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The experimental results so far obtained with JAERI tokamak
JFT-2 are described. The maximum plasma current is 175 kA, the
density is 1.4 x 1013 cm-3, the conductivity electron temperature
is 780 ev, the ion temperature is 210 eV, and the energy confine-

ment time is 25 msec. The confinement time is in agreement with

the scaling law obtained empirically with the other tokamaks.

* On leave from Research and Development Center, Tokyo Shibaura
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I. Introduction _

The conatruction of the JAERI tokamsk marked as JFT-2 has been finished
in April, 1972. After the preliminary experiments for abcut a month, the
measurements of the uniformity of the various magnevic fields and the
improvement of the vacuum systems, especlally the cleaning of the inmer
surface of the vacuum chamber have been carried out for six months.

Affter about 4000 high current discharges of 50 to 100 ki, the low
voltage of about C.4 V and the high current cf 175 kA have been attained.
The effect of the high current discharge cleaning is reported in the separate
paperl .

This paper reports the experimental results obtained during the period
from November, 1972 to March, 1973.

The measuring instruments are 4 mm microwave interferometer, the charge
exchahged neutral particle energy analyzer and the diamagnetic probes. The
fundamental quantities of the loop voliage, the total plasma current and the
displacement of the plasma column are measured in the usual way using the
various coils.

The main results are the following. The peak conductivity electron
temperature (Z=1) is 780 eV, the peak electron temperature obtained by the
diamagnetic measurement is 1040 eV, the ion temperature is 210 eV, the
electron density is 1.4 x lO13 cm-3 and the energy confinement time is about
25 msec. The ion temperature and the energy confinement time satisfy the

scaling laws which are obtained in the experiments of the T-3 and ST ‘tokamsaks.

II. Dimensions and experimental conditions
The dimensions are shown in Tab. 1, and Figs.l and 2. The axis of the
fan-shaped toroidal field coils is shiffed outwards by 10 e from the
aluminum shell axis in order to minimize the non-uniformity of the field
at the outer surface of the plasma. The distance between the plasma
periphery and the wall is fairly larger %han other tokamek devices. This
is advantageous in the point of view of the impurities released from the
wall by plasma impacts. .
The experimental conditions are listed in Tab,2. At first the optimum
operating conditions are searched with changing the filling pressure, the
charging voltage of the condenser banks for Ohmic heating and the vertical

magnetic field. The condition of the case 2, which is mentioned in the
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following section, is found to be optimum concerning the conductivity
temperature and stable loop voltage waveform. Then the plasma quantitiés
such as the temperature, the energy confinement time and so on have mginly

been measured for the case 2.

ITI. The survey of the optimum operating condition

The optimum operating condition hag been studied with changing the
filling pressure, the charging voltage of the condenser banks for Ohmic
heating and the vertical magnetic field. The condenser banks consist of the
two kinds of banks. One is the 20 kV, 400 #F bank (the first bank) and the
other is the 5 kV, 10400 # F bank (the second bank). These banks are fired
in sequence.

| The effect of the DC vertical magnetiic field (BVD) on the waveforms is
gshown in Fig.3. The maximum current (Ip) is about 140 kA and the loop voltage
(vloop) is about 0.5 V, The longest duration time of the current is obtained
at BVD::133 G. The effect of the pulsed vertical field (BVP) is shown in
Fig.4. The waveforms of the plasma current and the loop voliage resemble
Fig.3, and the longest duration is obtained at EVP:’12O G.

The dependence of the waveforms on the charging voltage of the banks can
be seen by comparing Fig.4 with Fig.5. In the case of the low voltage, the
large amplitude instability appears on “he loop voltage at the plasma current
corresponding to the integral value of the safety factor ¢ at the limiter.

The effect of the voliage of the second bank is shown in Fig.6. In the
case of higher voltage the plasma current increases to 175 kA&, which
corresponds to g=2, and then decreases gradually to the current corresponding
to q=73. From this value the current decreases rapidly. At these vealues of
q the large amplitude instability appears on the loop voltage. In the case
of the lower charging voltage, however, the waveform is comparatively smooth,
and resembles that of Fig.4.

