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and Tearing in a Theta Pinch
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Measurements and calculations are presented of reconnection and tearing of magnetic
fields in a theta pinch operated with initial bias and driving fields in opposite directions.
Open magnetic field lines reconnect and form magnetic islands on time scales of the or-
der of an Alfven transit time across the plasma sheath. Implications of these results
for plasma confinement are discussed.

Tearing instabilities are important in a wide
range of physical systems ranging from the tail
of the magnetosphere to laboratory fusion experi-
ments. Variations in the radial light emission as
a function of the distance along the axis of field-
reversed 0 pinches have previously been cited'
as evidence for the existence of tearing modes in
these elongated plasma rings. The magnetic
structure in these experiments, however, could
only be conjectured, making interpretation and
comparison with theory extremely difficult. Mag-
netic probe measurements on the University of
Maryland high-voltage fast theta pinch' (FTP) in
the reversed-field configuration have revealed a
diverse variety of magnetic tearing and reconnec-
tion processes, including the formation and coa-
lescence of magnetic islands on time scales of
the order of the Alfven time across the field-re-
versal layer. In addition to being the first direct
observation of tearing modes in neutral sheets,
these magnetic field measurements demonstrate
that reconnection of the inner and outer axial flux
leads to the formation of closed magnetic sur-
faces, which should result in greatly improved
electron energy confinement over an open-field
system. '

Because of the absence of shear in the reversed-
field pinch, the tearing-mode theory of Furth,
Killeen, and Rosenbluth' (FKR) does not apply to
this configuration. A theoretical investigation
has therefore been carried out which demon-
strates that the large growth rates of the experi-
mentally observed tearing modes are a conse-
quence of the ion I armor radius p, being compar-
able to the sheath thickness a.

The 1-m-long coil of the FTP' is 50 cm in di-
ameter and surrounds a 46-cm-wide Pyrex vacu-
um vessel. The initial plasma is formed by
switching into the coil a 60-kV, 83-kHz ringing
discharge. This preheater is followed after 150
psec by the firing of a crowbarred bias bank pro-
ducing a uniform 200-6 field when the main bank

is fired 100 @sec later. The 600-nsec, 1-MA
current pulse from the main bank is supplied to
the coil by a Blumlein-type parallel-plate trans-
mission line. All data presented here were tak-
en in 6 mTorr D„with the bias field antiparallel
to the 2500-G (maximum) main field. Other rel-
evant parameters are an electron temperature of
from 30 to 50 eV, radial and axial ion tempera-
tures of 500 and 200 eV, and an initial electron
density of about 2x10" cm '.

To measure the axial magnetic field, B„we
constructed a four-channel magnetic probe. The
supporting boom of the probe was placed parallel
to, but 17 cm from, the axis of the 0 pinch. The
4-mm, two-turn probe tips were supported radi-
ally 17 cm from the boom so that they were at r
= 0 when the probe was placed in the horizontal
plane. The axial spacing of the probes was 15
cm. We could then map B,(r, z) by rotating the
boom about its axis and translating the boom
along z. In this manner B, was measured at
twelve axial (from the midplane at z = 0 to z = 75
cm) and eighteen radial positions. The final axi-
al resolution was either 5 or 10 cm while the ra-
dial separation was between 1 and 1.5 cm. Five
to ten shots were taken at each location. A high-
order polynomial fit was used to smooth the raw
data.

End-on photography along with magnetic-probe
measurements has shown that both the implosion
and post-implosion phases possess a high degree
of azimuthal symmetry so that 8/88= 0. Also,
the lack of significant axial currents implies B
=—0. With these two assumptions

B(r,z) = (ts/r)x &4(r, z), (I)

where g(r, z ) =—rA s (r, z ) is the flux function. Inte-
gration of the z component of this equation gives

q(r, z =z,.) = f "B,(r, z = z, )r dr, (2)

where by definition ((O,z) =0 and z, is the ith axi-
al probe position. Because B ~ V/=0, a contour
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FIG. 1. Experimentally determined magnetic field
lines shown at times t = 0.40, 0.52, 0.60, and 0.76 @sec.
Each diagram maps one quadrant of the discharge, the
axis of the maching being at r = 0 and the midplane at
g =0. The change in flux between adjacent field lines
is Q$ =2500 G cm .

plot of the flux is also a plot of the field lines.
Thus, to map out the field lines it is necessary
only to measure the axial component of the mag-
netic field.

