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Local ion temperature and flows are measured directly in the well-characterized reconnection layer
of a laboratory plasma. The measurements indicate strongly that ions are heated due to reconnection
and that more than half of the reconnected field energy is converted to ion therma energy. Neither
classical viscous damping of the observed sub-Alfvénic ion flows nor classical energy exchange with
electronsis sufficient to account for the ion heating, suggesting the importance of nonclassical dissipation

mechanisms in the reconnection layer.

PACS numbers: 52.20.—j, 52.30.Jb, 96.60.Rd

Magnetic reconnection [1] has been invoked often to ex-
plain the acceleration and heating of plasma particles. So-
lar observations suggest that hard x-rays from solar flares
are produced by reconnection [2], and it has been proposed
that the million degree coronais heated by turbulent recon-
nection [3]. In the Earth’s magnetosphere, reconnection is
believed to occur in the day-side magnetopause and in the
magnetotail, where charged particles can be accelerated
aong field lines toward the polar regions, giving rise to
theaurora[4]. Inlaboratory plasmas such as reversed-field
pinches, enhanced ion heating has been seen to correlate
with magnetic fluctuations associated with reconnection
and dynamo activity [5]. However, in al these environ-
ments, it has not yet been possible to measure the complete
reconnection magnetic field topology together with the de-
tailed spatial and temporal characteristics of any resultant
particle energization. Therefore, a rigorous demonstration
of both these aspects simultaneously would have important
implications.

Laboratory experiments have made important contribu-
tionstoward understanding reconnection. In the pioneering
UCLA experiments, ion acceleration, possibly modified
by wave turbulence [6], and electron heating [7] were
observed. However, ion heating could not be addressed
because these experiments were in the “electron MHD”
regime in which p; > L. In TS-3 at the University of
Tokyo, toroidal Alfvénic flows were believed to be ac-
celerated by the strong tension force of reconnected field
lines, and global ion heating was attributed to thermaliza-
tion of the sheared Alfvénic flows [8]. In SSX (Swarth-
more Spheromak Experiment), Alfvénicion jets correlated
with reconnection were reported based on measurements
of ion flux at the vacuum wall [9]. In both TS-3 and SSX,
reconnection occurs when two spheromaks collide at asub-
stantia fraction of the Alfvén speed. Thus, effects such as
strong compressional heating or conversion of the transla-
tional energy of the spheromaks could complicate theinter-
pretation of any observed ion acceleration and/or heating.
It should also be noted that in TS-3 the ion temperature
was inferred from chord averaged neutral and impurity ion
emission, and on SSX, the interpretation of Alfvénic ion
flow is not unique based on the measurements reported.
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In this work, ion heating during reconnection is stud-
ied in a controlled and well-characterized reconnection
layer. The significant new result is the clear demonstra-
tion of enhanced, nonclassical ion heating in a 2D re-
connection layer. Downstream ion flows are observed to
be energetically insignificant (V; ~ 0.25V,), and viscous
damping of the flows cannot explain the observed ion heat-
ing. lons aso cannot be heated classically by electrons
because the energy relaxation time (~400 ws) is much
longer than the reconnection time (~30 ws); furthermore,
the energy released due to classical dissipation is an or-
der of magnitude too small. Based on these results, an
ion energy balance is derived, showing that the ion heat-
ing must have occurred due to nonclassical processes, e.g.,
via wave-particle interactions [10] or collisionless inertial
effects [11].

