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lon acceleration and direct ion heating in magnetic reconnection were experimentally observed during
counterhelicity merging of two plasma toroids. Plasma ions are accelerated up to the order of the Alfvén
speed through contraction of reconnected field lines with three components. The significant ion heating
(from 10 up to 200 eV) is attributed to direct conversion of magnetic energy into ion thermal energy, in
agreement magnetohydrodynamic and macroparticle simulations.
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Magnetic reconnection has been recognized as kelaboratory experiment on toroidal plasma merging. Its
physics for topological changes of magnetized plasmanterpretation is aided by computer simulations. They
configurations. Dynamic reconnection of solar flare ishave verified important steps of direct ion heating: (1)
often considered to accelerate plasma particles, leadingn acceleration during reconnection and (2) the resultant
to the anomalous heating of solar coronas [1]. In thesnergy transfer to the ion thermal energy.
magnetosphere, reconnection at the magnetopause mayin the present experiment, ion acceleration in the
cause heating of plasma particles. In many theoreticabroidal direction and a large increase in the ion tempera-
models, such as those of Sweet-Parker and Petschek [2,8]ye T; are measured around a single reconnection point.
magnetic reconnection is caused by local diffusion ofTwo merging spheromaks with equal but oppositely
neutral sheet current flowing along tKdine. It has been directed toroidal magnetic fieldB; are used to produce
generally conceived that Ohmic dissipation of the currenan axisymmetric X-point” line. The merging angle of
sheet is the main process which transforms the magneti@connecting field lines is always about 1804,15]. The
energy into electron and ion thermal energies, and that it i$S-3 merging device [15] is used to produce two sphero-
first transformed to the thermal energy of current-carryingnaks and to merge them together in the axial direction.
electrons and then to the ion thermal energy througlits cylindrical vacuum vessel with diameter 0.8 m and
electron-ion collisions. However, the outflow jet associ-length 0.9 m has two internal poloidal field (PF) coils and
ated with reconnection, especially the field-aligned jet, haswo sets of eight-pair electrode rings to produce poloidal
been discussed as an important energy conversion processd toroidal magnetic fluxes of the two initial spheromaks,
in several theories, magnetohydrodynamics (MHD), andespectively. A 2D array of magnetic probes is located
test-particle simulations [4—10]. Plasma particle motionon ther-z plane of the vessel to measure 2D contours of
such as theifE X B drift have also been investigated poloidal and toroidal magnetic fields on a single discharge.
around theX point, leading to further understanding of These data are used to calculate poloidal flux contours
the plasma heating process around the field-null regioand magnetic energy evolutions of the merging toroids.
[9,10]. A localX-point structure has been investigated byThe Doppler width of the i line and the Doppler shift
Stenzel and Gekelman, using a thin electrode dischargef the G, line (and H; line for confirmation) are used
current channel [11], leading to the verification of the 2Dto measure radial profiles of; and velocity on the
plasma flow of reconnection. However, the heating andnidplane. Figures 1(a) and 1(b) show the axial profiles
acceleration characteristics of reconnection, such as thef B, at r = 18 cm and the poloidal flux contours during
anomalous energy conversion to ions, remain unresolvedhe reconnection of the two spheromaks with opposite

An important question has also been raised as t®;. They have plasma currents 630 kA and major and
whether direct ion heating is possible during magnetic reminor radii of 18 and 12 cm, right after their formations
connection. The ion temperatufg is often observed to (at r=10 usec). Att=17.5 usec, two magnetic axes
be higher than the electron temperatdiein some fu- merge completely, indicating that the reconnection time
sion plasmas such as reversed field pinches (RFPs) [1Y less than 1Qusec. Note that thé, profile offers an
and spheromaks [13]. Though anomalous ion heating hasvershoot or an oscillation after reconnection. Unti#
been widely investigated in terms of the magnetic fluc-17.5 usec, the polarity oB, is still kept as initially given
tuations, the multiple reconnection points have preventetly the two spheromaks: positive on the left-hand side and
further elucidation of its cause and mechanism. negative on the right-hand side. Figure 1(c) shows the

This paper describes the first clear evidence of directadial profiles of the global ion velocity in the toroidal
ion heating of single magnetic reconnection, based on direction measured on the midplane. Froms 12.5 to
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FIG. 1. Axial profiles of the toroidal magnetic field, at »r = 18 cm (a), poloidal flux contours on the-z plane (b), radial
profiles of the ion global velocity in the toroidal direction on the midplane (c), and radial profiles of ion temperdiuoa the
midplane (d) during the reconnection of two merging sphermoks with equal but oppositely dirBction

