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TUBULAR PINCH AND TEARING INSTABILITY
Oscar A. Anderson and Wulf B. Kunkel
Tawrence Radiation Laboratory
University of California
Berkeley, Californis
January 28, 1969
ABSTRACT

Theoretical considerations and previous experimental findings with

fast tubular (cylindrical sheet) pinch discharges are reviewed briefly.

More recent work with magnetic probes as well as streak and Kerr cell

thotography corroborates that the sheet-current configuration can be
sufficiently stable to survive a fair number of pinch oscillations. Tt

'is shown, however, that under conditions of high compfession the cur-

rent layer is likely to break up into a set of individual channels
because of a resistive instability. The process involves tearing and
reconnection of magnetic field lines. Wavelengths and growth rates seem

to be in agreement with rough theoretical predictions. The current

. channels form separate linear pinches, which under certain circumstances

disintegrate subsequently by a secondary inétability. A generally tur-
bulent behavior results. Tearing is not prevented by superposition of
a strong axial magnetic field, again in agreemént with theory, although
a slight retardation is noted.._When deuterium is used in the discharge,
neutrons are emitted. Presﬁmably because of the slow rate of reconnec-
tion in most of our studies, the neutrons appear mainly during the |

secondaryinstability rather than at the time of téaring. These findings

are of interest both to astrophysics and to controlled-fusion research.
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I. INTRODUCTION
The tubular (cyiindrical sheet) pinch has been described before
under the name of either "Triax”ldg ”Hohlpinch”B, and some of its
stability propérties in the limit of infinite conduectivity have been

discussed at length.u’5

In this note we therefore review only briefly
the principal experimental and theoretical features of this interesting
configuration and emphasize those aspects that have not yet been ade-
guately dealt with in the literature.  In particular we report on very
clear-cut observations of an important instability, the "tearing mode,"
which occurs here because the plasma has only finite conductivity.

The plasma in this experiment is created in the shape of a hollow
cylihdrical gleeve by passing a high current through a low-density gas
along the annular space between two coaxial return conductors, as indi-
cated in Fig. 1. The configuratioﬁ thus formed is the simplest type of

7

"hard-core" -pinch possible. It aiffers from other linear '"hard-core"

stabilized pinch discharges7-9 in several respects: (a) the current
layer is relatively thin, (b) the current density and the plasma density
are relatively high, (c) the time scale is relatively short, i.e., the
pinch is fromed impulsively (dynamic pinch), (d) the diameter of the
inner return conductor (hard core) is relét;vely large, (e) the inner
and outer return currents are not controlled independently but are
tightly coupled in a manner that produces self-centering of the dis-
charge channel, and (f) in most of this work no stabilizing axial

magnetic field is added.

The trapped and compressed plasma cylinder may be thought of as
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resulting from a collision between two magnetically propelled current
sheets. One of these is traveling radially inward as in any linear-
pinch implosion, while the other is moving radially outward exactly as

10,11 Typical streak-

in the so-called "inverse pinch" experiments.
camera pictures photographed through a slot in the anode are shown in
Fig. 2 to i1llustrate this behavior. Under certain conditions the sheets

will perform a number of distinet "bounces,”

indicating that the colli-
sions can be fairly elastic and that a relatively stable equilibrium
must exist.
II. EQUILIBRIUM

If the configuration has perfect cylindrical symmetry as indicated
in Fig. 1, and if all currents are axial (i.e., if there is no axial mag-
netic field), the condition for equilibrium dP/dr + (B/4mr)d(rB)/dr = O
can be integrated directly. It yields the hollow-pinch equivalent of
the familiar Bennet condition,

2

b
2 -
I, -1, = bk (neTe + niTi)rdr = 2NKkT,__, (1)

- a

where N is the total number of particles per unit length of plasma,
while Ia and Ib represent the portions of the current that return on
::the inner and outer conductors respectively.

It is interesting to note that, in principle at least, the energy
content of the‘plasma can here be determined frbm a simple measurement
of currents (or magnetic fields). This poésibility arised because in

the tubular sheet configuration the plasma pressure exerts a so-called

©
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hoop stress which must be counteracted by magnetic forces. Unfortun-
ately, quantitative inspection revealsvthat the currents or the fields
usually would have to be determined with extreme precision.

