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ABSTRACT

Extrap Z-pinches, which can be sustained for many Alfvén times, can
be characterized as non-circular Z-pinch discharges bounded by a magnetic
separatrix acting somewhat like a limiter. The magnetic separatrix is
produced when a vacuum magnetic field, generated by currents in external
conductors, combines with the self-magnetic field produced by the
iischarge current. The separatrix deforms the pinch cross-section and
effects the equilibrium at the pinch boundary; both effects improve
stability. Experiments have been performed which indicate that both
effects are necessary for the successful generation of sustained Extrap
discharges. In one experiment, the importance of the non-circularity of the
cross-section was investigated. The deformation provided by the vacuum
field can provide regions in the discharge where field lines have good
curvature,which improves the stability of the configuration against
internal modes. In configurations apparently lacking good curvature,
discharges could not be sustained. In a second experiment, the dependence
of the amplitude of global kink instabilities on the discharge current
density profile were studied. The behaviour of the modes was consistent
with that which would be expected for surface current-driven modes.



1. INTRODUCTION

A linear Extrap Z-pinch is a pinch discharge which is characterized
by the fact that the cross-section is non-circular. The cross-section
deformation is achieved by bounding the discharge by a magnetic separatrix
produced when a vacuum magnetic field, generated by currents in external
conductors, combines with the self-magnetic field produced by the discharge
current. The separatrix acts as a magnetic limiter which both deforms the
pinch current channel cross-section and alters the equilibrium pressure

4 5profile in a manner which improves the stability of the configuration. '
2 3In the experiments reported on to date, ' the external vacuum magnetic

field has been an octupole field produced by currents in four parallel rod
conductors. The configuration is schematically shown in Fig.l. The axial
plasma discharge current is antiparallel to the rod currents. The discharge
current together with the rod currents produce a magnetic field with a
separatrix with four X-point nulls. There is also a 0-point null on the
axis. The high-beta Z-pinch discharge is contained in the square-like
rod-conductor free region inside the four X-points. There is no axial
magnetic field; the field lines are purely poioidal.

It is well known that circular, free-boundary Z-pinches are highly
unstable to global, surface current-driven modes. The Kadomtsev term,
(r/p)(dp/dr), which characterizes the pressure profile, must be small for
the equilibrium to be stable for these global modes.6 At a sharp
boundary, this term goes to infinity and the equilibrium is grossly unstable.
The Extrap pinch discharges do not have a sharp boundary; at the separatrix
boundary to the pinch region, the plasma density is not zero. The pressure
profile at the bounding separatrix is determined by the transport properties
at this surface which has four X-point field nulls. Plasma is lost from the
high beta discharge region and passes into a low beta region where the field
configuration is essentially determined by the vacuum octupole field. The
plasma is in turn lost from this region primarily through flow to the
conductor supports and to the conductors or to the ends of the linear device.
This low beta region is similar to a scrape-off layer where the separatrix
acts as a magnetic limiter and the conductors and supports act as neutralizing
surfaces. At the separatrix, the pressure is finite but the pressure gradient
is nearly zero because of the increased transport due to the X-points. With



such equilibria profiles, the Kadomtsev term is small and the MHO stability
of the configuration is greatly improved. Furthermore, the fact that the
high beta pinch is surrounded by a low beta plasma contained in the vacuum
magnetic field can also contribute to the suppression of the growth of
global modes since this is equivalent to bounding the pinch by a conducting
medium.

In these linear Extrap experiments, it has been shown that pinch
equilibria exhibiting Bennett scaling can be sustained for over 100 Alfvén
transit times. A limiting parameter for kink mode stability was observed.
This limit could be expressed in terms of the ratio of the discharge current
to the current in a rod conductor and the observed limit was lp/Iy = 0.25.
For values of I /I above this limit, the amplitude of the instabilities
increased rapidly. The instability was monitored using magnetic probes and
poloidal loops which measured the axial magnetic flux in the discharge
that resulted when the kink instabilities developed. Magnetic probe measure-
ments of the magnetic fluctuations associated with these kink instabilities
showed that the growth time for the modes was typically 2 to 5 microseconds,
which was more than a factor of ten times longer than the Alfvén time (radius
divided by the Alfvén speed). The kink instabilities were global and exhibited
characteristic axial wavelengths of the order of the length of the linear
discharge, that is, the electrode separation which has ranged from 0.2 m
to 0.6 m for experiments run to date.

