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ABSTRACT

By using a set of pick-up coils positioned around the minor cir
cumference of the discharge tube, the stability behaviour of the screw- 
pinch plasma in SPICA is studied. The data-processing system, AD-con- 
verters combined with a computer, enables us to treat a large number of 
signals. The signals from the pick-up coils are transferred to the com
puter and are expanded into a Fourier series.

The m = 1 cosine oscillation in the rise phase suggests a screw- 
pinch model in which a plasma core is surrounded by a current layer and 
a vacuum region. An m = 2 deformation is found to correlate with the 
decay rate of the plasma current.

# Guest from I.P.P. Nagoya University, Japan.



1. INTRODUCTION

Since, in screw pinch plasmas, the equilibrium is obtained by 
the plasma current, it is important to have a long duration of it. In 
earlier experiments, the decay time of the plasma current was deter
mined by the external circuit and was rather short. In the SPICA ex
periment1  ̂, however, because of the long duration of the primary 
current 2 msec without plasma), the decay time of the plasma current 
is determined by the plasma behaviour itself.

The plasma current of SPICA rises to a peak in 9.5 ysec and de
cays with an e-folding time of 250 ^ 700 ysec. In some discharges, as 
seen in Fig. 1, the slope of the current rise changes suddenly (A), and 
at some points (B, C ) , the decay rate also changes.

Fig. 1. A schematic drawing of the plasma current 
as a function of time in SPICA.

As the impedance of the external circuit is constant with time,
these phenon>3na should be attributed to the plasma behaviour itself,
either to a change of the plasma inductance, or to a change of the
plasma resistance, both of which may be produced by a clr.cormatiori of
the plasma column. The change of the rate of rise in the rising phase
may be due to overcompression of the plasma, the change of the decay
rate may be attributed to some plasma instability.

Recent studies on the stability of toroidal high-beta 
2 3 4 )plasmas ' , predict a maximum 3-value of 3max = 0.21 e (Ref. 2) (sharp

boundary model) , or Bmax = 0.62 e (Ref. 4) (force-free current model). 
Here, z is the inverse aspect ratio of the plasma column.

Since in present-day tokamaks the g-values are muc h smaller than 
E > m a x ' it is interesting to examine the stability behaviour in a high-g 
toroidal pinch machine. The pinch group of Nagoya found that an m = 2C \instability appeared in their STP-2 machine-' . They used a specially 
designed Fourier analyzer^ to get the Fourier components of the signals



from the pick-up coils. Since, however, they also used the usual
oscilloscopes to record the data, the data processing of their Fourier
analysis was rather complicated.

In SPICA, the data-acquisition system uses AD-converters and a 
7)PDP15-computer , which considerably simplifies the processing of sig

nals from the magnetic pick-up coils.
In order to monitor the detailed behaviour of the plasma column 

in SPICA, nine pick-up coils are positioned around the discharge tube 
and the pololdal magnetic field distribution is measured as a function 
of time. The signals from the pick-up coils are stored in ADC's and 
processed immediately after the shot by the on-line computer system.
The measurements in this report are done under the following condi
tions: toroidal field B % 1.2 T , toroidal current: I ”= 250 kA, ini-z zp
tial D-,-prt;ssure p * 10 mtorr, initial bias field B = 0.1 T. The2. c  r o o
fields were programmed such that the safety factor q at the wall of the 
discharge tube was constant in time during the rise of the currents,
1.e. qwa]_]_ 88 1.7. Two phenomena are discussed:
1) the m = 1 cosine mode oscillation during the rise and
2) the correlation between the plasma current decay rate and the ampli

tude of the m = 2 deformation during the 'decay.

2. METHOD OF MEASUREMENT

8)SPICA has already been described in detail previously . A list
oi updated machine parameters is given below.

Major radius R (quartz torus) 0.6 m
Minor inner radius (quartz torus) 0.2 m
Minor ? nner radius (copper shell) 0.207 m
Toroidal current (max) I 4 50 kA
Decay time of toroidal current I 2 msec
Azimuthal current (max) 4.5 MA ’
Toroidal field (max) Bz 1 . 5 T
k period of I and Iz 9.5 ysec.
The lay-out of the experiment is shown in Fig. 2, note the eight

B0 pick-up coils, positioned between the discharge tube and the copper 
shell. One additional pick-up coil is used to measure the toroidal 
field for the compensation of toroidal field components due to mis
alignment of the eight pick-up coils.

The pick-up coil is a 24-turn solenoid coil wcund on a plastic 
core, the size of which is 4.5x4x3.5 mm. This coil resonates at about 
10 MHz wit? a low Q-value.



