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ABSTRACT

Measurements of the m = 1 growing mode of a linear screw pinch by external
dipole probes are compared with the recorded plasma motion on streak photo-—
graphs. Good agreement is found up to a maximum amplitude which depends on

plasma density and growth rate.



INTRODUCTION

Magnetic dipole coils have already been studied theoretically and ex-
perimentally [1—8}. The aim of this report is to show the relationship
between the detected kink mode signals and the optical traces from streak
photographs. This problem is of importance for magnetically controlling
plasma motion in a feedback stabilization experiment. It is also a conve-

nient way of detecting plasma motion in general.

EXPERIMENTAL ARRANGEMENT

The pinch configuration and plasma characteristics are the following: The
theta coil measures 142 c¢m and has an inner radius b = 4.5 cm. Two slits
are machined in the mid-plane for observing the plasma motion in ortho-
gonal directions, 45° above and below the horizontal. The main field
reaches 16 Kgauss in 3.8 rsec at which time the crowbar is switched on.
The quartz discharge tube has an inner diameter of 5 cm. The time evolu—
tion of the axial JZ current is similar to that of the main BZ field. Two
electrodes, 1.2 cm in diameter, are 142 cm apart, and are protected by
limiters in order to concentrate the axial current on the front of the
electrodes. In this way, definite boundary conditions exist for the pinch.
At 45 mTorr Deuterium filling pressure, diamagnetic probe measurements
show a mean ﬁ;of .1 and a mass collection of 85% at 3 ;%ec after the
start of the pinch. f& decreases rapidly afterwards. From growth rate

measurements we find the Kruskal-Shafranov limit for the fixed-end screw

pinch at 52= 2100 A which corresponds to a mean plasma radius of a = .8 cm.

The same radius is obtained from the luminosity profile. A mean plasma

temperature of 11 eV follows from pressure balance.

The magnetic dipole probes are wound on an annular core of A = .9 cm

cross section, surrounding the discharge tube at a mean radius of r = 3.4

.
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The windings are equally spaced and cover 120 sectors, each of it having
V = 62 turns. The two windings of each probe are connected in parallel,
and their magnetic axes are orthogonal. The probes are located as near

as possible to the viewing ports.

To calibrate the probe we proceed in the following way: we place a conduc~
ting rod in the discharge tube, parallel to its axis, and we measure the
integrated signal as a function of the radial displacement of the rod

[5]. The perturbation of the azimuthal field is given by
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y being the displacement and KF its azimuthal angle. s is a geometrical
factor (see (11) ) given by
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where a is the radius of the rod, taken equal to the mean plasma radius,

b is the inner radius of the theta coil.

Let 9' be the winding density of the first probe
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The first Fourier coefficient of the m = 1 winding density is
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The choice of an angle of 120° makes the coefficient m = 3 disappear.

The next non-zero coefficient is that of the m = 5 mode, and equals

I

0.22 {9’§. As the azimuthal field of a pinch is proportional to
m

T Q%)msm, the probe shows a sensitivity of only .27 for the m = 5 mode.

Thus the winding density may be taken equal to 1.1 légécose for the
first probe, and 1.1}¢?i sin® for the second. The sum gives a complex

winding density of the detection system

| v e® (5)
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which alows us to condense the detected signals into a complex form

with vectorial meaning

.
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The factor % comes from the parallel setting of the two halves of one

probe. C is the calibration constant which is determined experimentally:
33V Mo AS
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UX and Uy are the integrated signals of the two probes, whose relative
amplitudes yield the azimuthal angle %3. iﬁ is the integration time
constant and A is the surface of one winding. The absolute value y of the

displacement results from the ratio of the signal %U% to JZC.

As the probes are exposed to a strong electric field induced in the theta
coil, the electrostatic pick-up is important. The parallel setting of

the two sectors already improves the situation. It is however necessary

to connect the probes symmetrically to a bifilar cable and to integrate
separately along both paths before taking the difference. The differential
amplifier rejects in principle the common mode, but it stops working cor—

rectly when the signal exceeds the saturation value. To keep clear of this



inconvenience it has been necessary to attenuate the common mode by means
of an isolation inductance, common to both paths. The following figure

shows the electrical circuit:
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THEORY

The magnetic dipole coils perform a direct measurement of the field
perturbation due to the m = 1 mode in the outer region of the plasma.

