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ABSTRACT

In the resistive shell tokamak, JIPP T-II, the current density profile

control is carried out by pre-programming of both gas puffing and plasma

current waveform. The major disruptions are completely suppressed by the

method and a high density tokamak plasma with low q(a) is obtained with

better MUD stability, where the line-average electron density n < 8.5 x

10 cm and safety factor at plasma surface q(a) > 2.2. The control

criterion that the current density profile is successfully controlled is

derived as a function of the ratio of plasma current to the electron

density I /n in the current rising phase, i.e., 20 x 10 < I /n < 30 x

TO"13 kA-cm3.
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1. INTRODUCTION

In the process of a thermonuclear fusion research by tokamak, it is

very important to obtain a high-3 plasma with a larger plasma current from

a point of view of a reactor efficiency. To obtain a plasma with low q(a)

and high-3 is the greatest goal of tokamak research. The limit of 3-value
2

of tokamak plasma B • + is defined as follows, 3 = 2|.i <P>/B. < 0 . =
o

(l/q(a) )(a/RK, where <P>, a, R and C are the kinetic pressure, effective

minor and major radii of plasma,and an improvement factor by shaping of

plasma cross-section. The reduction of q(a) value leads to increase of

6 .p Though it is also thought to produce a fat plasma with a small

aspect ratio or to increase the £-value by non-circular tokamak as method

of improvement of the limit, the former method has a technical limit and the

latter is indistinct in comparison of experiment with theory. The applica-

tion of a non-ohmic heating such as neutral beam injection to the low q(a)

tokamak plasma will be advantageous for attainment of high-B value. As the

first step for obtaining a high-g tokamak plasma, it is important to produce

a well stable tokamak plasma with low q(a) value.

There are two essential factors to reduce the q(a) value without

spoiling the MHD stability, that is, conducting wall and plasma current

density profile [1]. The use of conducting wall is disadvantageous for a

reactor aspect. The control of current density profile will be the most

effective for improving the MHD stability in the low q(a) regime. The

current disruption, which is triggered by the growth of m = 2 or 3 MHD modes,

is the most serious obstacle in increase of electron density with a lower

q(a) value. Therefore, the current density profile shou.'d be maintained the

optimum one with providing the stability against the dangerous low-m MHD

modes. Giasser, Furth and Rutherford have shown that even without the high-3



stabilizing effect or a conducting wall, it is possible to obtain a tokamak

plasma which is stable against kink and tearing modes for at least m < 6 with

q(0) - 1 and q(a) = 2.6 [2]. The current density profile has a pedestal to

reduce the magnitude of the gradient dq(r)/dr near a resonant surface such as

q(r) = 2. The linear growth rate of tearing mode of a mode number m is in

proportion to the product a'3''5 • [(dq/dr)/q2]2/5-(mBt/R/p
1/2)2/5 evaluated

on the resonant surface, where a and p are electrical conductivity and mass

density. Even if the tearing modes are not stabilized completely, the growth

rates can be decreased to the sufficiently small level by heating of electron

and/or reduction of the gradient of q(r) near the resonant surface. The

similar profile obtained in Ref.2 can be realized as a result of the non-

linear effects of instabilities [3]. In this case, however, the resulting

additional transport would have to be tolerated.

In the medium size and circular cross-section tokamak JIPP T-II [4-7],

the experiment of current density profile control has been carried out to

obtain the high density plasma with a low q(a) value. This paper describes

the results of current density profile control by pre-programming both gas

puffing and plasma current waveform [8]. In section 2 the experimental

conditions and the used diagnostics are summarized. Section 3 shows the

details of experiments with the program-controlled gas puffing and the second

current rise. The first subsection of section 3 describes the experimental

observations. In subsection 3.2 the current density profile is derived by

solving the magnetic diffusion equation on assumption that the classical

electrical conductivity with the usual trapped electron correction holds. In

subsection 3.3 we notice a profile of the effective ionic charge Z f A r ) and

its time evolution since the impurities play an important role on the elec-

trical conductivity. The profiles 1 ff(r) determined from the calculation

in subsection 3.2 are corpa ?d with the ones obtained by the sigflctroscopic
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measurements in the range of visible light, vacuum-ultra-violet light and

soft X-ray. In the last subsection 3.4 we study the criterion that the

control of the current density and electron temperature profiles should

facilitates and then the high density plasma with a low q(a) value should be

obtained, varying the gas influx by gas puffing and plasma current waveform

separately. In section 4 the above-mentioned control criterion is applied

to the start-up phase of tokamak discharge. In section 5, the discharge

characteristics are shown, of which discharge is terminated in q(a)<2.2 by

major disruption even if the above control criterion should be satisfied.

The operation region defined by major disruption is also shown on a well-

known l/q(a) - F R/B. plane for the experimental series of JIPP T-II. The

problems related to the current density profile control are discussed in

section 6. In the last section, the results of this experiment are

summarized.

2. EXPERIMENTAL ARRANGEMENTS

The JIPP T-II device, which is hybrid system of tokamak and stellarator,

has been operated as a circular cross-section tokamak with a resistive shell

of T = 5.2 msec, where T is the penetration time of vertical magnetic field.

The tokamak plasma is maintained in the equilibrium position by feedback-

controlling the vertical and horizontal magnetic fields. The horizontal and

vertical displacements (A. and A ) are |A. | < 1 cm and |A | < 0.5 cm through-

out a discharge with a molybdenum aperture limiter of radius 17 cm and the

rail type limiter of distance 2a, = 30 cm. Therefore, the plasma minor

radius defined by a. = 15 cm is regarded as the effective radius of plasma

current channel. For the much more fast growing instability than T = 5.2

msec, the resistive shell may act as a conducting shell of the minor and

major radii b = 24.5 cm and R = 91 cm. Even if we regard the resistive
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shell as a conducting one, the ratio of minor radius of shell to that of

plasma b/a = 1.53. Therefore, the stabilizing effect of conducting wall for

low-m mode is hardly expected at all. Moreover, the stabilizing effect of a

thin bellow vacuum chamber will be also neglected for low frequency disturb-

ances less than about 20 kHz.

The hydrogen gas is injected through the tangential port by the

programmable fast acting piezo-electric valves at an appropriate timing.

The voltage pattern applied to a piezo-electric crystal consists of five

rectangular pulses whose amplitude, length and interval are variable.

The plasma current waveform is varied by the charging voltages of

three blocks of capacitor banks. The initial rise of plasma current is

adjusted by the charging voltages of the first bank and the second one. The

second current rise in the quasi-steady state of tokamak discharge is excited

at an appropriate timing by the third bank. The rising time of plasma cur-

rent depends on the capacity of capacitor bank, charging voltage, the elec-

trical conductivity of plasma and plasma inductance.

The electron temperature profile is obtained by Thomson scattering and

the radial scanning of the scattering volume is done in the horizontal and

vertical directions [9]. The central electron temperature derived from a

Si(Li) soft X-ray spectrometer is in good agreement with that of Thomson

scattering. The central ion temperature is monitored by the neutral atom

energy analyzer. The electron density profile is obtained by both data of

2 mm-microwave interferometer and Thomson scattering. The informations about

the impurities are obtained by the spectrometers in the range of visible

light, vacuum ultra-violet and soft X-ray. The MHD fluctuations are

monitored by the arrays of magnetic probes and PIN diodes.

