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The magnetic field-line reconnection is investigated in detail by rapidly reversing the toroi-
dal current in a torus plasma. The reconnection brings about an explosive increase in the
plasma pressure in a quite narrow region where a shocklike structure is observed. A strong
plasma acceleration and an anomalous resistivity due to the reconnection are estimated by
the magnetohydrodynamics equations with the variables obtained from the experiment.

PACS numbers: 52.35.Mw, 52.25.Fi, 52.30.+r

Magnetic field-line reconnection! in a plasma
causes efficient plasma heating and plasma accelera-
tion in a narrow region.? It is believed that solar
flares and magnetospheric substorms are closely re-
lated to the reconnection.’ Experiments on the
reconnection have been performed in finite-size la-
boratory plasmas,*> where the plasma boundary
and electric field due to space charges® might affect
the evolution of the reconnection. Kadomtsev’
predicted that the reconnection should appear in the
internal disruption of tokamak plasma, among the
auxiliary field B; in place of the actual poloidal
magnetic field B,. Kadomtsev’s model was exam-
ined with computer simulation,? although in experi-
ment the closest observation has been performed
via soft x-ray measurement.’ Here we report direct
observation of reconnections among poloidal field
lines in a current-carrying toroidal plasma.'® In the
toroidal direction this experiment is free from
space-charge effects associated with electrodes, and
simulates well Kadomtsev’s model in terms of the
observable field B,.

The experiment is carried out in a small
tokamak!! (major radius R =12 cm, minor radius
a =3 cm) made of a Pyrex glass surrounded by a
copper shell with slits in the toroidal and poloidal
directions through which the electric field can
penetrate as shown by Fig. 1(a). Loop voltage is
~ 20 V and toroidal current is 0.5-1 kA. Argon
gas of ~ 1.45x 10~ 2 Pa is discharged in the toroidal
magnetic field (~3 kG) by the electric field in-
duced by the pulsed primary current. The reverse
field is triggered at 100-120 us after the start of
the discharge (duration of ~ 150 ws), where the
toroidal current and plasma density gradually de-
crease from the maxima. That is, after having per-
formed the usual Joule heating and established the
initial B, distribution over the plasma cross section,
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the polarity of the induced electric field is reversed
(t=0), then the total toroidal current quickly
changes polarity in a few microseconds. Following
the current reversal the region of reversed B, field
starts forming on the plasma surface first and then
penetrates into the core pushing out the region of
the initial B, distribution. It is between the two re-
gions that the reconnection proceeds drastically.
All components of the magnetic field B, are mea-
sured by a 1-mm-diam, 10-turn-loop magnetic
probe. The electron density n, and temperature 7T,
are measured by a 2.5-mm-long double probe. The
probe current is measured at a constant voltage
which is changed every five shots for statistical
average. We employ the cylindrical coordinate sys-

FIG. 1. (a) Cross section of a torus with the poloidal
magnetic-field configuration §,, at t=2.2 us; (b) Con-
tour plots of the magnetic flux function ¢, in arbitrary
units with time ¢ as a parameter.
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tem of r (major radius), 6 (toroidal direction), and z
(major axis). The two-dimensional evolution of the
plasma parameters in the cross section is measured
at 11x7 (r Xxz) mesh points inside the rectangular
region of |z|=<0.9 cm and 9.5 cm<r <14.5 cm.
All data are recorded in a memory disk and pro-
cessed by a computer.

