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ABSTRACT

Dynamics of high beta toroidal pinch plasmas in major radius plane is

calculated after simple model and compared with experiments using STP-2 '
15 3screw pinch under the conditions of T = 20 eV and n = 1.2 x 10 /cm .

It is demonstrated that the theory agrees with the experimental results during

the early phase of the discharge where the plasma keeps high beta value

(poloidal 6 = 3) while discrepancy between the experiment and calculation

begins to grow after 8 psec from the start of the main discharge because

the 3 value decreases considerably. In order not to deviate the plasma

column from the center of the discharge tube a concept of effective dis-

sipative force generated by proper programming of the pulsed vertical field

is introduced. It is demonstrated that this concept is useful to keep the

shock heated high beta plasma in the center of the discharge tube through

damping out of the unfavorable oscillation in a few period.
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1. Introduction

As is known a screw pinch or a shock heated pinch tokamak is able to

produce much higher beta plasma than that attained in an usual ohmically

heated tokamak. Actually SPICA ' and Belt-Pinch ' show large toroidal

drift because of very high beta plasma created at just after initial implosion

of the plasma. Suppression of such a large toroidal drift is one of a

most important problem in a screw pinch experiment to achieve long confined

high beta plasma, since large toroidal drift induces much strong wall

interactions which release impurities leading the plasma cool ing down due to

increased level of impurities.

As in SPICA or Belt-Pinch only conducting copper shell is used to

suppress large toroidal drift. Because of the outward plasma inertia

imparted by shock compression the plasma even shows larger amount of

toroidal drift than that expected from the Shafranov's equilibrium relation.

Therefore only copper shell is not enough to prevent the plasma from approach-

ing very close to the wall. In the experiment ' of STP-2, however,

suppression of large toroidal drift is achieved with the programmed pulsed

vertical field.

In this paper using simple theoretical model the plasma motion in major

radius plane is described. Comparisons between theory and experiments are

done using STP-2 apparatus. In order to damp out the oscillation in major

radius plane a concept of effective dissipative force is introduced. It is

generated by proper programming of pulsed vertical field. The dissipative

force thus created is much larger than that by Mukhovatov and Shafranov '

which is generated by eddy current of the metal casing. Descriptions are

given of theoretical modeling and formulation of the oscillation in section

2, of the comparison with theory and experiments in section 3, and of
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discussions and conclusion in section 4.

2. Dynamic Analysis of Plasma Position

Dynamics of the plasma motion is calculated in R plane with simple

plasma model. The pseudo-toroidal coordinate system used in this analysis

is illustrated in Fig.l. In order to simplify the analysis, the plasma

column is assumed to have axisymmetric circular cross-section and a circular

copper shell placed outside the plasma. A displacement 6 of the plasma

column from the center of copper shell is assumed to be small compared to

the shell radius fa.

Under above assumptions, we can easily calculate the total flux func-

tion T of the equilibrium state ' as

V - ¥ + ¥ C\)
D V '

where

8R ^o^p 8R

+ Ci/p + c2p}cosu , (2)

V b2

-2TTR -^ iv(l - ̂ p'coso) 1 . (3)

Here, Y is the transverse-flux function and V corresponds to the flux

function generated by current through vertical field coils in the region

I (p1 < t>v), where i = - fj i (w1 )cosa)'dui' is the dipole component of the

current through the coils. The magnetic field components can be calculated

as follows:

B, = - J- M , B = J-3* . (4)



As for the boundary conditions of the system which is necessary to determine

arDitrary constants in eq.(2), we use the following two relations:

Bp(a) = 0 , Bp(b ± *) = 0 . (5)

The total radial force FD acting on the plasma column can be expressed
K

with the sum of the three different forces. Thus we have

FR = F, •

2TT B2

(o-̂ -) 2ira (R + a cosujcoswdu

o °

2iT2a2<p>

(6)

where F, corresponds the radial force due to azimuthal current, F- the

total stretching force by internal pressure and F, the tire force due to

azimuthal field. If the force acting on the plasma column is known we can

calculate motions of the plasma column using the equation of motion,

FR=

and the pressure balance requirement with minor radius of the plasma,

<B.>2 + 2;,0 <p> = B
2 + B| . (8)