The most parts of experiments are carried out by hydrogen gas under

toroidal field Bt = 20-30 kG, maximum plasma current I = 50-150 kA,
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1 ionter radius a. = 15 cm, minimum value of safety factor at the plasma

— 1 3 - 3

surface q(a) = 2-5 and maximum electron density n = 0.7-8.5 x 10 cm .

The following tokamak plasma is obtained; central electron and ion tempera-

tures T = 500-900 eV, T. = 200-500 eV, average effective ionic charge

<Z -̂ > = 1-2.5 and energy confinement time <Xr> = 4-15 msec.

3. CURRENT DENSITY PROFILE CONTROL BY THE PROGRAMMED

GAS PUFFING AND THE SECOND CURRENT RISE

The high density tokamak plasma is obtained by gas puffing in the

course of discharge. The tokamak discharge is terminated by the major

disruptions which are triggered by shrinkage of current channel due to the

strong cooling of outer plasma region. The major disruptions can be

suppressed by controlling the current density profile through heating the

outer plasma region. The second current rise when the plasma reaches the

quasi-steady state will be effective for heating the outer plasma region.

We examine whether the current density profile is controlled to the one

providing the stabilities against kink and tearing modes, and what is the

optimum condition for success in the current density profile control and

obtaining a high density plasma with a low q(a).

3.1 Discharge characteristics of three types of discharges

Three typical discharges of which conditions as to the gas puffing and

second current rise are different (cases I, II and III) are compared. Case

I is the discharge with a "strong" gas puffing without the second current

rise. In case II, the second current rise is applied in the constant and

comparative low density operation by a "weak" gas puffing. Case III is the

high density and low q(a) discharge on the optimum combination between the
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strong gas puffing and the second current rise. Figure 1 shows the time

variations of plasma parameters, i.e., plasma current U D ) , loop voltage

(V, ), fluctuations of poloidal magnetic field (B Q), safety factor at the

plasma surface (q(a)), line-average electron density (n~ ), central electron

and ion temperatures (T and T. ) and gas throughput of gas puffing (Q).

These discharges are obtained under Bfc = 26.4 kG, a, = 15 cm and the initial

-4static filling pressure P, = 2 x 10 Torr for hydrogen. The electron

density rT is controlled by the gas puffing which consists of five gas

pulses. The first peak of n" corresponds to the equivalent density of the

initial filling pressure P, and the increase of n from 10 msec and the

plateau of n - 2 x 10 cm" are produced by the first and second gas

pulses. The time evolution from 80 msec of n~ is realized by the tnird to

fifth gas pulses. For the third gas pulse, we name a peak gas throughput of

8 Torr-l/sec the "strong" gas puffing and that of 3 Torr-il/sec the "weak"

one as shown in Fig.l. The second current rise is excited at 90 msec by

superimposing the positive electric field on the primary circuit of a current

transformer. The arrows in the upper traces of Fig.l show the timings when

the profiles of electron temperature and density are measured (Fig.2). At

88 msec of case I, the outer region of a plasma is considerably cooled due

to the "strong" gas puffing by the third gas pulse from 80 msec, though the

electron temperature of the central region is nearly kept that of 74 msec.

At 98 msec, the central electron temperature also decreases from 800 eV to

500 eV and the radius of T > 100 eV shrinks from 14 cm to 8 cm. After 23

msec from the "strong" gas puffing, at last, the tokamak discharge is termi-

nated by major disruptions due to the remarkable shrinkage. The remarkable

shrinkage can be avoided by heating the outer region of plasma. To examine

.whether the second current rise is effective for the heating of plasma outer

region, the s. "ond current ; ' -•• hds been applied to Ine plasma with the



2
electron temperature profile of Tg = T Qexp(-4(r/a) ) and T g o = 800 eV under

the constant and comparative low density operation (case II). In the second

rising phase of plasma current the KHD oscillations m/n=4/l and 3/1 appear at

q(a) slightly smaller than 4 and 3, respectively, i.e., q(a) = 3.8 for m/n =

4/1 mode and q(a) = 2.8 for m/n=3/l mode. Then m/n = 2/1 mode with m/n=3/2

component is excited and m/n=2/l mode grows up to the relative amplitude of

6B /Bg - 0.8 %. In the discharge without the second current rise under the

constant density operation (dotted curve in Case II of Fig.l), the above

mode history does not appear. As shown in Fig.2 the electron temperature

profile at 98 msec just before appearance of the m/n = 2/1 mode has a hump

in the outer region of 10 < r < 13 cm. At 104 msec when the m/n = 2/1 mode

sufficiently grows and exists stationarily, the above-mentioned hump of

electron temperature profile decays to the plateau. It seems that these

oscillations are excited by the steep gradient of current density near the

plasma boundary or q(r)=2 surface due to the hump of electron temperature

profile. Case III is the high density discharge with a low q(a) value

(q(a) . = 2.5) which is produced by application of the second current rise

after 10 msec from the strong gas puffing. The relative amplitude of magnetic
-4

perturbations of m/n=2/l mode is suppressed within 5x10 . The line-average

electron density is rf = 6 x 10 cm which is 2.1 times higher than that

resulting from the EL/R scaling [10] at q(a) = 2.5 and reaches the maximum

value 7.5 x 10 cm" at q(a) = 3.1. The electron temperature profile of

case III has a rounded pedestal in the outer region as shown in that of 98

msec of Fig.2. The profile structure with the above-mentioned pedestal

diffuses inwardly and disappears at 104 msec. And then the electron tempera-

ture profile hardly changes during 104 msec to 148 msec before 7 msec of

occurrence of the major disruption. Figure 2 also shows the time evolution

of electron density profile. While the profiles of case II are maintained
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in the parabolic shape, those of cases I and III are considerably broad,

especially, in case III have a hollow structure during the increasing phase

of rf. In cases I and III, the sawteeth oscillations with the repetition

time of about 2 msec to 2.5 msec are observed on the soft X-ray signals by

PIN diodes array. Especially, in the second rising phase of plasma current

of case III the sawteeth modulation of loop voltage of 0.1-0.3 V is also

observed. It should be noted that the profiles of Fig.2 are obtained at the

middle of time interval between two serial internal disruptions. The elec-

tron temperature profiles will not be so peaky or so flat in the central region.