Equation (1) démonstrates also that tubular pinches require larger
currents than ordinary cdlumnar ones to contain plasma of a given
energy content. This is not surprising, of course,‘since the total
plasma perimeter in this configuration is very much larger.

The equilibrium position, i.e., the radius of the cylindrical
sheet, depends on the magnetic field distribution. In our experiments
the annular discharge chamber was completely surrounded by higﬁly con-

ducting copper or aluminum surfaces so that the net flux of enclosed
azimuthal field had to be equal to zero at all times. This means the
flux @ between the inner wall and the surface of zero field had to be
exactly equal and opposite to the flux between this surface and the

outer wall. TIf the regions a < r <r; and r, <r <D are current free,

1
as sketched in Fig. 1, and if the radius of the B

it

O surface is denoted

by Ty this "flux balance" condition can be written as
o T2
ry . b
¢ = 2I_ 1n —= + J | B(r)|ar = 2T, In — + f | B(r)|ar, (2)
a T T .
ry _ N 0

where the regions enclosed by the electrode structure have Eeen
neglected.

Suppose now that the flux in the current-carrying region can also
be'neglectgd, as in a skin-current approximation, or simply because the

entire layer is thin: Ty - Ty << b - Ty In that case pressure balance
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requires that B(rl) = B(re) so that Ia/Ib = rl/r2 and relation (2)

_ becomes

r, 1n rl/a =1, In b/r2. (3)

In the thin-sheet limit (x - O) this reduces to

ro2 = ab. (h)
IIT. STABLE OSCILLATIONS

The initial pinch resulting from the collision of the two'current
sheets is ordinarily not in exact magnetohydrostatic equilibrium. First
of all, as in any rapid implosion, inertial effects tend to cause & cer-
tain amount of overcompréssion (compressive perturbation). And secohdly,
unless special precautions are taken, an imbalance in the two radial
momenta at first will carry the entire plasma sheet inward well beyond
the equilibrium position (displacement perturbation). The imbalance
arises because normally both mass and current in the outer sheet are
larger than in the inner one.12 The latter defect can be, and in all
later work has been, remedied by addition of some external inductance
to the outer return circuit to reduce the initial rate of rise of cur-
~ rent in the outer plasma sheet (see Fig. 2b).

Tnasmuch as these "overshoots" are small they can be considered
as pertﬁrbations of the equilibrium. Fortunately, as can be readily
demonstrated, hard-core pinches are always stable with respect to the
two types of perturbations mentioned, provided the conductivity is
sufficiently high. In fact, the resulting oscillations, which have

been described before,l’D may be identified as symmetric and antisymmetric
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)
normal modes of the lowest order, i.e., X = 0, m = O. We retain the

z
physically descriptive terms "compression” and "displacement" oscilla-
tions. Both types of oscillations are easily discernable on the stresk
photograph shown in Fig. 2a. But the gross behavior of the tubular pinch
is also observable by simple electrical measurements. In thi; context
it is expedient to regard the plasma andrits container as a circuit
element since both layer thickness x and‘layer position T have a

direct effect on the tube impedance. The relationship is best expressed
in terms of the effective discharge inductance per unit length, defined

as L = V/I = ®/I, where the total current I = I, + I, For small layer

thickness, x << b - a, and for small displacements from the equilibrium

position, &€ = 1 - I‘O/(ab)l/2 <<'1, this inductance becomes ™
X §2
L~T1L, - - — v (5)
0" o(an)t/? L,

where L, = (1/2) 1n (b/a) represents the value of L for an infinitely

thin sheet at r, = (ab)l/e.

0 Thus we see that small displacements & have

only a second-order effect on current and voltage of the dischargé,
whereas variations in the compression, 8x, enter linearly.