Consequently, the final form of equation governing the plasma motion car. be
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written as follow after eqs.(6)-(8),

b2

u o ' 2na2(b2 - a 2) P
 u b!"od t 2 27r2a2(b2 - a 2 )p m

 u o ' 2na2(b2 - a 2 ) P f n
 u b ! " o v p '

(9)

where p is time independent constant mass density of the plasma, and 6 is

MHD equilibrium position in the absence of vertical field. More precisely

where 8 is usual poloidal beta value and I- is internal inductance of

plasma given by I* = I B2pdpdw/na2B2 . It is very desirable for high beta
i j uj a

plasma confinement that if dynamic motion of plasma column can be damp out

by some mechanism and smoothly set into quasi-static state by some effective

dissipative force. This force can be given by the second term in right-

hand side of eq.(9). Actually, if i is so programmed as to be proportional

to (6 - 6 ), where 6 is final position of the plasma column, eq.(9) can be
X A

rewrit ten as

d2(6 - 6x)

dt2 Y

2u(>'p
- a2) 1*p J

d(6 - 6

dt
c> [

i? i r 2 a 2 ( b 2 - a 2 )
l (r r

pm *
(11)

where y is some proportional coefficient giving critical damping condition

when y = 1. It is noted worthy that the effective dissipative force given

in the first term in the right-hand side of eq.(ll) is much larger than the

one described by Mukhovatov and Shafranov. Consequently, necessary current

for y = 1 case through the vertical coils can be calculated after eqs.(9)-

(11) as
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N
I v = [ 7 i b v / { 2 ( b 2 - b * ) _ J

(12)

where u. is azimuthal angles for the position of vertical coils.

3. Comparisons with the Experiment

The theoretical model presented in the preceding section is compared

with experiments done using the STP-2 apparatus. Figure 2 shows schematic

drawing of STP-2 detailed description of which are given in elsewhere.' The

STP has major and minor radii of quartz discharge tube of 25 cm and 9 cm,

respectively. The shock heated high beta plasma is produced by fast rising

toroidal field and plasma current. In this work experiments are mainly

done under the conditions of toroidal field of 0.9 T and plasma current of 35

kA, with the rise time of 7.5 ysec. In STP-2 machine the plasma is enclosed

by copper shell which also acts as a primary winding to induce plasma

current. Four pulsed vertical field coils are placed inside the shell.

They are rewinded outside the shell in order not to induce plasma current.

Field strength of pulsed vertical field measured at meridian plane without

plasma closely agrees with the value calculated from the formula given by

Mukhovatov and Shafranov. Laser scattering and interferometry give electron

temperature and density 20 eV and 1 x 10 /cm , respectively. Typical beta

poloidal value 0 studied here is about 3 which is very close to the

equilibrium limiting value. The high beta plasma whose 6 is about 3 quickly

drifts out toward the periphery as shown in streak photograph of Fig.3.

However when pulsed vertical field is applied outward drift is clearly

prevented. The plasma density and temperature distributions with pulsed
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vertical field areshown in Fig.4. Traces of center of the plasma position

and magnetic axis are given in Fig.5(a). The former is obtained by streak

photographs ard the latter by magnetic probes. The plasma center from density

distribution is also depicted in Fig.5(a). It is seen that magnetic axis

and density peak agrees fairly well each other. The trace of plasma center

obtained from eq.(9) is compared in Fig.5(a) under the parameters of S_ =

3, I. = 1.0 and p = 3.3 x 10"9 g/cm3. When 0 and l^ are deduced from

magnetic probe signal, approximate agreements with the above values are

found during the field rise time (6 usec). As is seen agreement is fairly

good for early phase of the discharge. Discrepancy appears after 8 ysec

may be due to the break down of the assumption of constant S_ which

decreases sharply after 8 psec from the start of the discharge. Actually

Fig.4 shows some of the evidence of such a big loss of 6 which may be

originated in impurity radiation loss and also in ion thermal conduction

loss. Waveforms of plasma current and pulsed vertical field for the

present operating condition is illustrated in Fig.5(b).

