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The relation between the sawtooth activity and the density profile
of hydrogen pellet injected plasmas is experimentally investigated with
the limiter configuration of 2,IMA and 2,8MA discharges in JT-60 Tokamak.
The time interval of sawtooth crashes becomes longer with the increase
in density gradient at the q=1 surface, and the sawtocoth-free phase is
obtained with Ln £0.4 m at the g =1 surface, where Ln is the character-
istic length of the density gradient defined by (d In ne/dr)‘l. The
maximum density peaking factor is obtained with the lowest Ln at the
q=1 surface. The energy confinement is improved with the peaked den-
sity profile, and 25 - 30% enhancement in energy confinement relative to
the gas fuelled plasmas is obtained in 2.8MA discharge with 10 - 13MW
heating (~3MW joule heating, 7 ~ 11MW NB heating and 0~ 2MW ICRF heating).
Furthermore ng(0)tgli(0) of 1.0 - 1.1 x 1020n~3 seckeV has been obtained
in Ip = 2,8MA discharges with hydrogen pellets, that is ~1.7 times than

that is obtained in the 3,15MA discharge with hydrogen gas puffing.
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1. Introduction

The suppression of the sawtooth activity is observed. in the pellet injected
plasmas in tokamaks[1,2], and is considered to be caused by the increase in q{0)
of >1.0 with the accumulation of the impurity to the plasma center[1]. In JT-60,
sawtooth-free phase is also observed after the pellet injection. However the
numerical investigation of the current profile modified by the pellet injection
suggests that g(0) is lower than 1.0 in spite of the long period of the sawtooth-free
phase[3].

The energy confinement is improved with the more peaked density profile
due to the suppression of mj-mode by the large density gradient[4]. On the other
hand, in JT-60, the plasma stored energy rises largely during the sawtooth-free
phase after the pellet injection, and the increase in the stored energy is
terminated by large sawtooth crashes[5]. Furthermore the improvement in the
global energy confinement is mainly due to the local improvement inside the g=1
surface[5]. Then the relation of the sawtooth activity and the density profile is
investigated experimentally by measuring the density profile in 2.IMA and 2.8MA
limiter plasmas. And the relation between the density peaking factor and the

energy confinement is  investigated.

2. Experimental Set-up

The pellet injector is the pneumatic gan type with four hydrogen pellets of
3.0mm®x3.0mmi(two small pellets) and 4.0mm%x4.0mm? (two large pellet). Pellets
are injected with an angle of 47 degree from the midplane, and the velocity of
them is 1900~2300m/sec[6]. In the case of 2.1MA discharges, gq(a) is 3.3 and the g=1

surface locates at ~30cm. In the case of 2.8MA discharges, q(a) is 2.3 and the g=1
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surface locates at ~40cm. The separation length of the pellet injection line from
the plasma center is ~0.Im. The minor radius of plasma is 0.9m,

The profile of the clectron density is measured by Thomson scattering. Line
integrated plasma -density is measured by the submilimeter interferometer at ~2/3

of minor radius with the path length of 1.4m.

3.Sawtooth Activity and Density Profile

The typical case of the pellet injection in a 2.8MA limiter discharge is shown
in Fig.1. NB heating power is 8MW and ICRF heating power is 1.5MW. The stored
energy measured by the diamagnetic loop rises for about 300msec after the pellet
injection with partially suppressed sawteeth. Then the increase in the stored
energy is terminated by a sawtooth crash. The flat-top of the stored energy
continues for 400msec, then gradually decreases with the frequent sawteeth.

The complete suppression of the sawtooth activity after the pellet injection
is frequently observed in 2.1MA limiter discharges, but the sawtooth-free phase
is observed in only one shot in 2.8MA discharges. However, in 2.8MA discharges,
the time interval of sawtooth activity becomes longer with the increase in the
density gradient at the q=1 surface as shown in Fig.2, where Ln defined by (d In

ne /dr)-l is the characteristic length of the density gradient.

The time evolution of the peaking factor of the density profile, ne(0)/<ne>, is
shown in Fig.3(a), that is measured by Thomson scattering in multi-shots of 2.1IMA
discharge. In these shots NB heating power is raised from 5MW to 8MW just after
the pellet injection as shown in Fig.3(b). A litle flat density profile just after the
pellet injection becomes more peaked later, and the highest peaking factor of ~3.5
is obtained at 200~300mscc after the pellet injection. Then the peaked density

profile becomes flat. The stored energy reaches to its maximum value at ~300msec
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surface locates at ~40cm. The separation length of the pellet injection line from
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The profile of the electron density is measured by Thomson scattering. Line
integrated plasma density is measured by the submilimeter interferometer at ~2/3

of minor radius with the path length of 1.4m.
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after the pellet injection as shown in Fig.3(d), so that the maximum stored energy
is obtained with the most peaked density profile. The sawtooth activity is well
suppressed during the rise of the stored energy. These results suggest that the
termination of the increase in the stored energy is caused by the termination of

the peaking in the density profile caused by large sawtooth crashes.

4. Peaking Factor of the Density Profile and Ln at the g=1 Surface

The typical density profiles at the period of the maximum stored emergy after
the pellet injection are shown in Fig.4. The difference in the density profile of
2.8MA and 2.1MA discharges can be found in the density at >1/2 of minor radius.
The plasma density of the 2.8MA discharge at >1/2 of minor radius is about two

times higher than that of the 2.1MA discharge.