A. Compression Oscillations

According to the above afgument, oscillations of the plasma thick-
'ness should be clearly Visiﬁle by their effect both on the tube voltage
and, in the usual circuits, on dI/dt. Figure 3 shows some particularly
pronounced cases of such oscillations, which evidently are strongly

excited by the initial compression in the first pinch. The periods T,
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may be directly interpreted as the transit times of compression waves

~ through the pinched plasma:

v~ x/[(r + 2/p)e/o )5, (6)

where P = k(neTe + niTi) and B = 87TP/B2 as usual, and the bar denotes a
spatial average. More refined analyses of the dynamic behavior of these

3,k

plasmas for sharp pinch boundaries and for distributed currentsl4 yield
modified expressions but agree with this‘interpretation in substance.

The persistence of compression oscillations for several periods is
evidence of low viscosity and high conductivity in the plasma, and of
considerable stability of the configuration. Under favorable conditions,
up to eight full cycles have been observed. As had been reported before,
in hydrogen and deuterium at pressures below about 0.2 torr, compression
oscillations appeared only when the plasma was vigorously preionized by
a powerful preheating discharge.l Such preparation was necessary in
that case for the formation of well-defined current sheets. But even
then only two or perhaps three very heavily damped bounces could be
seen at low pressure, indicating strong dissipation presumably due to
viscosity. Interestingly, as seen in Fig. h, the full measure of
elasticity was readily restored by the addition of a BZ field, clearly
demonstrating the reduction of viscosity by a magnetic field. Simul-

- taneously, of course, such a field caused an increase in the bounce

frequency, in accordance with Eq. (6).

B. Displacement Oscillations

As pointed out above, small-amplitude displacement oséillations
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de/dt have little effect on L and are therefore not discernible in
Figs. 3a and b. However, as can be seen from Eq. (2), the individual
currents Ia and Iﬁ are affected directly so that a magnetic-field probe
sensing Be near.the outside wall will respond to this plasma motion as
well as to the compressions. If, as before, the flux‘in the current-
carrying region can be neglected aﬁd if the displacements ¢ are small,

one finds from Eq. (2):

ar,  dr I at

~ - —_ _ (M

dt 2dt 2LO dat

The probe frace in Fig. 3d shows the superpositibn véry nicly since the |
two frequencies involved in this case.differ approximately by a factor
of 2. |

The frequency of the oscillations in £&-depends of course on the
mass of the plasma cylinder and on the restoring force that holdsvit
in the equilibrium position. The same theoretical studies that treat
compressions also describe these displacements in radius and show that
the oscillations are indeed stable pfovided that the cylindrical symmetry
is mainfained, i.e., if the perturbations have neither azimuthal nor

~axial dependence.u’llL A highly simplified analysis, good for crude

gquantitative estimatés, yields as an expression for the frequency:15
2
o I
N.m,abL
i7i 0

where Nimi denotes the mass per unit length of the plasma. It is_seeﬁ
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that o increases with I, which is indeed observed.

C. Observation of Stable Oscillations

In principle, @ could be used to "weigh" the plasma, whereas the
bounce time T, yields the speed of sound. In actuality the latter
gives reasonable results that are consistent with other data such as
the observed plasma thickness and pressure. The frequency w, on the
other hand, is often too low by a factor of 2 or more. This is too
v much to be accounted for by an uncertainty in the mass and is perhaps
caused by small deviations from the cylindrical symmetry that was
assumed in the derivation. It is, for instance, conceivable that end
effects result in slight deviations from axial uniformity and thus‘kz
would not be zero but small. Such a feature can well remain undetected
by our photographic or magnetic-probe diagnostic technigue, but it can
have a profound effect on the frequency of displacement oscillations.
Compression oscillations have been studied in a variety of experimental
tubes of different shapes and sizes, at various pressures, in different
gases, and overba range of power levels.

Current distributions were determined, as previously reported,
with the help of a set of movable magnetic-field probes. More recently,
gross features of the discharge were observed with streak photography
through the anode, such as shown in Fig. 2. Stereoscopic photography
was used to verify that the light emission seen did indeed originate
from a cylindrical region in the gas rather than from some luﬁinosity
on one of the electrodes. Occasionally the line profile of the HB
emission was determined as a check on the plasma density, and in deu-

teriun discharges the production of neutrons was recorded.
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In genefal, these additional measurements simply corroborated those

1,5 as far as stéble oscillations are concerned. Com-

reported before,
pression oscillations,‘as shown in Fig. 3, are most pronounced and most
reproducible in light gases at mbderately high initial pressures (0.3

to 1.0 torr) and with modest currents per unit length of circumference

L

(BG ~ 10 G). These conditions correspond to pinched plasma densities
in the lO17 cm_5 range and temperatures between 10 and 30 eV. The tem-
peratures agree rather well with those inferred from the resistivity,

i.e., from the voltage across the términals at peak current. We there-

fore reiterate our previous conclusion: under mild compression the

. tubular pinch is sufficiently stable to execute several normal-mode

oscillations about its equilibrium configuration without fhe help of
any longitudinal stabilizing field.