Experiments were performed on MRX (Magnetic Re-
connection Experiment) [12], which produces plasmas sat-
isfying the MHD criteriaglobally (Lundquist number S >
1, pi < L,Va < ¢). Formation and control of the recon-
nection layer in MRX is unique among laboratory experi-
ments. “Flux cores’ containing toroidal field (TF) and
poloidal field (PF) coils alow the controlled formation of
atoroidal 2D reconnection layer, shown schematically in
Fig. 1. The arrows represent the motion of plasma and
magnetic flux during “pull” reconnection, in which pub-
lic flux linking both flux cores is reconnected into pri-
vate flux linking each individual flux-core. This sequence
produces a reconnection layer elongated in Z which per-
sistsfor more than ten Alfvén transit times (7o = 2.5 us).
When the TF coils are connected with opposite (same) po-
larity, the out-of-plane field By is negligible (finite), re-
sulting in null-helicity (co-helicity) reconnection. Results
reported in this paper are from null-helicity experiments.
Previously, the detailed structure of the reconnection layer
was reported [13], reveding Y-shaped (O-shaped) dif-
fusion regions in the null-helicity (co-hdlicity) case and
a neutral sheet half-thickness 6 ~ ¢/wpi ~ pi ~ 2 cm.
The reconnection rate was found to be consistent with
a generalized Sweet-Parker model [14] in which effects
of compressihility, downstream pressure, and nonclassical
resistivity are considered.
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FIG. 1. (@) Schematic of the MRX upper half plane, showing
the placement of flux cores and IDSP. (b) Illustration of “pull”
reconnection in which “public” poloidal flux reconnects into
“private” poloidal flux.

All three components of B are measured using
magnetic probe arrays, and electron density n. and
temperature 7. are measured using a triple Langmuir
probe. Other reconnection quantities are inferred from
the direct measurements, including the poloidal flux
Y = fOR 27R'Bz(R') dR' (assuming axisymmetry), cur-
rent density jo = —(dBz/dR)/ w0, reconnection electric
field Ey = —(d¢/0t)/27R, resistivity in the reconnec-
tion layer n* = Eq/jy, perpendicular Spitzer resistivity
nsp, Alfvén speed V, = B/ /mop, and plasma inflow
speed Vg = —(a¢/at)/(ay/IR) (invoking flux freezing
outside the diffusion region). The present experiments use
pure helium discharges in order to achieve a direct mea-
surement of T; via Doppler spectroscopy of singly ionized
helium. Parameters for the present experiments are as
follows; n. =5 x 108 em™3 and 7; ~ T, = 15 eV
in the reconnection layer, B = 250 G at the edge of the
layer, and § = 200. Qualitative features of the reconnec-
tion layer for the present helium discharges are similar to
those of previously reported hydrogen discharges, except
dHge = 26y, consistent with the previoudy reported
6 ~ p; scaling [13]. Spatialy, the reconnection region
is located in an area given by R = 35 — 40 cm and
Z = —10— 10 cm.

A major new accomplishment of this work is the local
measurement of T; using the lon Dynamics Spectroscopy
Probe (IDSP) [15] developed at UW—Madison. The IDSP
is an insertable probe which collects plasma light from
a localized volume. Two perpendicular lines of sight
can give simultaneous Doppler broadening and relative
Doppler shift information, although only one line of sight
is used for the present experiments. Figure 1(a) shows the
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placement of the IDSPin MRX (to scal€); thelines of sight
can be oriented in an R-Z or R-6 plane. Further details of
the probe are described elsewhere [15]. Plasmalight is de-
livered via fiber optics to a 1 m monochromator (0.05 A
resolution) and imaged with a gated charge-coupled device
(CCD) camera (wavelength resolution of 0.074 A /pixel).
The reported T; values are determined by fitting He |1
4686 A spectra to a single Gaussian convolved with the
known instrumental broadening, an example of which is
shown in Fig. 2. The approximately 0.2 A of fine struc-
ture in this emission line (slightly less than instrumental
broadening) has been determined to be unimportant. Time
resolution is limited by available light, requiring a CCD
gate-open time of =10 us. Stark broadening is negli-
gible, and IDSP perturbation of the plasma was seen to be
minimal after 15 conditioning discharges. IDSP Doppler
shifts are used to calibrate Mach probe measurements of
ion flow speed derived from an unmagnetized fluid sheath
theory [16] generdlized for T; = T..