The waveforms at the higher and lower filling pressures are ghown Iin
Fig.7. In these cases the positive spike bscillations appear on the loop

voltage.
The various quantities obtained from fthe above-shown waveforms are

compared in Tab.3.
experimental condition. Hereafter the data for the case 2 are mainly dis-

cussed.

From the table the case 2 has been concluded %o be the optimum
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IV. The shift of the plasma column

‘ The displacements of the plasma current axis from the shell axis are
measured b& the magnetic probes. The horizontal and vertical displacements
during the discharge are shown in Figs.8 and 9, respectively. The former
is about 2 cm inwards, and almost constant during a discharge. In the
initial phase corrésponding to the skin time of the shell, the latter is
about 1.5 cm upwards due to the small error field of 10 G by the toroidal
magnetic coils, and increases gradusglly in course of a discharge.

The gradual increment of the latter is due to the diffusion of the
poloidal field by the plasma current through the shell. For the case of the
former the poloidal field diffuses also through the shell, but the vertical
field by the leakage magnetic field from the iron core penetrates through the
shell with the same skin time as that of the diffusion, and compensates the
reduction of the effect of the shell. Thus the horizontal displacement is

kept constant during a discharge.

V. The measurements of the plasma quantities

In this section the various measured gquantities are shown, and some

discugsions are given.

1. The piasma density

The plasma density are measured by the 4 mm microwave interferometer.
The horn is moved horizontally in the interval of & cm from the point looking
vertically on the shell center in order to measure the density profile. The
lenses of the.center and two lenses adjascent to them, however, became opaque
by sputtering of the limiter. Then the density profile and the density of .
the center afe estimaied from the averaged values measured along other five
microwave paths.

The time variation of the density averaged over the microwave path is
ghown in Fig.l0 with the corresponding current waveform. Usually the density
profile can be obtained by the Abel transformatiorn. But in the present case
the Abel transformation may involve the large error due to the deficiency
of the dats in the central region. Therefore the dengity profile is
conjectured by comparing the experimentally obtained phase shift with those
obtained for assumed density profile as in Fig.ll. The dots show the density

averaged over the microwave path by assuming that the plasma fills the region
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in the liner. The curves are calculated by asssuming the density profiles and
the center densities as shown in the figure. It is suggested that the density
profile of n(r)=1.4 x 1013 x {1—(r/alin)4} agrees with the experimental
result.

The time variation of the center density estimated by the above-mentioned
method is shown in FPig.l2. This shows that the density is nearly constant

except initial phase.

2. The ion ftemperature
The ion temperature is measured by the charge exchanged neutral particle
analyzer. The details of the analyzer are reported in references (2) and (3).
The typical results detected on the median plane in the condition of
case 2 are shown in Fig.l1l3. It is deduced from the figure that the ions are
constituted of the high energy component of 210 eV ("hot") and the low energy
component of 80 eV ("cold"). The detected total flux of neutral particles
for the hot ions acounts for 2 x 108 msec_l. Then, for the hot ions
Vg Bip> = 2 X 10°Y on™> is obtained by assuming < nih:=::1013
where Vh is the effective volume looked into from the analyzer, n., is the

3

cm 7,

neutral particle density existing in the hot ilon region, nj, is the hot ion
density and the brackets mean the average over the occupied space. Using
this value and the figure Vc<:nnc.nic>=tf6.24 x 10°% om™° is calculated for
the cold ions, where the suffix c means the ccld component.

The radial profile of the ion temperature is roughly estimated as
follows. The hot and cold ions are generally expected to occupy the central
and outer regions of the plasma column, respectively. Then at first the
ion temperature profile is assumed to be rectangular as shown in Fig.l4.

The actual profile, however, is smooth function of r, for example,
{1—(r/a)m}, where a is the minor plasma radius. By assuming that the

T.
io
emperature of the rectangular profile is equal to the averaged

averaged ion t
temperature of the profile of the form f{ 1—(r/a)m}, and using the above-

obtained values and the plasma density profile shown in the foregoing

paragraph, the following relations are deduced.

.. 1 ( m 038)

a 062 m+2 ’ ’ (1)
<n,> 1 |

a= = : 1) . (2)
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The relations are drawn in Fig.l5. The neuiral dengity of the central region
is expected to be much smaller than that of the outer region4) and a is
expected to be 0.1~ 0.2. Then m=5.5~3 and rc/a==0.75ﬂ~0.6 are obtained.
Thus the hot ions seem to occupy the rather large region and to be main
components of ions.