 However, when the current density is raised, or when the gas
density is reduced, the duration of thesé stable oscillations decreases
markedly. At the same time the appearance of various syﬁptoms, such
as a sudden increase in discharge impedance or the emission of bursts
of neutrons when deuterium is present, point to the onset of instabili-
ties.. Figure 4 shows some good examples of the corresponding oscillo-
graphic signals.

| Iv. INSTABILITIES

A. Infinite-Conductivity Modes

In the outer regions of the tubular pinch the curvature of the
magnetic field is obviously unfavorable, so that the configuration is

naturally subject to ordinary hydromagnetic instabilities. It may
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therefore seem surprising, at first sight, that the plasma can survive
many compression oscillations without the help of an axiai field to
provide stabilizing shear. The explanation is found in the fact that
the radius of curvature of our cylindrical sheet pinch is always very
large compared with its thickness. As a résult even the fastest un-
stable mode has a growth rate slow compared with the frequencies of
pinch oscillations.

The stability analysis of Newcomb and Kaufman5

is restricted to
cases with BZ £ 0 and, moreover, is concerned with threshold criteria
rather than with growth rates. The paper by LehnerlL gives growth rates,
but these are unrealistically large because only infinitesimally thin
skin currents are assumed. For our distributed current and gentle cur-
vature a very adequate estimate of the maximum growth rate p can be
obtained from the analogy of the interchange instability driven by a

gravitational field. Substitution of line-curvature and gradient-B

effects for the graviational acceleration g = EP/pr, leads to the result

2 2Pdlnp _ hx/x,

S R ORN

(9)

Except for a small correction caused by compressibility the first

15

- of these expressions agrees with one given by Kadomtsev. It may also
be deduced from a relation carefully derived by Newcomb for gravita-
tional MHD instabilities, using a local approximation.l6 The second

expression is gotten by substitution of T, from Eq. (6) with the

assumption that P/p is roughly constant throughout the plasma and by
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approximating r =~ r, and'd(ln p)/dr =~ (r2 - ro)il ~ 2/x. Since in our

'experiments we invariably deal with x <’O.05rO it is not surprising

that we shéuld indeed find p << l/TS. In'fact, P 1s sometimes so small
that interchange flutes could not possibly develop before the discharge
current reaches its maximum value.

The question now arises whether the observed symptoms of inéta—
bility are caused at all by infinite-conductivity modes such as dis-
cussed ébove. The experimentally obtained appearance-times of the
neutron bursts do not agree too well with Eq. (9). Furthermore, it had
been noted long agol and has been repeatedly confirmed that the addition

of longitudinal magnetic fields, which should have pronounced stabiliz-

~ing effects on the interchange mode, caused only minor retardation of

the instability onset (see Fig. 4). It is thus evident that, the

phenomenon responsible for the disruption of the tubular pinch is of a

different character. The most likely process in this case is the

resistive tearing of the current sheet. 1In the following we present
evidence that under strong compression the Triax discharge is indeed

destroyed by this finite-conductivity mode.