22.5 usec,V is observed to increase in both edge regionsof the reconnected field lines. As shown in Fig. 1(d), the
The largest velocity shear is observedrat 22.5 usec, magnetic reconnection significantly increases the ion ther-
that is, ~3 usec after theB, profile passes the zero line mal and kinetic energies, producing the macroscopic re-
and changes its polarity: negative on the left-hand sideonnection outflow observed in Fig. 1. With the help of
and positive on the right-hand side. The ion velocitylarge ion viscosity in the field-annihilated region, the over-
is positive for r >18 cm and negative forr <18 cm,  shoot motion of field lines possibly contributes to the ther-
in agreement with the polarity of the field-line motion malization process of the ion kinetic energy. The energy
observed in Fig. 1(a). Both measurements indicate that thigow of our reconnection experimentis illustrated in Fig. 2.
inner halves and outer halves of the reconnected field lineBased on thd; measurement, the total increase in the ion
accelerate plasma ions oppositely in the toroidal directionthermal energyW; ., is ~180 = 30 J. This value is as
The maximumV ~12 km/sec observed at=22cm is large as 80% £20%) of the dissipated magnetic energy
about 1to§ of the field-line velocity~15-45 km/sec that W,, ~ 230 = 20 J (the whole toroidal magnetic energy
is the order of the local Alfvén speed calculated from- and part of the poloidal magnetic energy) during reconnec-
2x10°m™3 and B=0.1-0.3kG. Local ion velocity tion. This factindicates thav,, is transformed mostly into
around theX point is probably larger than the measuredW; . However, the magnetic energy dissipatidf,ee
globally averaged velocity, because not the local upstreardf the neutral current sheet is estimated to be as small as
flow but the global downstream flow mostly oriented to the20 J. This value is calculated from the measured 2D mag-
toroidal direction is measured with a resolution of 3 cm innetic field contours, usinWsheet ~ 2mRSLEj 7yec, Where
ther andzdirections thatis comparable to or larger than theR is the radius of the toroidaX-point line, § andL are
width of the compressed current sheet. The velocity shear
is observed to gradually vanish after=22.5 usec. The

B, field with reversed polarity also starts decreasing after |dissipated magnetic energy (B2)|z230J
t =25 usec, suggesting that the oppositely directed field-

line motion decreases the ion velocity. This overshoot / \

or oscillation of the reconnected field lines is observed at

most once or rarely twice. Finally, the, profile relaxes [ S}&ie;tic‘;gf;‘t ] [ direct heating? J
uniformly to zero at =40 usec, indicating the formation P

of a field-reversed configuration (FRC) [16]. =20J

The acceleration of plasma ions is connected with a large ! !

increase inT;. Figure 1(d) shows the radial profiles of -
T; measured on the midplane. In the initial reconnection electrons | — 1ons
phase (at = 11 wsec),T; is uniformly small,~10 eV. ~180J

R@hltsafter rec%nnectlr(])nT,- startli m::reasmlg rapldlyéoeg FIG. 2. Energy flow pattern of magnetic reconnection with
1= MSEC and reaches a peax value as large as &'~ 180°. The magnetic energy is transformed mostly into the

