x1039m-3T-1,

5. Fuelling Efficiency

Figure 17 shows the fuelling efficiency of the gas and pellet fuelling. For the gas puffing, the
fuelling efficiencies are about 20% and 30% for divertor and limiter configurations. Espectally
for divertor configuration, the attainable electron density saturate below a low level because of
low recycling property [6]. For the pellet injection, the fuelling efficiency is 100% and itisa
favorable fuelling scenario for the divertor discharges in JT-60.

6. Conclusion

This report studies mainly the density limit for a series of gas- and pellet-fuelled limiter
discharges in JT-60. With the pellet injection into high-current / low-q (q(a)=2.3~2.5)
discharges, the Murakami factor reaches up to 10~13x1019m-2T-1. The values are about factors
of 1.5~2.0 higher than those for usual gas-fuelled discharges. The pellet injected discharges have
high central density, whereas the electron density in the outer region (a/2<r) is limited below the-
same level with that for gas fuelled plasmas.The density limit can be explained with the power
balance in the outer region of the plasma, for which the plasma purity (Zeff), heating power and
the electron temperature are the key parameters. The disruptive limit of the density can be
explained by Pghs and ne2(r=50cm)xZes(r=50cm).
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Electron density profiles for pellet fuelled limiter discharges.

With the pellet injection, the strongly peaked electron density profile with
the peaking factor (central value / volume averaged value ) ne(0)/<ng> <4.5
was obtained for medium current of Ip=2.1MA (g(a)=3.3) (Fig.2(a)). (b)
gives an example for ne(r) for a 3.1MA (q(a)=2.3) limiter discharge, where
ne(0)/<ne> <3 and ne(0)<2.7x1020m"3 was sustained within 0.5-1 sec
after a series of pellet injection. In (b), ne(r) for 2 gas fuelled discharge is
shown.
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Fig 6 Electron density profiles for 2.8MA limiter discharges measured just
(0.02sec) after the pellet injection. E10243 was stable and E10237 disrupted
at 0.1 sec after the pellet injection.
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Fig8 The time evolution of the density limit disruption for a 2.1MA limiter
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Fig 11 (a) Relationship between Praq(total) and ne2(r=50cm)xZef{r=50cm). The

linear dependence indicates that ne?(r=50cm)xZegf(r=50cm) is a good
measure of the total radiation power.

(b) Disrupted (closed circle) and stable (open circle) discharges in the space
of ne2(r=30cm)xZef(r=50cm) and Paps. (Data plotted are from gas and
pellet fuelled limiter discharges with Ip=2.8~3.1MA, Bt=4.5~4.8T and
q(a)=2.3~2.4).
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The upper density limit for stable discharges can be written by

ne(r=50cm)Rgq/B=12x1019m-2T-1,
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Fig 17 The fuelling efficiency of the gas and pellet fuelling.