Another important feature of these long axial wavelength modes was
the fact that they did not lead to a complete degeneration of the pinch. The
modes grew and then subsided. This tendency was particularly evident during
the build-up phase of the discharge when the current was rising. During this
phase, kink activity was observed even for cases which then developed into
quiet discharges during the steady-current phase.

The improved global stability of Extrap Z-pinch discharges generated in
this octupole-based configuration is apparently due to effects at the
separatrix which lead to equilibrium pressure profiles which have good
stability against free-boundary modes. However, the non-circularity of the
cross-section can provide an additional stabilizing influence. Specifically,
these discharges with non-circular cross-sections can have equilibria with
regions where field lines have good curvature. This would be expected to
provide a stabilizing influence on internal modes. On the other hand, the



effects of the separatrix on the pressure profile at the boundary could be
more important for free boundary modes. In this paper we describe the
results of two experiments which were carried out to provide additional
information on these two different aspects of the stabilizing influence of
the separatrix bounding and deforming the pinch; non-circularity and a
vanishing pressure gradient at the boundary. With these experiments, we
hope to distinguish in what way each of these aspects is significant.

In the first experiment, the basic non-circular geometry of the equi-
librium was changed. The external vacuum magnetic field configuration was
changed from an octupole field to a hexapole field. With the previous
octupole-based configuration, the deformation of the pinch resulted in a
square-like cross-section (i.e. four X-points). However with a hexapole-based
configuration, a triangular-like cross-section (i.e. three X-points) would
be expected. A manifestation of the different vacuum field geometries for
the two cases is that the possibility of there existing equilibria with
regions of good curvature is severely reduced for the hexapole-based confi-
guration. On the other hand, the effects of transport at the separatrix
boundary, which lead to a vanishing pressure gradient there, would be expected
to be similar for both cases. A comparison of the two cases could then indi-
cate the importance of the existence of regions with good curvature for
stability. Sustained Extrap pinches could not be produced in the
hexapole-based configuration which indicates that field line curvature
can be important.

In the second experiment, the dependence of the discharge current
stability limit on the equilibrium profile was investigated in more detail
for the octupole-based configuration described earlier. This limit was
examined by comparing discharges where the magnetic geometry was held
essentially constant by holding the ratio * D/1 V constant. The amplitude of
magnetic fluctuations associated with global kink modes increased with
increasing values of I with ID/IV held constant.

The experiments were carried out on the linear Extrap device described
in detail in References 2 and 3. The parameters of the experiment are
summarized in Table I.



2. EFFECTS OF NON-CIRCULARITY

In the experimental series using the hexapole-based configuration, the
behaviour was fundamentally different from that seen with the octupoie-based
configuration; it was not possible to produce discharges with a pinch current
channel inside X-points. For the octupole-based configuration, a well defined
discharge channel always formed even when the ratio I /I y exceeded the
stability limit and these instabilities could be identified as global kinks.
With the hexapole-based configuration, no pinch was formed even for
comparatively low values of l / 1 ^ We conclude that this configuration is
susceptible to unstable modes which lead to excessive plasma losses so that
achievement of a Bennett equilibrium becomes impossible.

Such a fundamental difference in the containment properties of the
octupole-based and hexapole-based configurations could be associated with
the differences in the magnetic field line curvature for the two configurations.
If the hexapole-based configurations were susceptible to interchange modes,
the confinement properties could become sufficiently poor so as to prohibit
the formation of a pinch discharge. We point out that the observed time
scale for the kink modes seen in the octupole-based configuration was longer
than the Alfven time scale. This means that the growth time for the interchange
modes in the hexapole-based configuration could be longer than the Alfvén
time and still destroy the confinement before kink modes of the type seen for
the octupole-based case could develop. Cary has examined the MHD stability
of pinches with non-circular cross-sections. When considering an octupole-based
Extrap configuration, he found that there was a fluid stable region of the
pinch cross-section, near the separatrix boundary, where the field lines had
good curvature. Near the 0-point at the axis, the configuration is always
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unstable as has also been shown by Newcomb. However large gyroradius effects
or other kinetic effects may provide the necessary stabilizing influence
there. We now proceed to show how the characteristic field line curvature
of the Extrap configuration depends on the pol icity of the vacuum field.