The aim is to obtain a relation between the probe signals and the real
plasma motion. The dispersion relation and the magnetic field have al-
ready been calculated several times (9). We summarize here rhe results for

a rectangular density profile and for large wavelength.

We consider an infinitely long pinch with deformation wavelength A =

- 2% /h. The mode m of the surface motion is described by
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no= @%% (8)

m) . .
where g( ) 1s the surface perturbation
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y(m) contains the exponential factor exp( ¥t) where ¥ is the growth
rate of the instability. The perturbation of the azimuthal field b

8
at a distance v from the axis (r %% a) 1is given by:
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= }{ilz/ZTfa is the unperturbed azimuthal field, and =£ = BZ/B059§'1
is the ratio of axial and azimuthal fields. s is a geometrical factor

resulting from image currents circulating at the surface of the exterior

conductor and on the plasma.

ggﬁ = T (11)
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Expression (10) can be written under the following form:

= " g}
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Coming directly to the mode m = 1 (neglecting to write the subscript 1),

we have:

b= S| Bo§ . 4By df
& e o dz (13)



The real part of this expression is equivalent to the physical value of

the field. We notice that the field of the plasma is different from the

one of a straight conductor. Only the first term of (13) is identical to
expression (1). The dipole coil detects at the same time a field propor-
tional to the tilt -%% of the pinch. This field is equal to the transversal
component of a field Bz which would have been carried away by the pinch

and tilted in the direction:i§/é§; The relative phase of the two terms in

(13) is equal to the angle between the direction of displacement and the
normal to the plane where the tilt occurs (here the angle is zero). The
probe signal ceases to be in direct relation with the displacement § [6].
The calibration constant depends on the helicity, and even changes sign

by crossing the Kruskal-Shafranov limit.

The dispersion relation of an infinitely long pinch can be written as:
.
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! /‘fach{ S (o
&

where q is the commonly used safety factor

g
q = - =an (15)

We shall now go over to the case of our experiment, where the pinch is
fixed at the ends. Our measurements [iO] have effectively shown that the
plasma axis forms a sinusoid inscribed on an helix, with its nodes at
z=-1L/2 and z = + L/2, L being the distance between the electrodes.
This boundary condition requires a superposition of two m = 1 modes
having different wave vectors h:
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By analogy with (15), we have the following relations:
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It is evident that both modes must have the same growth rate. From (14)

we have the condition qq EZ - (2 -{3) q;} = q, [2 - (2 '§> q{! , which

determines the quantity q.

I
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and also the growth rate
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The fundamental component n = 1 becomes unstable when

A9 < 9. @

This inequality expresses the condition for exceeding a new Kruskal-

Shafranov limit for a fixed-end screw pinch. By introducing these quan-

tities in (16) the perturbation of the plasma surface becomes
“(B-¥Y+h 2)

£, = dnoe [W"‘T?% - %imi? e (22)
L



We have observed, in addition to the fundamental component, a weak
excitation of the second harmonic n = 2. The two motions evolve in the

same direction, in other words, the azimuthal anglesgf of the two

components are the same.

The perturbation of the azimuthal field is calculated from (13) and

(22). For the fundamental n = 1 we obtain

o i(e-Y4i z)
iggia Yy ’BG;S jté‘. ﬁé)%%}f + 4 éﬁ ,ggif_g e (23)
and for the harmonic n = 2
Basl - ‘ o Ao +he2)
by, = Y=o [(-qc)sin B - ZL%{?@%?] e (24)

We recognise again the contribution coming from the tilt of the plasma
axis, given by the terms containing q. and /3 q, the second being rotated

by 90° with respect to the first. As the probes are placed at z = 0 the

sum of the two fields will be

2 as _ A=)
b, = —== [‘i* “9)y, - 2- A9 }jzj} e (25)

v

Note that (1 - qc} = (1 ~f§)/(2 -{%). The detected signal is calculated
after integrating (6):

, P+ I
z (L)
w = 3%» < [{a»ci&:} y,e 4‘2{3%?%% J (26)

H
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The azimuthal angle of the displacement is well detected provided that
the amplitude of the n = 2 mode is negligible. In fact, our measurements
have shown little difference in direction between the optically and
magnetically detected motions, which demonstrates the existence of an

n = 2 motion superposed onto the main instability.