Fig. 2. Schematic view of SPICA. The nine B q pick-up coils are positioned 
between the discharge tube and the copper shell.
a. feeding flange toroidal current; b. copper shell; c. B -coil; 
d. plasma; e. discharge vessel (quartz); f. diagnostic ports.

Figure 3 shows a schematic drawing of the measurement system.
The signals from the nine pick-up coils are integrated and stored in 
Culham ADC's (7 bits, 1024 words x 0.2 ysec) in digital form. The 
digitalized signals are transferred into the PDP15-computer through an 
optical link. The data are processed in the computer and the results 
are displayed on a Tektronix 611 in the screened room.

As this measurement is a multi-channel measurement, the cali
bration of the system is very important. The sensitivity of the pick
up coils was checked by picking up a magnetic field induced by a tran
sistor oscillator in a Helmholtz coil. The RC-times of the integrators 
were determined from the frequency at which the gain became unity.

Because of the small space in the machine it is difficult to 
adjust all pick-up coils exactly parallel to the poloidal field lines. 
The worst one is tilted approximately 6° from the Bg-field direction, 
it picks up a Bz~signal equivalent to 30% of the Bg-signal. This Bz~ 
signal is cancelled in the computer using the signal from the 9th pick
up coil.
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Fig. 3. Measurement system of the B^-distribution.

The poloidal magnetic field around the discharge tube is expand
ed into a Fourier series:

B e (6) = dQ + a-^cosS + fc^sine + a2cos20 + b 2sin26 + .. (1)
The Fourier coefficients can be calculated from the eight sig

nals as follows:

do - j 1 5 Bei

8 . „ . 8 . 0 .
r * l - r v  Z TT1 i V’ l -t-v ZTTi / n \

ai = J i  F eiCOS 1 = i=i F ei£ln ~

8 8r 1 T- 4iri , v 1 t, j 4fri
a2 8 0i 8 ' 2 " ÏÏ 0is 8 ‘1=1  1=1

dQ is equivalent to the plasma current. Note that the number of 
pick-up coils is only eight, so that we cannot get reliable data de
termining and . The Fourier coefficients are calculated in the 
computer and displayed on a Tektronix 611 as shown in Figs. 6 and 7. To 
visualize the defotmation of the plasma column, the amplitude is also 
plotted in polar coordinates (r, 0) (Figs. 6).



3. EXPERIMENTAL RESULTS

The discharge parameters and the time sequence of a discharge is 
depicted in Fig. 4. A typical example of a streak picture is shown in 
Fig. 5. In the top view picture, an m = 1 oscillation with a frequency 
of about 70 kHz is seen. The temperature and density of the main plas
ma column measured by Thomson scattering are about 60 eV and 5xi021/m3 
at 6.4 usee.

CD

aKi

Fig. 4. Discharge parameters and the time-sequence of a discharge.
p n = 10 mtorr D ?; B (max) = 1.2 T; bias field B = 0.1 T;
I (max) = 250 kA. °zp
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Fig. 5. Example of a stereo streak picture.

First, we pay attention to the gross behaviour of the plasma. 
The plasma current in a logarithmic plot, the m = 1 cosine and sine 
mode and the amplitude of the m = 2 mode measured in two typical dis
charges are shown in Fig. 6 (a), (b). In the discharge of (a) the de
cay time of the plasma current is about 620 ysec and the amplitude of 
the m = 2 deformation is 3 ^ 41 of the m = 0 mode in the decay phase.

t (US)



On the other hand, in the discharge of (b), the decay time is about 
300 ysec and the amplitude of the m = 2 deformation is about 15% of the 
m = 0 mode. In both discharges m = 1 shifts are small except the co
sine oscillation in the beginning.
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Fig. 6. Examples of signals. From bottom to top, the log plot of the plasma current,
the m = 1 cosine and sine mode, the m = 2 amplitude and a graphic display of
the deformation at 44 |(sec. (For a comparison, unit circles are also dis
played, the main axis of the torus is at the right).
(a) stable discharge; (b) unstable discharge. The current plots are not cor
rected for the time constant of the integrator (1.5 ms).

From the graphic display the direction of the deformation is 
easily seen. Here, the total displacement is given by:

r £ = 1 + jr- (a^cosO + b sin0 + a 2 cos 2 0  + b 2sin20) .
' o 1

Since the deformation is rather small, it is enlarged by a fac
tor of 5. Then the m = 1 and the m = 2 mode are separated. The radii of
the m = 1 and m = 2 deformations are:

r1 = 1 + g—  (a1cos0 + b^inO), 
o

r-, = 1 + *3—  (aocos20 + b osin20) 
2 do 2



Both modes do not rotate much during the decay, so only the de
formations at one particular time (44 ysec) are shown.