The dependence of field line curvature on the policity Of the external
vacuum magnetic field can be demonstrated using a simple model for the
discharge pressure equilibrium profile in a manner similar to the procedure
followed by Cary. A flux coordinate system, (A,X,Z) is incorporated as well
as rectangular coordinates; both systems have a common z-axis. The flux
function A is defined in the usual fashion by the relation



"B = grad A x grad Z. (1)

The curvature of a field line K is defined by

f KB1
2 « ~ [(f»grad)B), (2)

where t. is the unit vector in the direction of grad A.

Substitution of Ampere's Law and div B = 0 together with the

equilibrium relation in the form

grad p = J x B, (3)

where 7 is the current density and p is the plasma pressure, gives the
g

relation ,

KB2 =*?A • [grad B
2/2 + yJ]. (4)

For given Extrap equilibria, Eq. (4) can be used to calculate the local field
line curvature.

The curvature of the field lines in the outer regions of the pinch
discharge region near the separatrix is dependent on the policity of the
external vacuum magnetic field. In order to discuss how curvature is affected
by the type of vacuum field, we present schematic diagrams of both a
tvxapoie-based and an octupole-based configuration in Fig.2. The coordinate
system used is such that the x-axis passes through one of the external con-
ductors which produce the external vacuum field. The discharge 1s centered
on the z-axis and the X-po1nts define the corners of the discharge boundary
since they define the separatrix. By inspection of F1g.2, it can be seen that



straight lines connecting the X-points lie comparatively closer to the
z axis for the hexapole-based configuration than for the octupole-based
case. Such straight lines would correspond to segments of neutral curvature
for the coincident field lines. Because of the geometry, the curvature at the
separatrix for a hexapole-based configuration tends to be dominated by the
(0-point like) bad curvature characteristic to the z-axis region. For an
octupole-based configuration, the curvature of the segments of the separatrix
between the X-points is relatively more influenced by the good curvature of
the vacuum field.

The different curvatures for the two cases can be seen if we make a
calculation using a simple model for the plasma equilibrium. Equilibrium
flux functions for discharges with constant plasma current profiles, which
satisfy the Grad-Shafranov equation, can be constructed. We use a rectangular
coordinate system oriented as shown in Fig.2. The flux function has the form

A = Ap + A 2 N, (5)

where A is the contribution to the flux function from the plasma discharge
current and A^N is the contribution from the vacuum multipole field with
a policity 2N. For an equilibrium with a constant discharge current density
JQ, we have

Ap = yJ0(x
2 • y2J/2.

The vacuum field contribution can be approximated for the hexapole case
(N = 3) and the octupole case (N = 4) by simple expressions for the region
close to the z-axis of the form

A6 = b6(x
3 - 3xy2)/6, (7)

and
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= b8(x
4 - 6x2y2 • y4)/12,

where

= N(N-l)yIv/(2irav
N). (9)

With these expressions for the flux function and Eq. (4), we can
examine the curvature for the different configurations. By inspection, we
see that the point on the x-axis where K = 0 defines the edge of the
region where field lines have local good curvature; field lines which inter-
sect the x-axis between this point and the separatrix have some local good
curvature. We proceed by calculating the value of the flux function at this
point and comparing this value with the value at the separatrix. Note that
the plasma current is positive in the configuration and the flux function is
taken as zero at the z-axis. In Table II we show the relevant parameters
describing the regions with local good curvature for the cases with a
hexapole and an octupole vacuum field.