The scaling law for the ion temperature obtained empirically in other

tokamaks is shown in Fig.1l6 with the results of JFT-2.

3. The electron temperature

In the present experiments the Thomson scattering method has not been
used. The electron temperature is calculated from the plasma conduciivity
using the Spitzer's equation. The averaged temperature (E;:E;) is alsc
measured using the diamagnetic coils.

The inner inductance, which is used %o deduce the conductivity tempera-
ture, is calculated from the measured displacement as in Fig.l7. The
poloidal beta ﬁp is also shown in Fig.l8.

The time variations of the conductivity electron temperature* zad the
averaged temperature are shown in Fig.l9 with the peak ion temperatures.

In this figure it is assumed that the temperature is flat over the whole
plasma region (a==23 cm), Z=1 and the averaged density is 9.3}:11012 cm‘B.
If the radial profile of the electron temperature is assumed to be

Teo

peek conductivity electron temperature is 780 eV at + =90 msec. As the

{ l—(r/a)2 } (figure 17 suggests that the profile is much sharper), the

averaged ion temperature is 140 eV for m=4, the averaged electiron iemperature
deduced from the diamagnetic measurement is obtained roughly tc be 520 eV at

t =90 mgec. Then the peak electron temperature is about 1080 eV. By
comparing this value with the conductivity electron temperature, ithe effective
charge (Zeff) iz deduced as 1.4. This value suggests that the containment of

impurities in the JFT-2 plasma are very liftle.

4, X-ray
The preliminary measurements of x—ray radiation have been carried out in
order to investigate the runaway electron.

Toroidal distribution of the x-ray dose is megsured with pocket dosimetver

*This value iz somewhat different from that of the paperB) submitted to the
3rd International Symposium on the Toroidal Confinement. The difference
ig due to the contribution from the time derivetive of the plasma
inductance which was neglected in the paper.
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cutside the toroidal coils. Results are shown in Fig.20. It is concluded
that the hard x-ray radiation occurs by impact of‘runaway electrons to the
limiter. The angular distribution also indicates that the energy of runaway
electrons exceeds several hundreds keV.

The time dependence of production of the hard x-ray is measured with a
Nal scintillator and a photomultiplier. In the optimum conditions in which a
plasma is comwparatively stable, the hard x-Tay is produced continuously and
the energy of the hard x-ray increases with time.

The energy spectrum of the hard x-ray is megsured in the condition of
case 2. The result is shown in Fig.2l. It is shown that the energy of
runaway electrons increases with time and that ithe number of them also
increases with time. These characteristics indicate that the runaway
electrons are maintained long under a stable discharge. More detailed
measurements are to be performed with respect to the ereation of the runaway

electrons and the disappearance of them.

VI. The energy confinement time
The energy confinement time is deduced using the diamagnetic sigmal. The

time variation of the total input energy, the total plasma energy and the -
time derivative of the total energy are shown in Fig.22. Here the total
o
. . . _ N y e “
energy input (Qin) is defined as Qin'"Ipviuop O.B(d/dt)EIP {Lext+( 0Ro/2)1i}]

using Fig.l7 and Loxt =4 Rg 1n(b/a), where R, is the major radius of plasma,

a is the minor radius of plasma and b ig the inner radius of the shell.

b must be the disiance between the plasma current axis and the loop coil for

the measurement of the loop voltage. But it is reasonable that the shell

radius is used as b, because the loop coil is set on the inner surface of the

shell at the present case.
The energy confinement time rE:=W/(Qin—ﬁ) is deduced as in Fig.23 using
Fig.22. This chows that the meximum energy confinement time reaches about

25 msec, which ig the longest value than that ever obtained in other tokamaks.