Now we turn our attention to the fine structure of the signals. 
Figure 7 shows an example of the enlarged signals. The rate of rise of 
the plasma current becomes small at point A and increases again at
point B. The reduction of the rate of rise during the implosion can be

9)understood as a result of the m = 0 compression . It is impossible to 
get information about m = 0 from the pick-up coils, but from Fig. 7 it 
is seen that the current, behaviour in these points is related to the 
m = 1 and m = 2 behaviour. The plasma column drifts outwards up till A, 
then it begins to shrink violently. During the time interval between A 
and B, the plasma moves inwards reducing the m = 2 deformation. The 
rate of rise of the current decreases during this period.

160 Ü__ I_______l----------L
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Fig. 7. Enlarged signals to show the fine structure. From bottom to top, 
the plasma current, the log plot of the plasma current, the m = 1 
cosine mode and the m = 2 amplitude.



After this violent motion, a sinusoidal oscillation with a fre
quency of 130 'v 250 kHz is clearly seen in the m = 1 cosine mode (in
terval d ) . The frequency of this oscillation is higher than that of the 
oscillation seen in the streak picture.

During the decay phase the decay time of the plasma current 
varies with time, showing a correlation with the m = 2 amplitude. When 
the m = 2 amplitude is small, the plasma decay time is long. In the 
interval "a" the m = 2 amplitude is about 2% and the plasma current de
cay time in this interval is about 620 usee. In the intervals "b" and 
"c" the amplitudes are 5% and 3% with decay times of 200 usee and 600 
psec respectively. There is no clear correlation between the m = 1 mode 
and the current decay time.

4. DISCUSSION

(a) Oscillations during current rise

During the current rise, oscillations in the m = 1 cosine mode 
were observed. The frequency of these oscillations is different from 
that of the oscillation in the streak picture. Here we discuss the 
difference.

The frequency of the m = 1, k = 0 oscillation of a screw-pinch 
plasma around the equilibrium position is calculated from the following 
formula11̂  :

W I2 2u)2 = ----° ZP--  —  (in MKS-units) . (3)
2uM(b2-a2) b2

M is calculated to be 3xl0~7 kg/m on the assumption of a fully 
ionized plasma column of 10 mtorr deuterium (n = 7xl020/m3, 
m^ = 3.34xio-27 kg). This assumption will give a larger M, therefore, 
lower frequency than the real value, which takes into account incom
plete ionization. Substituting M, and b(= 0.2 m) into (3), we get the 
following frequency:

fi = 57 = °'13 cT~2 • (4)1 2lT Vq . 04-a2 °-2
a, the radius of the plasma column, which becomes about 5 cm in 

steady state, as can be deduced from the streak picture (Fig. 5).
Curve (A) in Fig. 8 represents the frequency obtained in this way.

The frequency of the oscillation in the streak picture is also 
plotted in Fig. 8 (circles). This frequency agrees reasonably well with 
the frequency curve (A). Note that the assumption on M gives a lower 
frequency. The value of a may also be underestimated.
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Fig. 8. Comparison of the frequencies attained from the data and 
the calculations.
O  : the plasma oscillation in streak pictures 
□  : the oscillation of the m = 1 cosine mode.
The open and closed figures mean different discharges.
Curve (A): the oscillation of a plasma column calculated 
from (4); Curve (B) and (C): the oscillation of the current 
column calculated from (6) and (7) respectively.

The squares in Fig. 8 show the frequency of the oscillation of 
the m = 1 cosine mode, which is higher than that of the streak picture 
by a factor of 2 to 3. The frequency of the oscillation of a current 
column with radius a^ in a conductive shell is given by the following 
formula

2irM(b2-a^)
When we give a tentative value for a^, the frequency becomes:

f- = 0.75 I (for a. = 0.1) (6)2 zp 1

f2 = 0.98 I (for a x = 0.15) . (7)

These frequencies (curves (B) and (C) in Fig. 8) agree well with those 
of the m = 1 mode.

The existence of these two frequencies f^ and f2 indicates that 
the screw pinch indeed consists of a column, containing the bulk of the



plasma, a current column surrounding it, and a vacuum region on the 
outside. A schematic drawing of the plasma geometry corresponding to 
this is shown in Fig. 9.

Pig. 9. A schematic drawing of the screw-pinch model.

Because of the existence of a vacuum region, the frequency of
the oscillation of the plasma column given by formula (3), is modified
and represented by the following formula1^ :

,2 - y I2 J_£_JUEL ( 8 )
2T.M(b2-2a2+ a ^ / a 2 )

This frequency, however, does hardly change as long as the radius of 
the current column, a^, is larger than 0.12 m.