For the hexapole-based configuration, there are no field lines which
have local good curvature inside the region defined by the X-points of the
separatrix. However, for the octupoie-based configuration, there 1s a
significant boundary region where field lines have local good curvature.
Such a difference in the curvature for the two configurations can be
responsible for the observed difference in the containment properties.

The existence of regions of good curvature does not in itself assure
MHD average minimum B stability; it is clear that the field lines also have
regions of bad curvature. This local bad curvature is strongest in the
regions near the X-points. Again, in this region large gyroradius effects or
other kinetic effects could be Important for suppressing the growth of unstable
modes.

i"

I



3. EFFECTS OF EQUILIBRIUM PROFILES

We now turn to further investigations of the dependence of global kink
mode growth on the equilibrium pressure profile parameters. The experiments
were carried out on the octupoie-based configuration summarized in Table I
and described in References 2 and 3. In the earlier studies, it has been
shown that the capacity to suppress global kink modes decreased with increa-
sing values of L/I v. These experiments were carried out by holding Iy

constant and varying I . Proceeding in this fashion implied that both
the magnitude of the total discharge current I and the characteristic
position of the x-points defining the maximum extent of the discharge
cross-section were changed simultaneously. In the experimental series to be
described here, the ratio L/^ v was maintained constant. This implied that
the position of the X-points was held essentially constant. The magnitude
of the plasma pressure is in general determined by the Bennett relation
which has the form

p * (8irAi)//pd2r, (10)

where the surface integral of the pressure is over the cross-section of the
discharge. Increasing the total discharge,current implies an increased
pressure and an increased current density if the extent of the discharge is
not changed. Thus an examination of the amplitude of these long wavelength
kink modes versus I , with the magnetic geometry constant,more directly
shows the dependence of the growth of the modes on the pressure and current
density. In Fig.3 we show graphs of the characteristic amplitude of the
axial-flux loop signal, normalized by dividing this amplitude by I versus
I for three values of I /I y. For each case with a fixed value of L/I yt
the amplitude of the signal characterizing the unstable mode increased with
increasing I . This Indicates that the configuration became more susceptible
to these modes as the current density was increased while the gradient scale
length was fixed. This is consistent with what would be expected for incom-
pressible free boundary kink modes. For these modes, the driving torque
increases with Increasing discharge current density gradient.
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f Similar behaviour was also seen in numerical, ideai-MHD studies carried
"- 4 5

t out by Dal hed and Hel Isten. • An eigenvalue analysis of global modes showed
I that the growth rates of the global kink modes increased with increased field
I strength and that the stability was improved for equilibria of the type which
«' would be expected with the containment conditions at the separatrix boundary
;; to the high beta discharge region.



11

4. CONCLUSIONS

Two experimental observations have been described:

I 1} The amplitude of the long wave length kinks seen in the
I octupole based configuration increased with increasing values of
I discharge current when the magnetic-configuration geometry was
I held essentially constant.

I 2) An Extrap Z-pinch discharge could not be generated in a
I configuration where the external vacuum field was a hexapole.

| This first observation together with the observations reported on
I earlier and summarized in the introduction indicate that the observed global
| modes are surface current-generated, long axial-wavelength kink instabilities.
f Their growth is suppressed in the Extrap configuration; their growth rate is
| slower than the Alfvén time and the modes subside before destroying the
I confinement. Indications are that the stabilization is the result of effects
I at the separatrix boundary between the high beta discharge region and a low
) beta scrape-off boundary. First, at the boundary the Kadomtsev term is very
I small and second, the low beta plasma confined in the vacuum octupole field
I acts like a conducting boundary. Both effects suppress the growth of free
f boundary gross kink modes.

| The second observation was that equilibrium could not be achieved in
i the hexapoie-based configuration and this lack of equilibrium was apparently
I caused by excessive losses. The time scale of these losses would necessarily
; be faster than the time scale of the suppressed kink modes which was about
: ten times the Alfvén t-me scale. These losses in the hexapoie-based

configuration could be the result of internal fluid instabilities due to
the lack of good curvature for this configuration. A model calculation using
an equilibrium corresponding to a constant current profile shows this lack
of good curvature for the hexapole-based case and,on the other hand, a