X10_8 az(a/Ro)(Bt/q)(in Gaussian unit)

s is ghown in Fig.24 with the

The scaling law T pg= (4~5)
obtained empirically in T-3 and ST tokamak
present rasults. The figure shows that the scaling law can be extended to

the value of 25 msec and the large plasma radius of 23 cm.
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VII. Summary

The experimental results which have been obtained so far are summarized
as the following.
(1) The horizontal displacemeni of the plasma column is able to be made
small and kept constant during the discharge by adjusting the externally
applied vertical field. Thus the equilibrium of the plasma is attained.
{2) The vertical displacement increases in the course of the discharge due
to the.small error field by the toroidal magnetic coils. By compensating
the field the displacement could be made small, and the duration of the
discharge increased from 0.2 sec to (0.8 sec.
(%) The density profile is rather flat as n(r)::no{l—(r/alin)4}, and the

density on the minor axis is 1.4 10 o™

for the opimum condition of

case 2.

(4) The peak ion temperature is 210 eV, and the radial profile is expected
o be the form [ 1-(r/a)”2°).

(5) The peak conductivity eleciron temperature and the peak electron temper-
ature obtained from the diamagnetic measurement are 780 eV and 1040 eV,
respectively. Then the effective charge is Zg pr=1.4.

(6) Hard x-ray is emiited by the impact of runaway electrons to the limiter,
and the energy of the runaway electrons exceeds several hundreds keV.

(7) The energy-confinement time is 25 msec, which agrees with the empirical
scaling law obtained by other tokamaks. This means that the scaling law can
be extended to the large confinement time of 25 mgec and the large plasma
radius of 23 cm. Thus the results by JFT-2 is encouraging in designing the

large tokamaks aimed at the scientific feasibility experiments.
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Table 1 Dimensions of JFT-2 Table 2  Experimental conditions
Major Radius (cm) 90 Toroidal Field (kG) 10
Minor  Radius fem}
Vacuum Chamber 30 Vertical  Field {G) 40 — 150
( Liner ] Filling Prassure [Torr-Hz} 5:10-5—63:!04'
Shell 36 .
Thickness [em) Charged Energy of the 60 — 172
Liner 0.08 Ohmic Heating Banks (kJ}
Shell 3
Preheating
Fixed Limiter Frequency (GHz) 30
Rodius of L fcm) 25 Fowar (kW)
M 20 Duration {ms) 2
5 16.3
Dynamic  Limiter The radius of Limiter {cm) 25
Minimum Distance  { cm ) 24 Maximum Plasma Current (kA ) | 175
Maximum Distance {(cm) 49
Maximum Speed {m/sec) 9
Moximum Toroidol
Magnetic Fileld { kG ) to
Maximum Vertical
Magnetic Field {G)
DC 200
Pulsed -200
Flux of the Iron Core (V-sec)
( without Bias} 0.58

Table 3 Principal plasma parameters for various

experimental conditions

Experimental  Conditions Max. |Loop |Currert |Cond "

B W n ] G e L | v

cose t [30wG% 18 | 4.0 150 | 120 | 1756 | 2.6 | 80 | 110

2 luext6* 18 | 2.6 | 133 | 120 | 149 | 0.3 | 200 | 450

3 (texd® 10 | 2.0 so | 70 | 94.5| 0.6 | 120 | 250

4 izon0* 18 2.6 | 133 | 120 | 149 | 0.8 | >200| 250

5 leoxi0*| 18 | 4.0 119 | 120 | 131 | 8O | 60| 54

"6 leox1d% 18 | 4.0 | 134 | 1201 135 | 0.3 | 320 | 310

(#} R=90cm, a=25¢m , lnductance is neglected,
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Fig. 7 Waveforms for the higher and lower filling pressures.
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i r ] Fig. 11  Comparison between the
measured and the calculated densities
] [T~ (t =100 mseec). Dots are the measured
4 densities averaged over the microwave
1 paths. ©Solid and dotted lines are

\ b calculated by assuming the density

. : 13
profiles as a=-1.2x107 x{1-(r/a), )

\ 4 b-1.4 x 1047 & {l—(r/alin)4},

}\ i c-1.5 xlOBx{l-(r/alin)g'} and
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Fig. 12 Time variation of the density on a minor axis.
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Fig. 17 Time variation of the inner inductance of  §

the plasma in the condition of case 2.
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Fig. 18 Time variation of the poleidal beta in the condition of case 2.
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Fig. 19 Time variaztions of the averaged condustivity electron temper—
ature and the averaged plasma temperature by diamagnetic megsurements.
The flzt radial profile of the temperatures, the density profile of
n(r)=1.4 x1013x{1—(r/alin)4] and Z=1 are assumed.
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