B. Resistive Tearing Mode
Consider the projection of a general sheared field ontoc the plane

of the paper, as illustrated in Fig. 5a. This could represent the mag-

netic lines in our sheet pinch, even if an axial stabilizing field is

superimposed. TFinite resistivity allows flux to link across the
(dashed) "null" plane so that closed-loop patterns can develop as shown

in Fig. 5b. Tearing is then caused by the attraction of parallel
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currents (normal to the plane of the paper) so that the current layer
goes over into an array of filaments meeting the Bennet rinch condition.
This mode has been observed in theta pinches with reverse trapped 0

17,18

field, and a similar effect must be responsible for the destruc-

tion of current sheets at low density.l9
For visual detection of tearing in the tubular pinch it was con-
‘sidered desirable to view the entire discharge end-on. A large diameter
(a = 15 cm, b = 25 cm) 20-cm long Triax tube was therefore provided with
a semitransparent (i.e., perforated) anode backed by a glass plate to
hold the vacuum. A six-channel Kerr-éell'framing camera was used to
photograph the plasma at predetermined intervais. The distance between
camera and discharge tube was 30 ft to reduce the parallax. Unfortun-
ately, the light emitted by hydrogen or deuterium was too weak‘to give
usable records, so that helium and érgon had to be used for this study.
Some examples are shown in Fig. 6. The breakup into a set of strands
is clearly visible. |
The individual filaments are, of course, expected to be unstable
again since they are ordinary linear pinches. This is indeed seen to
be the case here in the helium pictures. The apparent stability of
the argon filaments seenmed puzzling at first. These initial results,
avugmented by observations with a single magnetic probe, have been
briefly reported on before.go Stereoscopic photographs revealed that
in argon the strong luminosity originated from regions near the elec- ”
trodes only, so that the optical observations could not give us accurate
information about the behavior of the plasma in the body of the dis-

charge. Evidently the only reliable diagnostic technique with argon
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involved the use of multiple magnetic-fiéld probes. It was hoped that
with helium the probe measurements could be correlated with some of.the
framing camera résults; this method was particularly useful in estab-
lishing the wavelength of the instability.

The investigation was thus continued with the help of a set of
seven movable probes which were inserted through the ring—éhaped anode

at 15-deg intervals. The magnetic field could in this way be surveyed

- along 90 deg of the plasma perimeter. Quité understaﬂdably, it was

found that these probes had to ‘be positionéd far from the compressed

plasma to prevent interference with the discharges. For instance, when
the probes were tilted to céincide with the equilibrium position of the
pinch, the current sheet éhowed a tendency to tear into 12 channels and

the signals had the same polarity every time. Such behavior is an indi-

~cation that the instability was influenced by the immersed objects. No

such cqrrelation was ever seen when the probes were kept near the outer
insulatort

A gbod vay to measure the growth of the tearing mode in the cylin-
driCaL sheet pinch consists of observing the development of radial

components of the magnetic field (see Fig. 5b). Thefefore, all seven

" probes were at first oriented fo sense Br' In the case of helium,

* Which had shown distinct channeling of the discharge also in the stereo-

scopic framing pictures, direct comparison could be made, as displayed
in Fig. 7. While tearing develops, the Br signals grow graduaily

exept at points where the perturbation has a node. From a large number
of such records approximate exponentiation times and wavelengths can be

deduced and these agree well with the optical data. In Fig. 8 we plot
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the dependence of the e-folding time on the initial gas pressure when
all other discharge parameters are held éonstant.

Quantitative comparison with the theory developed by Furth and
coworkers6 is difficult at this stage for the following reasons:

(1) The relevant parameter in the theory S = TR/TH depends
critically on the sheet thickness x as well as on density and tempera-
ture. These quantities have not been determined with sufficient accu-
racy. In cases where fairly good estimates are availlable, based on
optical observations, the value of S is not very large, so that numeri-
cal calculations must be used. Furthermore, the stabilizing effect of
the conducting walls must be taken into account as well as the curva-
ture of our cylindrical configuration. Some numerical calculations for
our experimental arrangement have récently been carried 0111:,2l but not
for enough cases to match all our>data. We mention in passing here
only that these calculations indeed predict growth rates considerably
smaller than those computed for the long-wavelength limit, kx << 1,
in Ref. 6.

(2) Conditions, such as the value of By, change during the
development of the instability, so that true exponential growth of the
perturbations is not really expected.

(3) Finally, when the B, signals are large enough to be clearly
observable the amplitudes are very probably in the nonlinear domain,
to which the theoryvdoes not really apply.