Two sets of experiments with identical helium fill pres-
sure and discharge voltage demonstrate that an observed
rise in T; is a consequence of reconnection. First, the
time evolution of 7; in the center of the reconnection re-
gion (IDSP light collected between R = 35 — 40 cm and
Z = —2.5 — 2.5 cm; denote this area A) is obtained for
two situations: with and without reconnection. Pull recon-
nection is driven by alowing the PF current to ramp down
after reaching its peak, which induces the requisite E4 in
the plasma from ¢ = 250 — 280 us. To omit reconnec-
tion, the PF circuit is shorted out near the peak current so
that a much smaller E4 isinduced. The T; rises by more
than a factor of 3 when reconnection is driven and much
less so when it is not driven, as shown in Fig. 3 (top). Er-
ror bars in the ordinate represent 1 standard deviation in
an ensemble of 7; measurements (5—10 discharges), and
error barsin the abscissarepresent the CCD gatetime. The
initial T; = 3-6 eV before r = 245 us, common to both
cases, is believed to result from dynamics of plasma for-
mation. The magnetic energy dissipated per unit volume at
the center of the current sheet is shown in Fig. 3 (bottom).
Note the remarkable correlation between therisein 7; and
the magnetic energy released during reconnection. In the
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FIG. 2. Doppler broadened profile of He 11 4686 A fitted by
the convolution of a Gaussian and instrumental broadening.



VOLUME 84, NUMBER 17

PHYSICAL REVIEW LETTERS

24 AprriL 2000

30F i T
—H8— w/reconnection
25F —&— w/o reconnection B
=
QL 20 E
o
st ]
©
c %
c 10F h
=
5 —g A |
o 0fb, ) pull reconnection
£ o5F — . ;
£ 250 T yjecemecion
3, 2.0¢F E
— 1.5F E
©°
= 1 O F 7
WF 0.5F E
< 0.0

220 240 260 280
time (us)

FIG. 3. Time evolution of (top) 7; and (bottom) magnetic en-
ergy dissipated per unit volume, both in the center of the recon-
nection layer, indicating the causality between reconnection and
T; rise.

second set of experiments, the IDSP was scanned in R
attwotimes, t = 250 — 260 usandt = 260 — 270 us,
revealing a localization of the T; rise in the reconnection
layer, as shown in Fig. 4. The measured temporal and spa-
tial characteristics of T; clearly demonstrate causality be-
tween reconnection and the observed risein T;.

In classicd MHD models of reconnection [1], ions
could be heated in the layer through Coulomb interactions
with Ohmically heated electrons or downstream from the
layer via viscous damping of an Alfvénic outflow. In the
present experiments, neither process is sufficient. Firgt,
the ion-electron energy relaxation time is several hundred
microseconds, much longer than the entire reconnection
process, and therefore classical Coulomb interactions
between ions and electrons are not relevant. Second, the
sheared downstream ion flow speed Vi during recon-
nection has been measured by a Mach probe to increase
linearly along the layer (Z = 0 — 10 cm, R = 38 cm)
from 0 to only 8 km/s (=0.25V,), as shown in Fig. 5.
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FIG. 4. Radial profiles of the relative rise of T, from
250—270 us and reconnecting field B; averaged over the same
time. Substantia rise in 7; occurs in the reconnection layer
(between the knees of the B profile).

The maximum energy density of this flow is an order of
magnitude smaller than the observed ion thermal energy
density. Furthermore, classical viscous damping of this
flow cannot account for the observed ion heating. The
sub-Alfvénic Viz in MRX is consistent with a high
downstream pressure [14] which reduces the Vp force
aong Z.