3.2 Derivation of current density profile

The stability of tokamak plasma against kink and tearing modes depends

on the shape of current density profile significantly. In tokamak plasma,

the direct measurement of the profile is very difficult without the strong

disturbance to the plasma. The current density profile may be indirectly

derived by using the electron temperature and density profiles obtained

experimentally (Tg(r) and ng(r)). In a usual way the current density profile

3/2
j(r) is in proportion to [T (r)] on assumption of quasi-steady state and

uniform profile of the effective ionic charge Z **{*"). The quasi-steadiness,

however, does not hold when the electron temperature profile is radially

modified by the gas puffing and/or the plasma current is rapidly increased

or decreased in the course of discharge. In the non-steady state the current

density profile can be derived by solving the following magnetic diffusion

equation for a cylindrical geometry if the electrical conductivity profile

a(r,t) is known during the discharge,

JL r T 1 - l l r _ J _ 1 / r2 ,-, m
3t LqTrTT7J u 3r Lro(r,tj" 3r lqTr7tT;j K
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where the safety factor q(r) = rB./(RB. (r)) and ;.i is the vacuum magnetic

permeability. It is a serious problem to determine beforehand from the

experimental considerations what type of the electrical conductivity should

be adopted for a tokamak plasma with MHD fluctuations. In this analysis,

the classical one with the usual correction of trapped electrons has been

adopted [11] (Appendix A). The adoption must be evaluated whether the

analyzed results are consistent with the other experimental fact or not.

The above magnetic diffusion equation is solved for the appropriate initial

and boundary conditions. The analyzed results from the above-mentioned

procedure include the ambiguity as to the assumptions of the time variation

of the effective ionic charge averaged over the plasma cress-section <Z ,„>

and the radial profile of the effective ionic charge Z ~Ar). The ambiguity

can be excluded when the analysis is carried out so that the calculated loop

voltage and the position of q(r) = 1 resonant surface should be best fit for

the experimental data, i.e., loop voltage measured by a one-turn loop located

on the inner surface of shell and the radial variation of the amplitude of

m = 1 oscillations and sawteeth oscillations by an array of PIN diodes. The

simple profile of the effective ionic charge is used as

Zeff(r) = ZQ + Z7[l - (r/a)
N l] N 2 + Z2(r/a)

N3[l - (r/a)N*] (2)

where the second and third terms denote the peaking effect and the enhancement

of outer region. The unknown parameters Z , Z,, Z~, N,, Np, N, and N. are

adjusted through an iterative calculation so that the above-mentioned fitness

between the calculated and experimental results as to two quantities is

satisfied within a prescribed deviation. For the JIPP T-II plasma, the

satisfactory fitness is obtained by Z« = 0 and N-j = 2 throughout the analysis,

namely, the profile Z ^Ar) is uniform or peaky. In Fig.3 the experimentally
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obtained loop voltage is compared with the calculated one for case III on

the adjusted time history of <Z ,,>. The time history of <Z f,> reflects

the rapid reduction by the strong gas puffing and such behavior of <Ze^^>

also appears in case I with only strong gas puffing. In case II, the weak

gas puffing to maintain the electron density constantly also has a role to

reduce <Z *-> but <Z „ > goes back to the level before the gas puffing by

the second rise of plasma current. It should be noted that the loop voltage

is summation of resistive voltage and inductive one. By the adjustment of

time variation of <Z _,> the resistive voltage is mainly changed and the

adjustment of the radial profile Z ff(r) leads to the correction of the

inductive voltage. During the rapid change of plasma current the fitting of

loop voltage is carefully carried out, since the inductive voltage is essen-

tial. The time evolution of the profile Z ^(r) is determined from the other

criterion, i.e., the fitness between the calculated q(r) = 1 position and the

experimentally derived one from soft X-ray fluctuation profile. The q(r) = 1

surface is approximately defined as the radius where the sawteeth are

inverted [12,13]. The radius of q(r) = 1 surface contains the experimental

error of ±0.5 cm. The closed circles in Fig.4 show the radius for three

cases I, II and III. The calculated radii of q(r) = 1 surface for the uni-

form Zeff(r) profile throughout the discharge (triangles in Fig.4) are always

greater than the experimentally obtained ones. The open circles in Fig.4

agree with the experimental results very well, where they are obtained by

adjusting the Z ,Jr) profile and the time evolution. When the criteria as

to loop voltage and q(r) = 1 surface (Figs.3 and 4) are satisfied, the pro-

files of safety factor, current density, electrical conductivity and the

effective ionic charge are derived. The profile Z fr(t") at 74 msec is

determined that the m = 1 and sawteeth fluctuations do not appear and that the

calculated cen+i-al value Z ,^(0) ujaes with that which is estimated from



the soft X-ray measurement by Si(Li) detector [14] and PIN diode on assump-

tion that the dominant impurity is a fully ionized oxygen 0 . The

calculated central value of the safety factor q(0) at 74 msec is very close

to unity, i.e., 1.1. The closeness of q(0) to unity is inferred from that

the slight increase of plasma current and/or gas puffing at the time can

excite the m = 1 fluctuations on PIN diode signals. The time evolutions of

the profiles for three cases are shown in Figs.5a, 5b and 5c. The current

density profile is broader than that of an electrical conductivity during the

increasing phase of plasma current. This feature is also observed after 8

msec from the start of the strong gas puffing in cases I and III. It seems

to be caused that the electron energy confinement time is about 4 to 5 msec

? 2

and less than the field diffusion time x (= u -<a>a /A, - 13-16 msec, where

Aj is the first root of the zero-order Bessel function). The current density

profiles for cases I, II and III have a clear difference. In case I, the

profile begins to shrink due to the strong gas puffing from 80 msec and at

98 msec the current channel is narrowed to about 10 cm. The gradient of

current de n'ty or safety factor near the resonant surfaces q(r) = 2 and 3/2

becomes considerably large. And then the m/n = 2/1 and m/n = 3/2 modes are

excited just before the major disruption. When the second current rise is

applied to the comparatively low density plasma with the not so peaky profile

of electron temperature, the outer region is effectively heated up and the

region with a positive gradient of current density is produced at 98 msec

near the q(r) = 2 resonant surface (case II). At 104 msec, the positive

gradient region evolves into plateau. In the case the current density

profile has the steep gradient near the plasma boundary or q(r)=2 surface. As

stated in Fig.1,the m/n=4/l, 3/1 and 2/1 modes are successively observed

during the second increase of plasma current. In case III where the second

current rise is applied with the 10 msec lag from the start of the strong gas

puffing, the current density profile has the pedestal instead of the region of



positive gradient such as case II. The current density profile is similar

to that predicted by Glasser, Furth and Rutherford [2] theoretically. This

profile maintains during the second increase of plasma current, i.e., for

about 20 msec. Though the safety factor at the plasma surface q(a) decreases

to 2.5 in case III, the relative amplitude of MHD oscillations delected by

-4the magnetic probes is suppressed less than 5 x 10 at the plasma surface.

The time of occurrence of the major disruption delays more than 50 msec

compared with case I. The favorable profile of current density against the

MHD stability is realized by the electron heat balance between the heating

effect of the outer region by the second current rise and the cooling one by

the strong gas puffing. The pedestal of current density is rounded off near

the second peak of plasma current, and is slowly peaked during the slow

decrease of plasma current. The gradient of current density or safety factor

of the outer region increases gradually during the decrease phase of plasma

current. The peaking of the Z f.c(r) profile during the phase accelerates i'ne

increase of the gradient in the outer region. Due to this process, the high

density plasma of case III may be terminated. In section 6, the MHD stability

of the above profiles of current density for kink and tearing modes will be

discussed and compared with the experimental data.