There is considerable experimental evidence
that the probes are producing reliable results.
Both light and x-ray emission from the plasma
showed little change with or without the probes
present. Moreover, the movement of the ob-
served magnetic islands has no correlation with
probe position. The data were originally taken
with 15-cm axial probe separation. Later, more
data were taken to increase the axial resolution.
The second set of flux plots was essentially iden-
tical to the first. In particular, even the small
islands in Fig. 1(b) are insensitive to the data
mesh.

Plots of the field lines are shown at four differ-
ent times in Fig. 1. The dashed contour (separa-
trix) in each plot differentiates the closed- from
the open-field lines. Figure 1(a) shows that the
implosion progresses most rapidly in the end re-
gion (z -40-50 cm) where the density is lowest,
thus effectively pinching off the bulk of the plas-
ma from the ends by magnetic reconnection. This
produces a large island extending nearly the
length of the coil region. Just 120 nsec later [Fig.

1(b)] this island has contracted axially and tom
into smaller islands. The imploding field, which
is peaked at the midplane of the column because
of fringing in a finite solenoid, then tears the
current at z = 0 [Fig. 1(c), leading to the forma-
tion of two current rings [Fig. 1(d)] which remain
stationary for about 1 psec until the decay of the
axial flux causes the plasma to expand radially.
The existence of closed magnetic surfaces over
times of order 1.5 p.sec correlates well with pre-
vious observations' of good energy confinement
over the same time interval.

The magnetic islands shown in Fig. 1(b) grow
from small amplitude during a time - 100 nsec
and are apparently independent of boundaries and
initial inhomogeneities. ' We therefore interpret
the formation of these islands as a tearing insta-
bility in contrast with the forced reconnection
producing the large island shown in Fig. 1(a).
Such an interpretation is consistent with the ob-
servation that k, a~ 1, k, being the wave number
of the islands, a necessary requirement for the
tearing instability to be energetically favorable. 4

In developing a theoretical model of this insta-
bility, it is essential. to note the presence of the
radial field B„' in Fig. 1(a), which magnetizes
the electrons essentially everywhere. Thus, cal-
culations' based on a simple slab, reversed-field
equilibrium [a current J,'(x) produces a self-con-
sistent B,'(x) =B'tanh(x/a) which reverses sign
across x = 0], in which the electrons are unmag-
netized in the vicinity of B,'=0, are not applica. -
ble to this experiment. However, the addition of
a uniform component of the magnetic field B„'
normal to the current layer of this equilibrium
leads to the configuration shown in Fig. 2(a),
which models the essential features of the experi-
ment. As long as B„'«B', the field-reversed
equilibrium and consequently J,' and B,' are lo-
cally unchanged by B„."Moreover, the varia-
tion of the equilibrium with z can be neglected as
long as k, L,» 1, where I-, is the equilibrium
scale length along z. In this limit, the magnetic
field lines are simply parabolic in the region lxl
«a since the vector potential A,'= B'x'/2a+ IB„'lz-=IB„'l(z+x'/25) is constant along B'. The elec-
trons are magnetized everywhere if 5» (p, a)"',
p, =v, /0, being the electron Larmor radius out-
side the sheath. The situation where p, «a is
considered first for simplicity, although experi-
mentally p, = a.

We consider magnetic perturbations

B = vx [A, (x,z)y]
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FIG. 2. (a) Equilibrium magnetic fields 8 used for
the theoretical calculations. The perturbed field E
shown in (b) causes the electrons to move in the direc-
tion of the short arrows, leading to pressure imbalances
which are relaxed by sound waves (wiggly arrows).
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where 8/Bs = (8'/i 8'i) ~ V. The continuity equa-

of the form shown in Fig. 1(b), where A™„ccezp(i
&&k, z), with a corresponding electric perturbation

E= —yA /c —Vcp,

y being the growth rate of the instability. Follow-
ing standard procedure, ' we can calculate A, in
the vicinity of the magnetic field minimum around
x =0 and match this solution with the external
magnetohydrodynamic (MHD) solution. In the re-
gion ixi «a, Maxwell's equation becomes

8'A„/sx'= (4~/c—)(Z, + Z,.), (8)

where Z„and J,', are electron and ion currents in
response to the induction field -yA, /c.