Figure 1(a) shows a typical field B, in the cross
section. To confirm the reconnection we calculate
the magnetic flux function ¢ from measured values
of B,= (B,,B,),

Y=yt Y= J;;rBzdr - j:rB,dz. 0))

Here, the flux yo= fo * rB,dr is a time-dependent
constant which does not affect the profile of .
Thus, we plot only the contour of ; in Fig. 1(b) to
show the topological change of the magnetic field
lines through the reconnection. Although s distri-
butes almost circularly for # < 1.2 us, its shape is
strongly modified for ¢ > 1.2 us and an x-type
separatrix is formed inside the torus (r = 9.5 cm).
There the magnetic field lines of the reversed and
forward directions are reconnected and the magnet-
ic neutral point comes out, that is, a reconnection
region (RR) appears. Since the forward B, lines are
forced to disappear by the reconnection, the
reversed-current layer can penetrate inside the plas-
ma faster than the skin time. The initial B, region
diminishes with time and eventually vanishes for
t 2 3 us, and the circular ; associated with the re-
versed current occupies the whole region.

The spatial profile of the current density J, at
z=0, calculated from

Jo=(8B,/0z —dB,/0r)/q, 2)

is plotted in Fig. 2(a). The current J, has a max-
imum at » =12.5 cm for ¢t < 0, in agreement with
the position of the magnetic axis in Fig. 1. The
current J, starts decreasing at t =0 and changes po-
larity near the periphery first. The region of re-
versed current penetrates inward faster than the
magnetic diffusion time (75 =110 us) determined
by the classical resistivity n. derived from the aver-
age initial electron temperature 7,=17 eV. The
penetration velocity is slow in the beginning, but
after ~ 1.2 us it increases to ~ 2.2x 10° cm/s, be-
ing about 3x1072 times as large as the Alfvén
velocity v, =7.3%x 107 cm/s calculated from the to-
tal magnetic field ( ~ 3 kG) and n, =2x 102 cm~3
at t=0. The reversed current has a peak around
the RR and such a peak also moves with the RR as
shown by the arrow.

Simultaneously, a remarkable deformation of the
plasma-pressure distribution is observed in Fig.
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FIG. 2. Radial profiles of (a) toroidal current density
Jo (broken curve) and pressure P (solid curve) with time
t as a parameter. The arrow shows the position of the
reconnection region. (b) Temporal evolution of the pres-
sure P (solid curve) and density n, (broken curve) at po-
sitions 4 and B shown in (a). The dotted curve shows
variation of total toroidal current /,. The reconnection
layer passes A at t = 1.8 us as indicated by arrow.

2(a). Before the current reversal, the pressure
P =n,T, distributes almost the same as J, At
t=0, P at r <10 cm starts increasing rapidly and
the spatial profile of P peaks in the RR. We note
here that the peak of P moves with the RR only in
the initial stage of the reconnection (¢ < 2.5 us),
but later it gradually gets behind the RR as indicat-
ed by the arrow. Such a lag might be attributed to
the quick plasma outflow from the RR as a result of
the strong pressure gradient.!? The evolution of P
at the inner periphery 4 (r,z) =4 (10 cm, 0 cm)
and the center B(12 cm, 0 cm) are shown in Fig.
2(b). The total toroidal current I, is also plotted by
the dotted curve. At 4 where the RR passes, after
quickly rising to the maximum at ¢ = 1.8 us, P and
n, drop rapidly in spite of the continuous current
increase. The time to reach the maximum of P and
n, coincides well with the time at which the RR
passes A as indicated by the arrow. Thus the plas-
ma heating and particle accumulation effectively
take place in the RR, not simply as a result of the
joule heating due to Jy. On the contrary, P and n,
at B decrease during the reconnection, indicating
particle loss through the RR. At the position (14
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cm, 0 cm) where no reconnection occurs, we did
not observe a clear peaking of P and n, except a
slow increase due to the joule heating by J,.