We now evaluate the amplitude of the m = 1 motion of the cur
rent column. The poloidal field distribution around the minor circum
ference is derived from the following formula11^ :

2-rrb 1  +
2 A

b(l-a2/b2j 2R
. , £nb/a 2a2l) ,1 + ---- ---- ---  fcosE

l-a2/b2 b2
(9)

This gives the relation between the m = 1 signal and the radial shift 
of the current column:

2 A
b (l-a2/b5

_b_
2R

ftnb/a
l-a2/b2

2a2>l
b 2

( 10 )

From Fig. 7 the relative amplitude of the m = 1 cosine mode is 
found to be about 0.15, which corresponds to an amplitude of the radial 
oscillation of the order of 0.8 cm.



(b) The m = 2 deformation and the current decay time

The reproducibility of the m = 2 deformation is poor. It changes 
from discharge to discharge. As remarked in section 3, the m = 2 ampli
tude ha . a close correlation with the decay time of the plasma current. 
The dependence of the decay time on the m = 2 amplitude is shown in 
Fig. 10. Here the decay time is the gross decay time between 40 and 
100 ysec, and the m = 2 amplitude is an averaged value during the same 
period.

It is interesting to note that the decay time rather depends on
the m = 2 mode than on the m = 1 mode. This agrees with the results of

2 )sharp-boundary plasmas surrounded by vacuum . It is, however, not ex
pected in sharp-boundary models of screw pinches with force-free cur
rents.'

r2 / do

Fig. 10. The correlation between the m = 2 amplitude 
and the decay time of the plasma current.

Now we consider in more detail in what way the m = 2 deformation 
changes the decay time of the plasma current. Besides an inductance 
change, the m = 2 deformation will produce also a change in plasma re
sistance, because by the m = 2 deformation the current column interacts 
with the wall and brings about impurity ions enhancing the resistivity. 
It has been pointed out earlier that the electrons in a pinch plasma
are very easily cooled if there is a strong interaction between the

1 2 )plasma and the wall
Macroscopically, this phenomenon can be best discussed with the 

help of an equivalent circuit. The equivalent circuit of SPICA in the 
decay phase is shown in Fig. 11. Here we neglect the coupling with the



Bz-circuit for the sake of simplicity. The mutual inductance, , of 
the circuit is 600 nH. The external resistance Rext is determined to be
0.3 from the decay time of the primary current 2 msec) without 
plasma.

I z '-ext __

Fig. 11. The equivalent circuit of the SPICA discharge in
the decay phase. Here L^, the mutual inductance, is 
600 nH; Lext-, the external inductance, is 40 nH; 
and Rextf the external resistance, is 0.3 mfi.

The plasma inductance becomes 530 nH (skin current) or 910 nH
(uniform current) and the average resistivity becomes 0.14 mfi
(Tg % 100 eV) or 4.7 mfi (T@ 'v 10 eV) , if we assume a column radius of
10 cm and Spitzer resistivity.

The three currents, I , I , and I,, in the two discharges arezp z M 3
plotted in Fig. 12. It is seen that the decay time of the primary cur
rent as well as the plasma current reduces in the unstable discharge, 
which means that the deformation is accompanied by an increase of the 
plasma resistivity.
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Fig. 12. Comparison of the currents, 1^, I and I in a stable and 
an unstable discharge.
(a) stable discharge; (b) unstable discharge.
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Since the ADC's used to measure the currents are only 6 bits, 
the signals from these ADC's become rather step-like signals as seen in 
Fig. 12. Therefore, a discussion on the fine structure of the currents 
in the decay phase has not been attempted.

5. CONCLUSION

A study of the macroscopic behaviour of the plasma column in 
SPICA has been done at q-values around 1.7. The data-processing system 
using an on-line computer worked satisfactorily well.

An m = 1 cosine oscillation was seen during current rise. The 
difference of the frequency between the m = 1 cosine mode and the 
streak picture confirms the modified screw-pinch model, which consists 
of a "hard" plasma column, a current-carrying layer surrounding it and 
a vacuum region on the outside.

A close correlation between the m = 2 deformation and the decay 
time of the plasma current was observed. In discharges accompanied by 
a large m = 2 deformation, the plasma current decays rapidly. It is 
possible that the fast decay of the plasma current is brought about by 
an increase of the plasma resistivity caused by the m = 2 deformation.

In general, no m = 1 instabilities are observed in SPICA, not 
even in discharges with a fast current decay. These modes, instead of 
the observed m = 2 modes, should be the dominant components when the 
stability limit is exceeded. It is possible that a change in the ini
tial conditions causes the buildup of a q-profile for which m = 2 is 
the dominant instability.
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