3.3 Time evolution of effective ionic charge profile

The impurities have an important role to the current density profile

through the electrical conductivity profile and the radiation cooling. We

have determined the radial profile of Z ff(r) by the analysis in the above

subsection. The Z ^-(r) profiles of cases I, II and III are summarized in

Fig.6. The strong gas puffing reduces <Z „ > rapidly as stated in the

previous subsection. The rapid reduction of <Z ,f> comes from the remarkable

reduction of Z rjr(r) to unity in the outer region of r > 5 cm for cases I and



III. The effective ionic charge in the outer plasma region is firstly reduced

by the strong gas puffing and then that of a central region is reduced (cases

I and III). In case III, 1 ff(r) profile becomes peaky and Z ^(O) increases

slowly from TOO msec again. The growing up of Z ff(r) in case II during the

second rising phase of plasma current may be explained by the increase of

impurity influx related to the strong heating near the plasma boundary.

It is interested in comparing the above results with the other experi-

mental data which are obtained by the spectroscopic measurements in region

of the visible light, vacuum ultra-violet light and soft X-ray. We have
o

detected the visible continuum in the wavelength 5230 A (Fig.7). The

initial sharp peak of the continuous emission is due to the mingling of the

metal impurity lines and has been subtracted as the background. The

continuous emission from a tokamak plasma consists of recombination radiation

and bremsstrahlung. In the region of very low photon energy (hv = 2.34 eV),

the dominant radiation is the bremsstrahlung under T > 100 eV. The profile

1 ff{r) is derived from the simple relation e (r) = A Z ff(r)n (r) by the

help of the electron temperature and density profiles obtained by Thomson

scattering. The quantity e (r) is the Abel-inverted local intensity of

continuous emission and A is the function of the electron temperature and

free-free Gaunt factor g~f . For the JIPP T-II plasma of T = 100-600 eV and

Z rr - 1-4, %rr is estimated as 3. The calculation for deriving Z ^Ar) has

been iteratively carried out with the correction of a wall reflection.

Figure 7 shows the time evolution of Z cAr) for case III. It should be

noted that the accuracy of Z ^^(r) by the above method is essentially defined

by those of Abel-inversion, electron density and subtraction of background

which will come from the line radiation of the metal impurities such as Mo

and Fe. The typical experimental error for the central and outer regions of

plasma is about 30 to 40 % and for the intermediate region about 20 to 30 %.
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We can see the typical features from Fig.7 that the 1 ^Ar) is nearly uni-

form around 1.8 after 10 msec to 20 msec from the start of the strong gas

puffing ard the central value of 1 ^Ar) increases in time while the Z ,^(r)

of the outer region decreases to about 1.4. The features have a satisfactory

agreement with that of Fig.6 except for the discrepancy as to the value of

Z ff(r)- The time behaviors of spectral lines in the vacuum ultra-violet

region on the equatorial plane of plasma may support the rapid reduction of

Z ff(r) of the outer region by the strong gas puffing that is shown in Fig.6.

Figures 8a and 8b show the time behaviors of spectral lines in the vacuum

ultra-violet region for cases I and III together with the visible lines Mol

and Moll. The oxygen lines lower-ionized than OVII which usually have a

peak intensity in the outer region of T < 200 eV abruptly increase just

after the strong gas puffing. The most of the increase can be explained by

recombination in the outer region where the cooling occurs and the electron

density buids up grossly rather than by the increase of oxygen influx. This

is seen from the time behavior of the normalized intensities of lines 0111 —

OVI, namely, the OIV, 0V and OVI lines increase sooner than the 0111 line

(Fig.9). The above phenomena are also observed between MoXIII and MoXIV

lines whose ionization potentials are about 300 eV. The similar phenomena

are observed in the high density discharge by the gas puffing in Pulsator [15]

and Alcator [16]. The recombination process by the above-mentioned cooling

and electron density increase in the outer region will provide the corona

equilibrium for oxygen ions. The radial profile of the Abel-inverted OVI

emission by the visible spectroscopic measurement may support the above

prediction (Fig.10 for case III). Namely, in the low density plateau (n -

13 -32 x 1 0 cm ) the observed OVI emission peak is inwardly displaced from the

assumption of corona equilibrium, which may be caused by the neoclassical

diffusion in nfirsch-' rMUter regime with the anomalous diffusion [17].
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During the electron density rise by the strong gas puffing, the emission

peak approaches the position predicted by the corona equilibrium. The above

recombination process in the outer region can lead to the reduction of the

density of the highly ionized oxygen ions such as 0 to 0 in the region,

which will determine the Z f^ value dominantly. Therefore, the Z ,, in the

outer region will be reduced considerably due to both the decrease of 0 to

+8
0 ion densities and the increase of electron density in the region. The

results of soft X-ray measurements are consistent with those of the conduc-

tivity measurement and the visible and vacuum-ultra-violet spectroscopies.

We summarize in Fig.11 the time variations of the Z g f f value of case III

which are derived from the electrical conductivity and spectroscopies in the

visible to soft X-ray regime. The central value of 1 ^ by soft X-ray

+8measurement is obtained on assumption that the dominant impurity is 0 ion.

The <Z „> by vacuum-ultra-violet spectroscopy is derived as <Z ff> - 1 +

Z.(Z- - l)n ,7/n , where 7T ,7 is the line average density of 0 ion and Z.
l i o ' e 0 ' n

= 7. The results have a satisfactory agreement with one another if the

experimental error is considered in. Figure 11 shows the rapid reduction of

<Z „ > by the strong gas puffing, and the peaking of Z ^Af) profile and

slow increase of <Z ,,> in the high density phase greater than 6 x 10 cm .

That can be explained by the increase of oxygen influx as shown in Fig.8b.

In the phase, F ion also grow up remarkably. We cannot, however, conclude

clearly from the above data whether the metallic impurities such as iron

accumulate as pointed out by the Pulsator group [18].

3.4 Control criteria of gas puffing and plasma current waveform

The high density tokamak plasma with a low q(a) value has been obtained

by an appropriate combination between the gas puffing and plasma current

waveform (case III in Fig.l). That is understood because of the success of
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the current density profile control. In the previous subsections, the

detailed description has been presented about the current density profile

and the influence of impurities through Z ,,(r).

We examine the control criterion that the current density profile can

bo successfully controlled, changing the increasing rate of electron density

n , the second increase of plasma current Al , the first peak of plasma

current I •,, the first plateau of electron density n , and toroidal magnetic

field. In this experiment, the central electron temperature T , at the

first density plateau is varied from 600 eV to 800 eV.

Firstly, the required increment of plasma current by the second rise

Al is experimentally determined when the time variation of electron density

is given as case I or III, i.e., the maximum increasing rate (n ) = 1.6 x
e inax

1 2 •? _
10 cm /msec and the densities of a low and high density plateaus n , - 2

x 1013 cm"3 and F = 7.0-7.5 x 1013 cm"3. The re la t ive time lag of the
SlTlaX

second current rise to the strong gas puffing from 80 msec has been fixed on

10 msec. The plasma current just before the second currenr rise is 74 kA

for the toroidal field Bt = 23.7 kG and 26.4 kG. When Al is increased

gradually, the time delay ATp... of occurrence of major disruption from the

start of the second current rise does not increase and then increases linearly

with Al , i.e., the increment of inverse safety factor A[l/q(a)](cr Al )

(Fig.12). If Al attains the threshold, Air.,,- increases to about 67 msec

like a step function. At the threshold, the attained minimum of q(a) is 2.9.