The two-dimensional plots of J, and P at t =2.2
ws are shown in Figs. 3(a) and 3(b), respectively.
Comparing with Fig. 1, we find that the strong J,
and P regions almost coincide with but lag slightly
behind the position of the RR. In order to estimate
the transport the plasma flow V= (v,,v,) is calcu-
lated from the magnetohydrodynamic equations of
motion and continuity,

pmdV/dt=T¢xB,— VP, dp,/ldt=1, (3)

where d/dt =9/8t +v- V, pm (= n,m;) is the mass
density, m; the ion mass, g the effective ionization
rate including recombination. First, we distribute
4000 plasma elements of zero initial velocity in the
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FIG. 3. Contour plots of (a) toroidal current density J,
(contour spacing is 9.5 A/cm?), and (b) pressure P
(spacing is 12 dyn/cm?) in the r-z plane. In (a), marks +
and — correspond to the forward- and reversed-current
regions, respectively, and thick curve shows the boun-
dary Jo=0. In (b), H and L show the higher and lower P
regions, respectively. (c) Resistivity normalized by the
classical value, n/7. (single open circle, 50-100; double
open circle, 100-150); (d) Plasma flow vector V. The
upper right arrow shows the magnitude of 5x 105 cm/s.
All figures are obtained at 2.2 us.
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cross section at £ = —1 us so as to be proportional
to the actual density profile. The orbits of all ele-
ments are calculated from Eq. (3) and d T/dt =7V,
using the values obtained from the experiment.
Although a remarkable increase in V is not obtained
until =0, a strong flow appears in the RR for
t > 0 as shown in Fig. 3(d). The plasma is intense-
ly accelerated outward from the RR with the veloci-
ty of 5x10° cm/s. However, a dominant accelera-
tion occurs in the z direction, especially in the RR
(9.5 cem<r <10.5 cm). On the other hand, we
also find a large plasma flow in the plasma center
region (13 cm, 0 cm). But this flow comes out
mainly as a result of j,xB, force pointed to the
magnetic axis [see Fig. 1(b)] formed by the forward
toroidal current. This effect is dominant in the
center region where the pressure force is of minor
contribution. Equation (3) may not hold during the
reconnection when ions are weakly magnetized.!?

It was pointed out that the resistivity  plays an

important role on the reconnection and energy dis-
2,6

sipation. We therefore evaluate  from Ohm’s
law in the toroidal direction:
me BJ,)
=Eq¢+ (v,B, — - -,
7)']0 EO (vz r vrBz) ezne at
(4)
Eq=—(3¢/3t)/r (Y=yo+yy).

Here, the above V is used. All the variables in Eq.
(4) have been obtained from the experiment except
for the electric field £, which contains ;. Howev-
er, if Jog=0 at r =r(, the right-hand side of Ohm’s
law equation must vanish; then E, and thus
— (dyo/082)/r at r=ry can be determined experi-
mentally. The spatial variation of E, inside the
plasma can be calculated from — (dy;/d¢)/r and Eq.
(1). By averaging E, in the cross section the ratio
m/m, is evaluated as shown in Fig. 3(c). From the
calculation we find an enhanced resistivity in the
RR, while no anomaly appears in the region r > 14
cm in spite of the strong reversed current there.
The maximum value ~7.9x1072 Q cm at (10 cm,
0.3 cm) is about 1.1x 102 times as large as 7.
Although the reconnection does not proceed in a
quasistationary state in our experiment, a shocklike
structure is found in the RR around r =10 cm as
shown in Figs. 1 and 3. A steep increase in P to-
ward the RR and the similarly steep decrease in B,
appear simultaneously, indicating the kinetic and
magnetic pressure balance in the slow shock. The
decrease in P and the increase in the plasma-flow
energy in the z direction around the RR also show
the energy-flux conservation along the stream lines.
In conclusion, a strong pressure increase is ob-
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served in the reconnection region accompanied by a
localized shocklike structure, where plasma ac-
celeration and anomalous resistivity are estimated.
Using the averaged anomalous resistivity n=2.7
x1072 Q cm, the time scale and width of the
reconnection are calculated from Kadomtsev’s
theory as 7= (77p)Y?=4 us and $=a (v%/7p)"?
= 3 cm, in approximate agreement with the experi-
ment [Fig. 1(b)]. Here, we use the poloidal Alfvén
velocity v’ (=7.7x10° cm/s) calculated from the
averaged B, as in the theory, and 74 =a/v), and
Tp = pod /.
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