The electron response to the perturbed fields
is calculated from the linearized fluid equations.
The fluid description of the parallel electron mo-
tion is justified if the collision frequency v„ is
larger than the bounce frequency in the magnetic
well. The perturbed velocities parallel and per-
pendicular to Bp are

completes the description of the electrons. When

y )&0;„, O, „being the ion gyrofrequency in 8„',
the ions are unaffected by B„'. The ions are
therefore unmagnetized in a region ixi &(p,.g)"',
as in the standard reversed-field sheet. ' Within
this region the ions respond adiabatically to y,

(7)

where charge neutrality has been invoked. Equa-
tions (4)-(7) are combined into a single equation

for n, as follows:

p 8 $ 8 n e AyxQg
1 —SB ——

0
—n = V 2, (8)

~S + ~S Pl~ C

where S'= V„'/y(y+ v„) and V« =[(T,+T&)/m, ]'i
is the electron sound velocity. The operator on
the left-hand side of Eq. (8) represents sound-
wave propagation in this geometry, the electrons
and ions having reversed roles by virtue of the
adiabatic ion response and fluid electron re-
sponse to y. The electron dynamics can be un-
derstood from Fig. 2. The periodic induction
field E„causes the electrons to Ex 8 drift in the
direction of the small arrows. This flow has non-
zero divergence and therefore modulates the elec-
tron density along z. The resulting pressure im-
balance parallel to B' produces outgoing compres-
sion and rarefaction waves (wiggly arrows),
strongly reducing n, . The coupling to the sound
wave is weak in the collisionless limit. Inver-
sion of the operator in the left-hand side of Eq.
(8) yields the residual electron density perturba-
tion,

n, = -n, (f~./ia„'i S)(-',fk, ~~)"'

x [A (e +x /25)] ezp(- i si/S), (9)

which is approximately constant along B' out to a
distance S. The quantity R is the mirror ratio
along a given field line (R =8'/iB„'i in a system
which is homogeneous along z). This density per-
turbation produces a diamagnetic current along

j, which from Eq. (5) is

S., = (T.+T, i;k.«, /ia„ i.

This current oscillates rapidly with x for ixi &(b/
k,)"' and, consequently, only the contribution
from ixi &(6/k, )"' is important.

The ion current is large in the unmagnetized
region ixi & (p; a)"' and has been previously cal-
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g —— +Q p p+ v~]

2a'
k,m

' (12)

where g '= m"'k, 'a'(T, +T,)/T, . The first and

second terms in Eq. (12) arise from the ions and

electrons, respectively.
The growth rate resulting from (12) is sensitive

to the quantity p, /a. When p;/a «1, the ion con-
tribution dominates and y/0; & (p;/a)'~'. The
growth rate increases rapidly with p, /a until the
electron term in (12) becomes important. In the
present experiment p; &a and the ions are con-
fined by their electrostatic attraction with the
electrons rather than by the magnetic field. The
calculation" of the growth rate of the tearing
mode is virtually unchanged, however, except
that the ion current J„can be neglected in Eq.
(3). The growth rate for p, &a is simply obtained

by neglecting the ion contribution in Eq. (12). For
the experimental parameters (p, = 1.5a = 2.5 cm,
B = 20B„'= 1 kG, R ~ 4, and k, a = 1), y a 0.5x 10 /
sec, which is in reasonable agreement with ex-
perimental observations. Such large growth rates
(y = 0,) are only possible when p; z a.

culated as

J„=—(v~ /4nc)(m'~'y/k, v, )A, ,

~x( & (p; a)"', (11)

where (v~, '/c')A, is the collisionless response
and y/k, v,. & 1 arises because only ions with ve-
locity v, &y/k, receive a dc acceleration. The
ion and electron currents produce a discontinuity
in the slope of A, across x =0, which is calculat-
ed by integrating Eq. (3). The dispersion rela-
tion of the tearing mode then follows by matching
with the corresponding discontinuity &' = [&A, /
&x],"/A, (0) of the outer MHD solution,

Of substantial theoretical and experimental in-
terest is the nonlinear evolution of this tearing
mode. Preliminary calculations' indicate that
the growth of the instability is strongly reduced
as closed magnetic islands are formed when 0„
~8„. This saturation amplitude is consistent
with our experimental observations and may ex-
plain the apparent absence of this mode in streak
photographs of larger-aspect-ratio, field-re-
versed pinches. '
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