\ presence of good curvature for the octupole-based case.
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In summary we can say that the stabilizing effects on the equilibria at
the discharge boundary caused by increased transport there, together with
the presence of a low beta scrape-off layer» may be necessary for stabilizing
global kink modes, however these effects are not sufficient for generation
of long-lived non-circular Z-pinches. Sustained discharges can be generated
in an octupoie-based configuration but not in an hexapole-based configuration.
This observation points to an additional requirement which can be related
to improved stability resulting from the existence of regions with field
lines having good curvature.
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Table I. Summary of the Parameters of the

radial distance to the conductors, ay

conductor current, I
filling pressure (hydrogen)
total discharge current, I
plasma density

plasma temperature
typical average currpnt density, J
typical line density (N = 2Tr/rndr)

V"
Alfvén transit time
typical number of ion gyroradii across
the pinch radius

Linear Experiments

28 mm
10 to 35 kA
0.05 Torr
3 to 21 kA
1021 to 10 2 2 m"3

5 to 20 eV
107 A/m2

3 x 108 m"1

3 x 10"15 Am

0.25 ys
3
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Table I I . Comparison of Field

X-point coordinate

on the x-axis (x )

K = 0 on x-axis

(xc)

flux function at the

separatrix A(xx,yx)

flux function at (x ,0)

percentage of flux in

the region between x

and the separatrix

Line Curvature

Hexapoie-Based

a/bg

a/bg

2a3/3bg

2a3/3bg

0

Octupole-Based

(3a/2b8)1 /2

(a/bg)1/2

3a2/4bg

7a2/12bg

22%
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FIGURE CAPTIONS

Fig.1. Schematic representation of the cross-section of a linear Extrap
Z-pinch discharge where the vacuum magnetic field is an octupole field
produced by currents in four rod conductors. In Extrap, the pinch
cross-section is bounded by the separatrix that results from the combined
pinch and rod currents. The high beta pinch is located inside the region
defined by the X-points. A low beta plasma, contained by the vacuum field,
is located outside this region.

Fig.2. Schematic representation of hexapoie-based and octupole-based
configurations showing the dependence of the geometry of the separatrix
region inside the X-points on the policity of the vacuum field.

Fig.3. Curves of the normalized amplitude of the axial flux henerated by
the kink instabilities versus I for three different values of ID/IV«



conductor
field nuR on axis

gaparatrix

hioh beta discharge

OCTUPOLE FIELD Z PINCH EXTRAP

FIGURE 1



Octuoote Vacuum Ftota <N»4)

\
\

conductorrr \ x-point

FIGURE 2

oo



19

tu



TRITA-PFU-84-16

Royal Institute of Technology, Department of Plasma Physics
and Fusion Research, Stockholm, Sweden

EXPERIMENTAL STUDIES OF THE MHD STABILITY OF NON-CIRCULAR
EXTRAP Z-PINCHES

J.R. Drake, December 1984, 15 p. in English

Extrap Z-pinches, which can be sustained for many Alfvén times, can
be characterized as non-circular Z-pinch discharges bounded by a magnetic
separatrix acting somewhat like a limiter. The magnetic separatrix is
produced when a vacuum magnetic field, generated by currents in external
conductors, combines with the self-magnetic field produced by the
discharge current. The separatrix deforms the pinch cross-section and
affects the equilibrium at the pinch boundary, both effects improve
stability. Experiments have been performed which indicate that both
effects are necessary for the successful generation of sustained Extrap
discharges. In one experiment, the importance of the non-circularity of the
cross-section was investigated. The deformation provided by the vacuum
field can provide regions in the discharge where field lines have good
curvature,which improves the stability of the configuration against
internal mode?;. In configurations apparently lacking good curvature,
discharges could not be sustained. In a second experiment, the dependence
of the amplitude of global kink instabilities on the discharge current
density profile were studied. The behaviour of the modes was consistent
with that which would be expected for surface current-driven modes.

Key words: Z-pinch, MHD stability, non-circular Z-pinch, global kink
instabilities, large gyroradius effects.