The simultaneous detection of several modes would make it necessary to
have an equal number of probes carefully placed. The signals would re-
present a mixture of modes whose unfolding would require an appropriate

method.

EXPERIMENTAL RESULTS

The integrated signals from the probes GX and Uy are adjusted with res-—
pect to the zero trace of the signals, obtained in the absence of axial
current. This little perturbation is induced by the axial field BZ, the
probes being very sensitive to a misalignement. The analysis of the

results 1s made by using expression (26). Let Rx and Ry be the coordinates
of the magnetic trajectory, that we obtain by dividing the voltages UX and
Uy by Jz, by the calibration constant C and by the factor (1 - qc), which
is equal to (1 —{%}/(2 -;5). As{% is small, this last factor is less
influenced by the temporal variation ofgé . In the figures we report simul—
taneously the magnetic coordinates Rx’ Ry and the optical trajectory recor-

ded by an image converter camera.

It would be easy to determine the amplitude Yy of the harmonic n = 2 from
the difference of the azimuthal angles, if another phenomenon would not

be perturbing the measurements, as will be shown below.

The measurements are made with Deuterium plasma at three different filling

pressures. Fig. 1 shows the result obtained with a pressure of 90 mTorr.
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The Jz current reaches 5800 A at its maximum, which is about 2.5 times
the stability limit value. The plasma motion is directed towards the
8-coil slot, which is at the right of the figure. We observe good
agreement between optical and magnetic measurements up to an amplitude
of 9 mm. The harmonic n = 2 is not apparent, even though it is unstable

in the above conditions. Its initial perturbation is then very small.

The measurements at 45 mTorr are shown in Fig. 2 for the same axial cur-
rent. The magnetic and optical amplitudes are equal up to about 6 mm.

A small difference of azimuthal angle reveals the presence of a component
Y, of the harmonic n = 2. From 7 mm the magnetic trajectory changes vio-
lently in direction and splits off completely from the optical trajectory.
The explanation of this phenomenon can be found on the streak photograph.
We notice a plasma filament leaving the central plasma column. It looks
very probable that an appreciable part of the axial current is flowing in
this filament, which induces a displacement of the center of the current
distribution. The dipole coils measure the center of the current distri-
bution, whereas the optical trajectories reported in the figures are the
ones of the principal column. This instability appears only at large
amplitude and we attribute it to a non-linear effect coming from the

growth of an m = 2 mode or eventually a higher one.

Fig. 3 shows results obtained with a filling pressure of 23 mTorr. The
above comments are also applicable to this case. Here the Jz current is
equal to twice the Kruskal-Shafranov limit. The trajectories are equal
up to an amplitude of 3 mm. The streak photograph in Fig. 4 is a stereo-—
scopic view of the kink. It is overexposed so as to make the separation

from the main plasma column visible.

The divergence of magnetic and optical trajectories appears above a
certain displacement amplitude depending on filling pressure and growth

rate. This phenomenon has also been observed by Kiyama, Newton and Wooton

(11].
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CONCLUSION

Magnetic measurements of the gross motion by orthogonal dipole coils

show good agreement with the optically measured plasma displacement at
high filling pressure. A small amplitude of the n = 2 mode is detectable.
Going to lower densities, the agreement remains until the axial current
path splits into plasma filaments, which are visible in overexposed streak

photographs.
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Figure 1: 90 mTorr D,
Magnetic —=—=—m=—w- and optic

Time mark: usec

trajectory

Figure 2: 45 mTorr D

Time mark: usec

lagnetic ~==———w—-~ and optic -

trajectory
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Figure 3: 23 mTorr D2
Magnetic —-=—=== and optic

trajectory

Time mark: usec

Figure &4: 23 mTorr D

2
Streak photograph of the kink
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