Even if Al should be increased to the value corresponding to q(a) • - 2.3,

the time delay A T D I S does not change from 67 msec. The increase of Al is

limited by the condition q(a) . < 2.3, because of the large-scale violent

MHD instability. For the both boundary of 2.9 > q(a) . > 2.3, the profiles

of current density, safety factor and also Z ff(r) are shown in Figs.13a

(case of q(a)mi-n = 2.9) and 13b (cuse of q(a) m i n = 2.3) during the current
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increasing phase. The current density profiles with a pedestal such as

case III are also realized for both boundaries of q(a) . = 2.9 and 2.3.

It is concluded that in 2.9 > q(a) • > 2.3 for the time variation of n

as sane as case III the current density profile can be successfully controlled

to the favorable one against the stability of kink and tearing modes by both

the strong gas puffing and the second current rise. The relation between

A T D I S anc' ^[l/qta)] in Fig.12 is modified by the increasing rate of electron

density n~ and the initial value of q(a) before the second current rise

(q(a),). As ne is increased and/or q(a)-, is decreased, the slope of increase

of ^tnrc becomes steep and AT^T,- continuously increases with AI without the

clear threshold of AI . Moreover, the maximum of AT,,,,- slightly decreases.

The boundary in the higher A[l/q(a)] is shifted to the lower side of

A[l/q(a)] as n~ is increased and/or q(a), is decreased.

Next, the inflow rate of gas puffing has been adjusted to change the

time variation of electron density on the condition that the plasma current

waveform is fixed as same as case II or III. Figures 14(a)-(d) show the

discharge characteristics (plasma current I , loop voltage V, , poloidal

field fluctuations B and line average electron density n ) for the typical

four cases of n . Figures 14(a) and (c) are similar to tne cases II and III

in Fig.1, respectively. As the electron density is increased with the

second current rise, the poloidal magnetic fluctuations detected by magnetic

probes are clearly reduced and then suppressed to the very low level (5B./
o

BQ < 10 ) for case (c). The excessive gas puffing to increase the electron

density much more causes the strong cooling of plasma and major disruption.

The dependence of <SB0/B on n and I can be explained in accordance with

the results stated in subsections 3.1 and 3.2. Namely, the second current

rise in the constant and comparatively low electron density plasma and the

plasma with the slower increase of electron density hsats up the outer region
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of plasma effectively. The current density profile has a large gradient

in the outer region during the current rising phase and that will excite the

kink and tearing modes with the mode numbers m/n ~ q(a). If the electron

density is increased by the strong gas puffing together with the second

current rise, the favorable current density profile will be realized by the

combined effect between cooling by gas puffing and heating by the second

current rise such as case III. It seems that the n and I are the essential

factor in control of the current density profile. We plot the stable (as

same as case III), disruptive (as same as case I) and Mirnov-oscillation

discharges (as same as case II) on the n" - I plane (Fig.15). The attain-

able maximum increasing rate of electron density which may be one of the

important factor to evaluate the efficiency of gas puffing in tokamak

plasmas, slightly rises with the increasing rate of plasma current for the

1 3 - 3 —

initial plateau density n , - 2-3 x 10 cm . When n is increased for the

fixed plasma current waveform, the transition from stable discharge to

disruptive one occurs abruptly with a very sharply rise of 5Bfi/B9 instead of

a gradual increase of 6B./B». The attainable maximum increasing rate of

electron density sensitively depends on the plasma parameters such as elec-

tron density, plasma current, safety factor at the plasma surface and elec-

tron temperature just before the density rise. In Fig.15, the attainable

density rise is reduced by about 30-40 % for the higher density plasma just

1S - 3

before the density rise (n-, - 4-5 x 10 cm ). To express the control

criterion of current density profile by means of the attainable maximum rise

rate of electron density is not a best way. From above considerations, we

adopt the ratio of plasma current to electron density I /n as the suitable

parameter that characterizes the conditions of gas puffing and plasma current.

The stability of high density tokamak plasma is considered to be determined

by a ohmic input per an i-,eri-rOn Pnu/V, and the safety factor at plasma
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surface. The parameter I /n is approximately proportional to q{a)•PQu/n
e-

Figure 16 shows the relative poloidal field fluctuations 5B /Bn as a function

of I /rij during the current rising phase, where q(a) = 2.2-4.5 and the e-fold

rise time of the second current rise T D = 15-30 msec. The shaded regions

K

have been obtained for cases (a)-(d) in Fig.14. Two different unstable

-3 —

regions of 6Br/B., > 10 exist in the ranges that I /n is larger than about

30 x 10" 1 3 kA-cm3 (cases (a) and (b)) and less than about 20 x 10' 1 3 kA-cm3

(case (d)). In the former case, the strong Mirnov-oscillations and the

corresponded positive spikes of loop voltage are excited due to the steep

gradient of current density in the outer region, which comes from the over-

heating of the outer region by the second current rise. On the other hand,

in the latter case the electron density already reaches the higher value with

the larger increasing rate n . Therefore, just before the second current

— -13 3

rise the parameter L/n decreases less than about 20 x 10 kA-cm . The

plasma outer region is intensely cooled and the current channel shrinks. That

leads the plasma to major disruption. In this case, the well-known negative

voltage spikes are observed instead of the positive one in the former. We

can find the stability "window" in the range 20 x 10~ 1 3 < I /if < 30 x 10" 1 3

kA-cm where the relative amplitude of magnetic fluctuations is suppressed

less than 10" . In the window, the clear sawteeth oscillations on the soft

X-ray signal are observed. It should be noted that in the current decreasing

— 13 3

phase after the second current peak I /n can decrease to 13 x 10 kA-cm

less than the above-mentioned lower limit. This can be explained that the

favorable current density profile realized during both increasing phase of

I and ng is maintained as a broad profile without steep gradient near q(r)=2

and 3/2 surfaces after the second current peak as described in subsection

3.2. Moreover, the scale of the stability window of I /if is shown in Fig.17

as a function of the current rise time TD. Figure 17 also includes the data



- 21 -

of the initial current rise in the production and heat-up phase of tokamak

plasma which will be described in the next section. The lower limit of I /n

is independent of T O , and the upper limit increases with the increase of xD.

K K

The results are consistent with the above-explained results about current

density profile. It is concluded that when the electron density and plasma

current is increased to continuously keep I /n in the stability window, the

current density profile is controlled to the favorable one for stability

against kink and tearing modes and the high density plasma with low q(a) is

obtained.