An ion energy balance [17] for the reconnection
process can be determined. The total magnetic
field energy dissipated due to reconnection from
t) =245 us— t, = 265 uS in volume V (the area
A revolved around the axis of symmetry) is Wy =
Jyl[? Eg(0)je(t)di]1d?V =~ 48 =070 for the dis
charge conditions pertaining to Figs. 3 and 4. Thetotal ion
energy Wions = 3.1 £ 1.0 Jisthe sum of (1) an increase
in ion thermal energy AWy,; = (3/2) [, [n(t)Ti(t2) —
n(t)Ti(t1)]d*>V = 0.5 = 02 J, (2) directed flow en-
ergy Wouttiow = [y (pVE/2)d?V < 0.1J, (3) ion heat
loss due to convection W,opvection = 1.0 = 0.7 J, and
(4) estimated ion heat loss due to classica conduction
Weonduction = 1.7 £ 0.7 3. (lon energy loss to neu-
trals, predominantly via charge exchange, is estimated
to be negligible) The work done on the ions in V
by compression is small, about 0.14 = 0.28 J, and the
classical viscous heating by ion flows is approximately
0.8 = 0.5 J. This leaves approximately 2.3 = 1.0 J, or
48 = 21% of W, which must have been converted to ion
energy nonclassically. The remainder of W,.. goes to the
electrons. W, is about 10 times larger than the expected
energy release due to classical Ohmic dissipation, i.e.,
Egjs =~ 10mspj5 (estimated Zer < 1.2).  The energy
bal ance confirms the necessity of nonclassical dissipation
to explain the observed ion heating.

The relative importance of nonclassical versus classical
dissipation is embodied in the ratio n*/7ns,, which was
shown previously to scale inversely with collisionality
[14]. By varying the discharge voltage, n*/nsp, Wrec, and
AWy,; are varied. The correlation between AWy,; and
Wiee 1S quite strong as shown in Fig. 6(a), further support-
ing the claim that reconnection is indeed heating the ions.
More suggestive, however, is the fact that the fraction
AW, i/ Wiee increases from approximately 4% to 14% as
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FIG. 5. Downstream ion drift speed V,z versus R a Z =
10 cm (left) and versus Z at R = 38 cm (right) averaged over
t = 250-270 us (upstream V, =~ 35 km/s).
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FIG. 6. Discharge voltage scan at constant helium fill pressure
(6 mT). (&) Increase in ion thermal energy AW,,; versus re-

connected magnetic field energy W, from ¢ = 245 — 265 us
in the reconnection layer. (b) Increase in AWy, ;/ Wy, versus

77*/773;)-

1" /msp increases from 8 to 15, as shown in Fig. 6(b). A
possible explanation is that as the plasma becomes more
collisionless, wave turbulence can scatter the current-
carrying particles, increasing »* and also heating the ions
more effectively. However, other possible ion heating
mechanisms which may arise in inertia reconnection
models[11] cannot be ruled out at present. The subtle hint
provided by Fig. 6(b) is that the same (nonclassica)
mechanism which dissipates magnetic energy also heats
the ions. This effect can provide a constraint on any
mechanism proposed to explain the enhanced 7*/7s,
observed in MRX.

To summarize, local ion heating due to reconnection has
been demonstrated clearly using the novel IDSP diagnos-
tic. Thisisasignificant result because it has implications
for many solar and space physics phenomena in which re-
connection is invoked heuristically to explain the presence
of energetic particles. It is estimated that more than half
of the reconnected field energy is converted to ion thermal
energy in MRX. Theion heating is attributed to nonclas-
sical mechanisms because viscous heating by the observed
sub-Alfvénic ion outflow and the energy available from
classical Ohmic dissipation are both insufficient to account
for the observed energy conversiontoions. Theion heating
characteristicsimply that nonclassical mechanisms such as
wave-particle interactions and collisionless inertial effects
could play an important role not only in determining the
reconnection rate but also in heating the ions. It is worth
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noting that the “quiet-heating” scenario with no energetic
flows observed in the present work could have implica-
tions for the problem of corona heating. It is aso worth
noting that the absence of Alfvénic flowsin MRX isunder-
stood to be a consequence of the high downstream pres-
sure, suggesting that global boundary conditions should
in general affect local reconnection dynamics. Theoreti-
cally, it is possible for current-driven instabilities to pro-
duce the observed effects presented in this paper, although
collisionless inertial effects cannot be ruled out. Experi-
mentally, efforts are underway to measure fluctuations in
order to test the wave-particle hypothesis. A laser-induced
fluorescence system under development will alow further
studies of ion heating, including anisotropic effects, with
much improved spatial and temporal resolution.
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