The relationship between our observations and the theory is thus

primarily of a gualitative nature. Nevertheless it is interesting to

compare the pressure dependence shown in Fig. 8a with predictions based
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on the theory for constant field and large values of S. In that case

. 6
the fastest growth time is given by

~ 1/2 (01/2T3/2X5/B)1/2’

-1/2
~ TR = (1p7y)

where TR is the resistive diffusion time and TH is the Alfven wave

transit time for the sheet pinch of thickness x. With pressure balancg,

pT ~ B2, and mass conservation px ~ PO’ where PO stands for the initial
. L 3/2.2,.5 .

pressure, this becomes 1 ~ PO T°/B”. It is seen that the observed

3

behavior is consistent with this relation conly if TQB "is nearly invari-
ant. On the other hand, it is worth mentioning that the computations
for our cylindrical configurationgl yield maximum growth rates for wave
numbers giver by m between 5 and 8 (for values of S between 10 and 100)
in rather good agreement with the experimental findings.

Figure T also shows violent fluctuations of Br at the time the
secondary instabilify sets in, i.e., when the individual channels-
Becbme hydromagnetically unstable. The time of onset of this phase is
~ also plotted in Fig. 8. Surprisingly, the secondary (pinch) instability
never shows up early. It seems to require some minimum current regard-
less of how low the initial pressure is or how rapidly the tearing
develops. The inérease.in discharge impedance that is indicated by
the sudden increase in voltage is invariably coincident with the onset
of this secondary instability.

In the case of low-pressure argon, where the framing camera had
shown channeling without secondary instabilities, the probes indinated

that far from the electrodes tearing was very weak, if noticeable at

all. Evidently electrode effects enhance or overemphasize the channeling
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action. The tearing in the body of the plasma may be suppressed because
of the large gyroradii or because the value of S is alway: too small.
V. TRAPPED FIELDS AND NEUTRON PRODUCTION
A. Trapped BG

Although no photographs could be taken, some gualitative studies
with deuterium were particularly interesting because of the familiar
connection between instabilities and neutron emission. When deuterium
is used the sudden increase in voltage is always accompanied by a burst
of neutrons. We know now that this is caused by the usual instability
of the'filamentary secondary pinches. Figure 9a shows a good example
at 50 mtorr pressure and high power, including half a cycle of pre-
jrheating current, and Br probes indicate rapid growth of channeling.

This is one of a large number of tests intended for the study of pre-
heating effects on the plasma and its tearing mode. Notice that the
preheating current is in thevsame direction as the main compression

~ current.

When the preheating current is allowed to ring through fwo full
cycles, as sketched in Fig. 9b, the plasma behavior is quite different.
First of all, the voltage now indicates several pinch oscillations which
were absent before. This means the plasma must have good conductivity,
and presumably it has imbedded a certain amount of magnetic flux, some
of which must be in the reverse direction. This seems to be important.

- The pinch oscillations disappear after a few cycles and a small burst v
of neutrons is detected simultaneously. This, however, is not yet our

usval secondary instability. The latter appears more than 0.5 usec
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later and is accompanied by a much larger heutron production. The mag-
netic probes this timé give no évidence of develorment of large Br
components until shortly before the onset of the secondary instability.
It has been suggested22 that a relatively fast short-wavelength resis-
tive instability may develop here internally which produces some neutrons
and allows the innef trapped reversed fields t§ relax before the general
tearing takes over. The temporary fine—gr?in turbulence is then the
cause for disappearance of the regular pinéh oScillations.v It.does not
seem likely that a long-wavelength tearingvcan occur without being
detected by the Br probes.
| B. Trapped BZ
The theory of resistive instabilities_predicts that tearing should

occur even if the magnetic field does not have a neutral surface as in

‘the pure reversed-field sheet pinch described so far. Indeed, it had

never been possible to stabilize our tubular pinches by shear, i.e.,

by simply adding an axial magnetic field BZ. To verify that the insta-

bility consisted of channeling even in this case, the multiple-probe

" experiments were repeated with a superimposed uniform BZ field with

initial values up to 3 kG.
To get an idea of the plasma structure under such conditions, field
6.
A peak current. In this case both Bz(r,t) and Be(r,t) were recorded.
Some results on Bé are plotted in Fig. 10. 'The data start near the
outer insulator and extend through the current layer but do not'reaéh

all the way to the inner wall. The initial field here was 2 kG. Partial

trapping and compression to 8 kG at t = 1 usec is clearly seen. The
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instability becomes visible at about 1 usec. Figure 11 shows a similar

plot of B, which reaches 10 kG outside the layer and reverses sign some-

6
where inside the plasma. Several pinch oscillations are visible. Cal-

culations give B =~ 0.3, kKT =~ 20 eV, and 1 =~ SOTH. The observed e-fold-

R
ing time of the instability 1s about 0.2 psec.