4. CURRENT DENSITY PORFILE CONTROL IN THE INITIAL

PHASE OF TOKAMAK DISCHARGE

We apply the control criterion of current density profile obtained by

the strong gas puffing and second cu -rent rise to the initial current rising

phase of tokamak discharge. In the formation stage of tokamak discharge,

the profiles of current density and electron temperature have the steep

gradient near the plasma boundary as observed in the comparatively low

density discharge of the medium size tokamak ST [19] with a rapid current

rise, though the clear skin formation was not observed. This current density

profile will excite the various MHD modes. The excitation of the MHD modes

brings about the strong interaction between plasma and wall and the large

amount of impurity inflow. In JIPP T-II, the current rise of 10-20 msec

rise time excites the modes of m/n = q(a) in the initial

current rising phase of a comparatively low density discharge n < 2 x 10

cm . This phenomena have been also realized by the second current rise in

the quasi-steady state of the comparatively low density discharge as case II

in Fig.1. Therefore, from analogy of the results of section 3, the appro-

priate qas puffing together with the initial current rise will prevent the
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profiles of current density and electron temperature from having the struc-

ture with a steep gradient near the plasma boundary.

Figure 18(a) shows the high density discharge produced by controlling

the gas puffing and plasma current waveform during the initial phase of

tokamak discharge, which is marked as case IV. The minimum value of the

safety factor q(a) is 2.7. In the rapid current rising phase of I /n > 30

x 10 kA-cm from initiation of discharge to 24 msec, the modes with m/n

= q (a) are excited. When the value of I /n keeps between 20x

10 and 30 x 10" kA-cm in the current rising phase, the relative

amplitude of poloidal field fluctuations ofm/n = 2/l issuppressed less than

10 . The current density profile at 32 msec, is considerably broader with-

out steep gradient near the plasma boundary than that of an electrical

conductivity, where the profile Z __(r) is assumed to be uniform because the

profile derived from the continuum profile in a visible light region is

nearly uniform at the time. Moreover, the lowest q(a) discharge (q(a) - 2.2)

are produced on the analogous condition of gas puffing and plasma current

waveform (Fig.l8(b)). The sawteeth modulation on loop voltage waveform

appears clearly because of low q(a) value. It is concluded that the control

criterion of subsection 3.4 also holds for the initial current rising phase

of tokamak discharge and the density increase by the gas puffing during the

phase can prevent the current density profile from having the unfavorable

steep gradient near the plasma boundary without a specially designed fast

acting limiter [20,21]

5. TERMINATION OF TOKAMAK DISCHARGE BY MAJOR DISRUPTION

The major disruptions are excited by the strong gas puffing under the

comparatively high q(a) regime (q(a) = 3.5-4.5) as shown in case I of Fig.l.
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The gas puffing near the current peak or in the phase of slow-decrease of

— -13
plasma current leads to the reduction of ID/ne value to about 13 x 10

kA-cm3. Then, the negative voltage spikes are continuously observed

on the loop voltage. The plasma current, however, is not so quickly

terminated. The time from onset of negative voltage spikes to the termina-

tion of plasma current is about 80 msec. This type of disruptions have been

completely suppressed by the current density profile control which is success-

fully carried out by the current rise at an appropriate timing with the

strong gas puffing (cases III and IV). By the procedure the high density
— "1 o _ o

tokamak plasma of n = 5-8.5 x 10 cm has been obtained, which corresponds

to 1.8 to 2.8 times of B./R-scaling [10]. In the high density discharge, the

minimum value of q(a) has been decreased to 2.2. However, the high density
plasma with low q(a) comes across still more upon the major disruption when

— -13 3

the ID/n value decreases less than 13 x 10 kA-cm during the slow-decrease

phase of plasma current. The disruptions excite the negative voltage spikes,

but only give the very small distortion of plasma current waveform. The

disruptions may be excited by steepening the gradient of current density nerr

the resonant surface related to low-m tearing modes due to impurity accumula-

tion as pointed out by Pulsator group [18]. Indeed, a slow increase of

impurity flux and peaking of Z -^(r) profile are also observed in the high

density discharge of JIPP T-II as shown in subsection 3.3. In contrast to

the results of Pulsator, however, the disruptions are completely suppressed

if the electron density is slightly decreased in time by controlling the gas

puffing together with the slow decrease of plasma current. The above-mentioned

disruptions in the regime of q(a) > 2.2 are triggered by the electron density

increase rather than the reduction of q(a) value.

The other type of disruption is triggered by the reduction of q(a) less

than 2.2 independently of [ /n, /d.ae. Figure 19 show, the discharge with
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both the second current rise and strong gas puffing that is abruptly

terminated within 10 msec by the disruptions (case V). The I D/
n
e value is

maintained within that of stability window described in subsection 3.4 till

the disruption. The relative amplitude of poloidal field fluctuation is

less than 10 till 105 msec, and then the abrupt growth of m = 2, n = 1

mode with m = 3, n = 2 mode component and the disruptions occur. In this

discharge, the minimum of q(a) is 2.2. This type of disruption has not yet

been suppressed through the current density profile control by the careful

adjustment of plasma current waveform and gas puffing. In the low-q(a) regime,

usually less than 2.5, the slight deviation of the current density profile

from the optimum one is very serious for the stability of tokamak plasma

without a close-fitting conducting shell,of which stabilizing effect is experi-

mentally confirmed in T-6 tokamak [22] and DIVA tokamak [23]. Therefore, in

tokamak without conducting shell, the other heating methods and control of

plasma boundary condition such as gettering of vacuum surface [24] should be

introduced for the more fine control of current density profile. Moreover,

it will be necessary to control of current density profile by using a feed-

back technique.

From the results of sections 3, 4 and 5, we can summarize the operation

regime of the JIPP T-II tokamak on the well-known l/q(q) - rT R/B̂ . plane

(Fig.20). The straight boundary in the right-hand side is set by the disrup-

tion triggered by the density increase rather than the reduction of q(a). It

should be noted that the boundary appears in the nearly constant or slow

decrease phase of plasma current and it corresponds to I /n = 13 x 10"

kA-ctn . The left-hand side one means the limit of inaccessibility or run-

away discharge. The curved boundary is determined by the disruptions due to

reduction of q(a). The stable parameter range of I /n during both increase

of n and I for current density profile control is also shown by the dotted
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shade area. The tirri trajectories of cases I to V are shown as the curves

with arrows. Moi"over, we have plotted the results of the other tokamaks as

Pulsator [15], Alcator [25], DITE [26], ORMAK and ISX-A [27].

6. DISCUSSION

In JIPP T-II, the current density profile control is carried out to

obtain the high density and low q(a) tokamak plasma by using the careful

adjustment of gas puffing and plasma current waveform. The control criterion

is derived that the ratio of plasma current to the line-average electron

density I /n~e should be kept between 20 x 10"
1 3 kA-cm3 and 30 x 10" 1 3 kA-cm3

during the increase phase of I and n .

We investigate theoretically the stability of kink and tearing modes for

the experimentally obtained current density profiles (cases I, II and III in

Fig.5). The staiblity of the most dangerous low-m modes m/n = 2/1, 3/2 and

3/1 is examined in the range of 2.5 < q(a) < 4.5. The resonant surfaces of

m/n = 2/1 and 3/2 exist in a resistive plasma instead of in a vacuum region.