atr = 23 usec. Around this time, the velocity shear alsojon thermal energy not by the neutral current sheet dissipation
reaches its maximum amplitude during the first overshoobut by the direct energy conversion process.
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the width and the length of the current shdeandj are  tors in Fig. 3(a). The maximum velocity of the fluid is
the toroidal electric field and the toroidal current density at~0.8v,. The velocity isosurface at= 867, also shows
the X point, andr. is the reconnection time [15]. These that the direction of the slingshot velocity changes virth
comparisons lead us to conclude that significant ion heatonsistent with the experiment. The magnetic reconnec-
ing is caused directly by the slingshot motion in the bulktion occurs in the tilted plane with nearly no magnetic field
plasma and not by the dissipation of the neutral sheet currormal to this plane, as shown in the schematic pictures in
rent. The direct energy conversion is probably explainedrig. 1. Once reconnection occurs on this particular plane,
by the ion viscosity heating in the process of forming thethe contraction of the reconnected field lines accelerates
velocity shear and not by the finally formed global ion flow the plasma with ellipsoidal cross section in the toroidal di-
itself, whose energy is less than 20 J. They can be conrection (with a tilt toward theR direction). By this time,
pared with the following two numerical simulations, which the next action of reconnection of two field lines in the op-
will be described only to the extent to elucidate the aboveosite toroidal direction occurs in the inner part of the two
physical phenomenon in this experimental paper. Y points that are now rapidly receding. Again the above
A 3D MHD simulation of two merging flux tubes with process repeats itself for the next slice of the plasma. The
counterhelicity magnetic fields has been carried out usreceding ellipsoidal plasma slice oscillates due to its mag-
ing the modified Lax-Wendroff method [17] with artifi- netic tension (primarily Alfvén oscillations), thus causing
cial viscosity [18]. Ohm’'s lawE = —v X B + nJ is  oscillating B; and v, as a result. These results seem to
adopted where) is the spatially uniform resistivity param- correlate well with what we observe in Fig. 1. Note that
etrized by the magnetic Reynolds numiRgr = 103. The the plasma thermal energy increases significantly right af-
number of grid points used i8V,, Ny, N,) = (42,42,82).  ter the reconnection. The increment of thermal energy is
The toroidal and poloidal magnetic fields of the flux tubesmuch larger than the kinetic energy, revealing the direct
are B, = ByJy(2r/a) and B, = ByJ,(2r/a), respectively, plasma heating observed in Fig. 1(d).
whereJ, andJ; are Bessel functions. As is the case in In the counterhelicity case, there appears a substantial
experiments [14,15], distinct from the cohelicity case, tworegion of null or very weak field, where ions are unmagne-
tubes with counterhelicity merge rapidly on the order oftized. It is here that the full description of heating needs
tens of the Alfvén times$r, = a/v,4). Figure 3(a) shows kinetic dynamics and also here that significant direct ion
the isosurfaces of magnetic field strength (white), isosurmomentum transfer and subsequent heating take place.
faces ofv, = £0.3v, (blue and orange), velocity vectors Thus the slingshot oscillations and acceleration or heating
(green), and magnetic field lines (red)sat 8674 and at  are investigated by a kinetic macroparticle simulation. Al-
t=10074. Once the merging starts and theoints ap- though the parameters of kinetic simulation cannot quanti-
pear, rapid reconnection progresses and the separation tatively match those of experiment and MHD simulation,
the twoY points quickly enlarges. During this stage, thesimilar behavior is reproduced. As noted above, the dy-
oppositely directed field lines in th#-R plane rapidly re-  namics in the appropriatez plane is essentially%D (i.e.,
connect, and as they do they are now directed irztie the morphology depends on 2D in this plane, while the
rection (see the magnetic field linesrat= 8674). With  vectors can be pointed not only in the plane but also nor-
this explosive process, the fluid undergoes slingshot momal to this). This electromagnetic macroparticle simula-
tion in the toroidal direction, as seen in the velocity vec-tion scheme described in Ref. [19] includes both ion and
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FIG. 3. (a) The result of 3D MHD simulation of the reconnection between counterhelicity flux tubes. The white surfaces show
the isosurface of magnetic field strength. The blue and orange surfaces show the isosurfaces of positive and negative toroidal
velocities(v, = *=0.3v,), respectively. The green arrows show vecolity vectors. The red curves are magnetic fieldiries,

and: = 1007,4. (b) The result OQ%D EM (electromagnetic) kinetic macro-particle simulation of counterhelicity coalescence; ion
temperauter in the (colescing) direction and electron temperature indhdirection.
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electron dynamics, allowing for finite Larmor radius ef- plaining coronal heating whose power is much larger than
fects and charge separation effects. The realized reconnegheet current dissipation. The observed selective ion heat-
tion is basically collisionlessR(, > 10*), but may not be so ing is also consistent with the RFP experiments whose re-
highly collisionless as that in the magnetosphere, becausmnnection has field-line-merging angles as large as.180
some screened Coulomb collisions remain. We simulated We would like to thank Dr. R. Kulsrud, Dr. M. Kat-
Z%D coalescing flux tubes where two tubes straight inthe surai, and the TS-3 group for useful discussions.

direction merge together in theedirection without a mag-
netic field normal to the plane, thus causing a°1&&on-
ne_Ct'0n [8] This setu.p IS the Same as In Ref. [8]'_ U_nder *Present address: Princeton Plasma Physics Laboratory,
this condition, magnetic fields exhibit slingshot oscillations  pyinceton University, Princeton, NJ 08543.

(not shown here) after reconnection. Figure 3(b) shows fpresent address: Chiba University, Chiba, Japan.
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