Measurement of Br(t) near the outer wall showed growth as before
for all values of B%(O). A set of observations of voltage, neutrons,
; Br near the wall, and ABZ near the center of the layer for a variety
of initial values of BZ is reproduced in Fig. 12. Tt is seen that BZ,
even when it dominates the pressure balance, has little effect on the
tearing, Jjust as predicted by theory for TR/TH >> 1. The field is seen
to be trapped and compressed until the instability develops. The volt-
age rises and neutrons make their appearance whenever the secondary
instability sets in. The only positive effect of BZ is a slight
retardation of this secondary instability and a reduction of the neutron
output by about a factor of 2.

VI. CONCLUSION

Cylindrical sheet pinches have been shown to be sufficiently
stable against ordinary hydromagnetic perturbations to survive a fair
number of pinch oscillations. Under conditions of high compression,
however, they are likely to tear into a set of filamentary pinches
because of a resistive instability. This instability canmnot be sup-
pressed by a strong axial magnetic field. These findings corroborate
theoretical predictions and have an important bearing on the concepts

of magnetic confinement in general and on the prospects for shear
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stabilization in particular. The process of line-reconnection.also, of

23,2k

course, plays an important role in astropbysical phenomena and in

25

space science, but in these cases the mechanism may often be colli-
sionless rather than resistive.
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FIGURE LEGENDS
Tubular pinch geometry, current,and magnetic field.
Streak photographs of typical discharges viewed through
radial slit in anode. (a) Showing both displacemenf and
compression oscillations. (b) Balanced conditions, i.e.,
displacement oscillations are minimized. The current
reached its maximum at 2.5 usec.
External electric observables of a typical well-behaved

tubular pinch discharge. Conditions were: a = 2.5 cm,

'b = 5 cm, length 100 cm, filling P. = 0.5 torr deuterium,

0
power supply C = 45 uF, Vv = 20 kv.

Current, voltage, and neutron signal for discharges with and
without longitudinal magnetic field. Conditions as in Fig. 3

except P. = 0.1 torr and plasma was preheated.

0
Magnetic field lines in tearing mode, projected onto plane
normal to the direction of the current. (a) Unperturbed.
(b) After some recomnection has taken place.

Framing camera photographs of tubular pinch discharges taken
through a transparent anode, for various gas fillings. Con-
ditions were: a = 7.5 cm, b = 12.5 cm, length 15 cm, C = 85
uF, V = 18 kV, current peak at 2.3 usec.

Framing camera photographs and Br signals with helium at 125
mtorr pressure. Note that visible tearing coincides with
growing Br signals, and very irregular behavior of Br accom-
panies secondary instability. Tube and power supply were

the same as in Fig. 6.
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Instability time séales in helium at various pressufes.

Tube and pqwer sppply were_the same as in‘Figs,-6 and 7.
Error baré indicate uncertainty in determination of‘best
fitting exponential.

Tubé voltage; neutrbn yield, and Br—probe signals for 1 and
L half-cycles‘of pfeﬁeatingAcurrentf Conditions weré: tube

same as in Fig. 6, filling P. = 0.05 torr deuterium, main

0
bank C = 340 uF, V = 18 kV.
Plot of BZ(r,t) shoﬁing compressioh--and léter on, flgctuation
--of a superimposed axial field._ Other conditions same as in
Fig. Qa. | '

Plot of Be(r,t) for the‘same discharge as that in fig. 10.
Oscillograms of ﬁeutron yield, voltage, Br(r ~ b) aﬁdv-
ABZ(r'z'ro) for various initial values of B . Other condi-

tions are as in Fig. 10.
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respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
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