Their unstable modes are so-called tearing modes. In the above range of q(a),

the m/n = 3/1 mode can be a kink mode as well as tearing one. The stability

of tearing mode in a cylindrical goemetry is easily evaluated by the discon-

tinuity in the logarithmic derivative of a perturbed radial magnetic field

A' (= dA/dr), i.e., if A' > 0, the mode is unstable [1,28]. The quantity A'

has been estimated by solving the infinite-conductivity equation as to the

perturbed radial magnetic field, where a cylindrical geometry is assumed and

the pressure gradient is neglected. The plasma is in r < a and is enveloped

by vacuum region in a < r < b, where a and b are the radii of plasma and

infinite-conducting wall. As the conducting wall the resistive shell with

skin time T = 5.2 msec i? adopted (b/a = 1.63). Figure 21 shows the time



variation of a/.' for m/n = 2/1, 3/2 and 3/1 modes. In this figure, the

perturbed potential energy for m/n = 3/1 kink mode is also shown [29]. In

cases I with the strong gas puffing from 80 msec, aA' for m/n = 2/1 mode is

positive and increases till the major disruptions with the increase of the

line-average density n . The increase of aA' is caused by steepening the

gradient of current density or safety factor, which results from the intense

cooling of the outer region by the strong gas puffing. The second current

rise reduces or avoids the above cooling effect. Therefore, in case III, aA'

does not so increase with the increase of n , though aA' reaches the maximum

at the second peak of plasma current. There is the other clear difference of

aA' between cases I and III. Though aA' for m/n = 3/2 mode after the strong

gas puffing is maintained to be negative in case III, that in case I increases

with n and reaches to be a large positive value. The m/n = 3/1 tearing and/

or kink modes are stable in cases I and III. For the current density profile

at 98 msec in the constant and comparatively low density discharge with the

second current rise (case II), the m/n = 2/1 and 3/2 tearing modes are

stabilized. The values of aA' for these modes at 104 msec, however, increase

rapidly to the large positive values. It should be noted that the m/n = 3/1

kink mode is unstable at 98 msec of case II because of the steep gradient

near the plasma boundary, where q(a) = 2.8. The above theoretical analysis nas

a qualitative agreement with the poloidal field perturbation obtained by magnetic

probes (Fig. 1) except for the large positive aA' for m/n = 2/1 mode before

the strong gas puffing. The toroidal curvature-effect improves the stability

of tearing mode [30,31], i.e., in the notation of Ref.31 if aA' > aA (A > 0 ) ,

the mode- is unstable. The stability evaluation by Fig.21 may break down by

introduction of the toroidal effect. The estimation of aA shows that the

stability of tearing modes shown by Fig.21 is not affected by the toroidal

effect except ror m/n = 3/2 mode stability of the profiles at 74 msec of
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cases I, II and III and at 94 msec of case I, i.e., aA1 = 0.669 and aj. =

5.94 at 74 msec, and aA' = 1.69 and aA = 2.75 at 94 msec. It is concluded

that by current density profile control with both tUe current rise and strong

gas puffing the growth of m/n = 2/1 mode is reduced to the lower level and

the m/n = 3/2 mode is suppressed. The suppression of m/n=3/2 mode avoids the

coupling with m/n = 2/1 mode, which can lead to the major disruption [32].

Moreover, before a few milliseconds the growth of m/n = 1/1 mode is observed

by PIN diodes and the coupling of m/n = I/1 mode with m/n = 2/1 and/or 3/2

modes may also lead to the major disrutption. The aA' > aA criterion, how-

ever, is modified by pressure gradient, radial flow [33], radiation [33],

resistive shell [33], viscosity [34], etc. The analysis included these

effects should be carried out to explain the experimental data more quantita-

tively.

We discuss briefly the control criterion of current density profile shown

in Fig.16. The current density profile control is essentially determined by

the power balance of the outer plasma region (0.5 < r/a < 1), i.e., the ohnric

input concentrated in the region by the current rise and the power loss of

electron caused by the strong gas puffing. To concentrate the current density

by the current rise in the outer plasma region, the folloiwng condition may

be required for the current rise time i,, as,

TR £ Ta

where T is a penetration time of a poloidal magnetic field to plasma and

<a> is the electrical conductivity averaged over the plasma cross-section

and the numerical constant A, - 2.4. However, we observed the heating of

the outer plasma region experimentally even if the above condition is not

satisfied as in/r - 1-3. The condition (3) is not required so strictly.
K U



The strong heating of the outer plasma region can cause the unfavorable skin

effect of electron temperature and current density. The efficient way to

conduct electron energy away the local heating region suppresses the strong

skin formation. The inain heat transfer process of electron are heat conduc-

tion, radiation and energy transfer to ion. On the other hand, the excessive

power loss in the outer plasma region will lead to the intense cooling of the

region and remarkable plasma shrinkage. From the above-mentioned two

restrictions, the ratio of ohmic input power to electron power loss should

satisfy the following relation in the outer plasma region as,

Cmin < W r>' PeL< r> < Cmax

where PeL(r) = PeC0N(r) + PRAD(r) + P^.fr), and P e C 0 N(r), PRAQ(r) and Pe-(r)

are the power density of heat conduction, radiation and energy transfer to

ion. The parameters C . and C are probably in order of 1. The over-
m l n max

heating in the outer region and successive skin formation is avoided by C
max

and the remarkable cooling of the region and plasma shrinkage is avoided by

C . . The integrated input power over the whole plasma region, of course,

balances with that of electron power loss. Roughly speaking, the ratio

PQj,(r)/P , (r) is proportional to FI /n , where F is a function of electron

temperature, effective ionic charge, plasma radius, toroidal magnetic field,

etc. Moreover, we have assumed that the electron heat conduction is deter-

mined by that of Pfirsch-Schlliter regime with a constant anomaly factor. The

control criterion as to I /n in Fig.16 that the skin formation is not pro-

duced and remarkable shrinkage does not occur can be derived from the rela-

tion (4).
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7. CONCLUSION

The results of the experiment of current density profile control in

JIPP T-II are summarized as follows:

1. The favorable current density profile for stability of low-m kink

and tearing modes is produced by careful control of both gas puffing and

plasma current waveform. By the current density profile control, the major

disruptions triggered by the density increase are completely suppressed and

high density and low q(a) tokamak plasma in the range of n < 8.5 x 10

cm and q(a) > 2.2 has been produced with good reproducibility.

2. The strong gas puffing reduces dramatically the effective ionic

charge to unity. The Z -- 7'n the region of r/a > 0.5 is firstly reduced and

then that of a central region is reduced. The phenomena mainly come from

the progress of rercrr.bination of highly ionized oxygen and the build up of

— 1 3 - 3electron density. When the high density plasma of n > 6 x 10 cm is

confined for several times of energy confinement time by using the current

density profile control, the average value of Z ff. increases slowly, and

that the Z ff profile becomes peaky. The peaking of Z f,- profile leads to

steepening of the gradient of current density in such as q(r) = 2/1 and 3/2

resonant surfaces and then leads to major disruptions. The disruptions are

completely suppressed by a slight decrease of gas influx by gas puffing in

contrast to the results in Pulsator.