Ln at g=1 surface decrecases with the increase in the density peaking factor
as shown in Fig.5. In the case of 2.8MA, the maximum peaking factor is 2.8 with Ln
of 0.5m. In the case of 2.1MA, the maximum peaking factor is 4.7 with Ln of 0.25m.
The open points are the case of complete suppression of the sawtooth, that are

obtained with Lng0.4m.

The density profile after the pellet injection can be modelled by the eq.(1)
with decreasing the width of r¢ as shown in Fig.6, where two cases are
presented;(a)ng®=1.5x1020m-3 to simulate the 2.8MA discharge, (b)ne®=0.8x1020m-
3 1o simulate the 2.1MA discharge. In both cases the other parameters are kept
constant as o=1.1 and nc0+nadd=3.0x1020m‘3.

ne(r)=(0¢-ne(2))(1-(/a)?) " +nagaexp(-(r/rc)}+e(a) M
The density peaking factor rises monotonically with the decrease in rg, however

Ln at g=1 surface takes the minimum at a certain value of rc. The peaking factor
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of density profile and Ln at g=1 surface calculated from eq.(1) reproduces well the
experimental results as shown in Fig.5 by dotted lines. The case of Fig.6(a) 1is
shown in Fig.5(a). The minimum Ln(the maximum density gradient) at g=1
surface is obtained with rc of ~0.2m and the density peaking factor of ~2.7, above
that peaking factor Ln quickly rises. Some points arc separated from the  dotted
line at the peaking factor of 1.5-2.0 in Fig.5(a), that are at 800msec after the pellet
injection and at the degradation phase of the peaked. density profile. The case of
Fig.6(b) is shown in Fig.5(b). The minimum Ln of 0.25m is obtained with the
density peaking factor of ~4.5, above that the Ln increases abruptly. The
maximum density peaking factor obtained in the experiments well agrees with
the peaking factor at the minimum Ln calculated from the model of the density
profile.

In the pellet experiment, large sawtooth crash terminates the increase in the
stored energy and the -peaking of density profile as presented before. Solid lines
in Fig.5 suggest that the large sawtooth crash is caused by the abrupt increase in
Ln at g=1 surface owing to the decrease in rc, that is the characteristic width of
the pcaked density profile as shown in eq.(1). The large Ln at g=1 surface
stabilizes the sawtooth activity in the resistive tearing mode[7], However the
dependence of the growth rate of the resistive m=1 mode on the magnetic shear at
the q=1 surface and the the electron temperature must be examined to check the

possibility of that.

5.Improved Energy Confinement
The energy confinement time of the pellet injected 2.8MA limiter plasmas
measured by the diamagnetic loop versus the absorbed heating power (Pabs) is

shown by closed points in Fig.7 comparing with the gas fuclled plasmas presented
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by open points. The largest improvement in energy confinement is obtained at
Pabs=10~13MW with 25-30% enhancement than that of the gas fueiled discharges.

The relation between the energy confinement and. the density peaking
factor in 2.8MA limiter discharges at 10.5MW<Pabs<12.5MW ( PNB of 7~-OMW) is
shown in Fig.8. The stored energy is clearly improved with the peaked density
profile. This suggests the improvement in the global confinement is mainly due to
local improvement in the region of the peaked plasma density.

For the sake of the improvement by the hydrogen pellet injection, the
fusion product defined by ne(0)TETi(0) significantly increases upto 10-11x101%m-
3seckeV in 2.8MA limiter discharges as shown in Fig.9 by closed points. Open
points in Fig.9 are the case of the hydrogen gas fuelled p]_asrnas and the maximum

fusion product obtained is 6.6x1019m-3seckeV in a 3.15MA limiter discharge.

6.Conclusion

The density profile becomes peaked after the pellet injection with the
suppressed sawtooth activity, and the peaking of the density profile is terminated
by large sawtooth crashes. The time interval of sawtooth crashes becomes longer
with the increase in the density gradient at the q=1 surface, and the sawtooth-free
phase is obtained with Lng0.4m at the g=1 surface, where Ln is the characteristic
length of the density gradient defined by (d In ne/dr)-1. The peaking factor of
the density profile has the clear relation with Ln at the g=1 surface. The maximum
density peaking factor is obtained with the lowest Ln at the g=1 surface.

The energy confinement is improved with the peaked density profile, and
25~30% enhancement in energy confinement relative to the gas fuelled plasmas is
obtained in 2.8MA limiter plasmas with 10-15MW NB heating. The fusion product
defined by ne(0)TETji(0o) significantly increases upto 10-11 x101%m -3seckeV owing

to the improvement in the energy confinement.
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Fig.4 The density profile.
Solid line is the 2.8MA discharge at 400msec after the peliet injection. Broken
line is the 2.1MA discharge at 200msec after the pellet injection. Dotted line is

the gas fuelled plasmas in the 2.8MA discharge.
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Fig.5 Ln at the g=1 surface versus the peaking factor of density

profile.(a)2.8MA

profiles shown in Fig.6.

(b)2.1MA. Dotted lines are calculated from the density
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Fig.7 Energy confinement time versus the absorbed power in 2.8MA limiter
discharges. Solid points are the hydrogen pellet injected plasmas. Open points

are the hydrogen gas fuelled plasmas.
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Fig.8 The cnergy confinement time versus the peaking factor of density
profile. Closed points are the pellet injected plasmas. Open points are the gas

fuelled plasmas.
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Fig.9 Fusion products.

Closed points are the hydrogen pellet injected plasmas in the 2.8MA limiter
discharges. Open points are the hydrogen gas fueclled plasmas in the limiter

discharges.( ©;3.0-3.2MA, A ; 2.7-29MA, (0;2.5-2.6MA)