4. Discussions and Conclusion

It is demonstrated that the eqs.(9) and (11) which base on very simple

theoretical model are not very bad approximation to describe the plasma

motion in major radius provided that plasma loss is small during the major

time scale of the plasma evolution. In the present STP-2 experiment plasma

loss mainly originates from its low temperature. If the plasma temperature

is raised as to overcome the so-called radiation barrier, ion thermal

conduction loss is also expected to be reduced and longer energy confinement

time can be expected. In such a case a large amplitude major radius oscilla-

tion may appear in screw pinch or high beta pinch tokamak experiment. Such
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a large amplitude oscillation may be deleterious for high temperature

plasmas because strong wall interaction release larger amount of impurities

which cool down the hot plasma. One way to damp out this large amplitude

oscillation may be achieved by proper programming of pulsed vertical field

strength. As discussed in section 2 pulsed vertical field may give large

effective dissipative force of the major radius oscillation. One of such

an example is shown in Fig.6 where two cases of damping coefficient y is

calculated. As is seen if the y is properly chosen unfavorable large

amplitude oscillation can be completely damp out in a few oscillation period.

As for the conclusion of this paper, the major radius plasma oscillation

which appear after implosion heating of a screw pinch or a high beta

tokamak can be fairly well described by the formula given by eq.(ll) based

on simple plasma model. This unfavorable oscillation can be damped out in

a few oscillation period if pulsed vertical field is properly programmed

so as to create effective damping force of the oscillation.
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Figure Captions

Fig.l. Coordinate system.

Fig.2. Schematic drawing of STP-2 apparatus.

Fig.3. Typical streak photograph in the case without and with the vertical

field.

Fig.4. The plasma density and temperature distribution with pulsed

vertical field.

Fig.5. (a) Traces of center of the plasma position and magnetic axis.

(b) Typical waveforms of plasma current and pulsed vertical field.

Fig.6. Calculated results of eqs.(ll) and (12) in the case of damping

coefficeint Y = 0.2 and y = 0.5.

- i o -



Plasma Column
Vertical Coils
Shell

Fig. 1



PLASMA
CURRENT

20 KV
40 KJ

PRE HEATING

50 KV
3 KJrX

1:10-60 j==r
o-evsec n ,

POWER T
CROWBAFTlH

10 KV
150 KJ

BIAS

10 KV
200 KJ

TOROIDAL FIELD

rI1
:-5-10
0-4Vsec
POWER

10 KV
50 KJ

CROWBAR

TOROIDAL COIL

INDUCTION
COIL

Cu SHELL

0.6Vsec
POWER
CROWBAR

12 KV
500 KJ

FAST ACTING
GAS VALVE

_*•

VERTICAL
FIELD

50 KV
38 KJ

RF COIL

SLOW VERTICAL
FIELD

5 KV
2 KJ

1 :10-40 OOBVsec
POWER CROWBAR

10 KV
12 KJ

Fig. 2



>
CD
•*-•

O

>
CD

CO

CD CJ) t- O O)



i I i I . I . l . I I S
^ 8 - 6 - 4 - 2 0 2 4 6 8

inner r(cm) outer

Fig .



outer tube wall

-4 -

( G )

400

300

m200

100

0

(kA)
F i g . 5 ( a )

Cal.

: 1- Magneticaais without Bv
2 Magnetic axis withBv
3 Plasma center with Bv
^ Density peak with Bv

. 40

• 3 0

Q.

"20

_ 10

_ n

-

- / /

: /

• / i . i . i • 1 1

By
—— ~- ,..

I . i

6 8 10 12 14
t ( J J S )

F i g . 5 ( b )



outer tube wall

0 1 -

Fig. 6