3. Before a few milliseconds of major disruptions, the sawteeth oscil-

lations on the soft-X-ray signal disappear and the m = 1 oscillations of the

signal grow. At the same time m/n = 2/1 mode detected by magnetic probes

grows rapidly and m/n = 3/2 mode is also excited. The current rise together

with the strong gas puffing stabilizes the m/n = 3/2 mode, though the m/n =

2/1 mode remains in very low level; fiB /B < 10 . The above behaviors of
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ni/n - 2/1 and 3/2 modes agree well with that of aA' estimated by tearing mode

analysis. In the constant and comparative low density discharge, the current

rise excites the m/n = 4/1 and 3/1 modes at q(a) slightly less than 4 and 3,

respectively. And then the m/n = 2/1 and 3/2 modes appear (case II). The

theoretical analysis fcr 98 msec of case II shows that m/n = 3/1 mode is

unstable and is kink mode. The comparative high-m modes m/n =4/1 and 3/1 are

considered to L>e kink type mode.

4. The control criterion of current density profile by both current

rise and gas puffing is derived that the plasma current and line-average

density should be increased to keep I /n in a certain range, i.e., 20 x

10 ° < l /n < 30 x 10" kA-cm . The provision of the upper and lower

limits of Ijj/n" can be explained by the electron heat balance. The lower

limit does not depend on the rise time of plasma current ( T D ) . The upper
K

one increases with the increase of xn. The control criterion which is
K

firstly derived from experiments with the second current rise and the strong

gas puffing has been successfully applied to the initial current rise of

tokamak discharge.

5. The major disruptions triggered by reduction of q(a) less than 2.2

have not been suppressed by the current density profile control through

preprogramming of gas puffing and plasma current waveform. In the resistive

shell tokamak, the other heating method should be introduced for controlling

the current density profile more precisely and the boundary condition of

plasma should also be controlled by T.-gettering of vacuum wall and so on.

The feedback technique should be introduced to maintain the current density

profile on the optimum one throughout the discharge.
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APPENDIX A: THE CLASSICAL ELECTRICAL CONDUCTIVITY

WITH THE TRAPPED ELECTRON CORRECTION

In this analysis, the following expression is used as the electrical

conductivity, which is the classical one with the trapped electron correc-

tion [11],

o = ^f T R/Y(Z e f f)

fTR

Te =

1.54 x 1013 T 3 / 2 / [ n ] / 2 Z e f f ] (Te < 50 eV)
6 1.09 x 1014 T e / [ n ^ 2 Z e f f ] (Te > 50 eV)

v! = (i +

where e, m , kR and E are the electron charge and mass, Boltzman constant

and the vacuum dielectric constant in MKS unit, respectively. The unit of

electron temperature is eV.
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FIGURE CAPTIONS

Fig.l. Time variations of plasma parameters for three cases I, II and III,

where case I: with a strong gas puffing without the second current

rise, case II: with the second current rise in the constant and

comparative low density operation and case III: the optimum combina-

tion between the strong gas puffing and the second current rise.

Plasma current (I-), loop voltage (ViOOD)> fluctuations of poloidal

magnetic field (Bg), safety factor at the plasma surface (q(a)),

line-average electron density (n ), central electron and ion tem-

peratures (T and T. ) and gas throughput of gas puffing (Q) are

shown. The number on the trace of BQ denotes the mode number ratio

m/n. The spike on the trace of Bg at 90 msec of cases II and III

is the noise induced by the second current rise. The arrows in the

upper traces show the timing when the profiles of electron tempera-

ture and density are measured. In the constant and comparative low

density operation, the plasma current waveform shown by dotted

curve in case II does not excite the modes such as case II at all.

Fig.2. Time evolutions of profiles of electron temperature and density in

cases I, II and III.

Fig.3. Comparison of calculated loop voltage (V,a ) with experimentally

obtained one ()!-, ), where time variation of the average effective

ionic charge <Z _^> is adjusted. The ratio of the Spitzer conduc-

tivity to the experimental one <Y>. normalized internal inductance

St^, poloidal 0 value of electron <6 > and energy confinement time

of electron <T£e> are also shown. The arrows of upper figure show

the timing when the profiles of electron temperature and density

are measured.

Fig.4. Comparison of calculated position of q(r) = 1 surface (open circles

and triangles) with that derived from profile of soft X-ray fluctua-
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tions (solid circles), where time evolution of Zef<r(r) profile is

adjusted. The marked t, and T ? denote the start times of the strong

gas puffing and second current rise, respectively.

Fig.5. Time evolutions of profiles of current density j(r)/j , safety

factor q(r), electrical conductivity o(r)/o and the effective ionic

charge Z ff(r) for cases I (Fig.5a), II (Fig.5b) and III (Fig.5c).

Fig.6. Time evolutions of Z ff(r) derived from conductivity profile for

cases I, II and III. The Z f.p(r) shown in Figs.5a, 5b and 5c are

summarized in this figure.

Fig.7. Time evolution of Z f<;(r) derived from visible continuum profile.

Time behaviors of n and intensity of continuum on the equatorial

plane are also shown.

Fig.8. Time behaviors of spectral lines in vacuum-ultra-violet region with

two visible lines Mol and Moll in cases I (Fig.8a) and III (Fig.8b).

Fig.9. Time behaviors of normalized intensities of lines OIII-OVI, and

lines MoXIII and MoXIV from the start of strong gas puffing.

Fig.10. Time behavior of the radial profile of the Abel-inverted OVI

emission in case III. The electron temperature on the emission

peak is also shown.

Fig.11. Time variations of the effective ionic charge obtained by the

various measurements in case III.

Fig.12. The relation between the delay time of occurrence of major disrup-

tion A T D I S and the increment of inverse safety factor by the second

current rise A[l/q(a)] (<* AI ).

Fig.13. Time evolutions of j(r)/j , q(r), a{r)/a and Z ff(r) in case of

the minimum safety factor q(a) . = 2.9 (Fig.13a) and that of q(a) -

= 2.3 (Fig.13b). The cases of q(a) m i n = 2.9 and 2.3 correspond to

boundaries of the lowest AI and highest AI in Fig.12, respectively.
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Fig.14. The discharge characteristics for typical four increasing rates

of ne.

Fig.15. The relation between attained maximum increasing rate of electron

density and the increasing rate of plasma current.

Fig.16. The relative poloidal field fluctuations as a function of lQ/n

during the second rising phase of plasma current obtained from

experiments in Fig.14.

Fig.17. The scale of stability window of ID/ne as a function of the current

rise time x^.

Fig.18. The high density discharges of q(a) . — 2.7 (case IV;Fig.l8a)

and 2.2 (Fig.18b) obtained by current density profile control

from the initial current rising phase.

Fig.19. The discharge terminated by major disruption due to reduction of

q(a) less than 2.2 (case V).

Fig.20. The operation regime of the JIPP T-II tokamak on 1/q(a) - n" R/EL

plane with results of the other tokamaks.

Fig.21. Time bahaviors of aA' for tearing mode and perturbed potential

energy for kink mode in cases I, II and III.
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