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Laboratory magnetic reconnection experiments have been performed for nearly 20 years. Elegant
experiments by Stenzel and Gekelm&h L. Stenzel and W. Gekelman, Phys. Rev. Lé#. 1055

(1979; W. Gekelman and R. L. Stenzel, Phys. Rev. L&#, 2414 (1985] focused on the
measurement of field quantities with a single movable probe in a highly reproducible plasma.
Observations included a very thin current sh@et the order ot/ w,), accelerated electrons, and
whistler waves. The argon ions were unmagnetized in these experiments. Recent
magnetohydrodynamidVHD) experiments by Yamada and Ono have used merging plasiidids
Yamada, Y. Ono, A. Hayakawa, M. Katsurai, and F. W. Perkins, Phys. Rev.@%tf21(1990);

Y. Ono, M. Yamada, T. Akao, T. Tajima, and R. Matsumoto, Phys. Rev. 16t3328(1996] and

have measured three dimensional effects and ion acceleration. We have observed correlations
between magnetic reconnection and energetic ion flow events with merging force free spheromaks
at the Swarthmore Spheromak Experimé®X) [T. W. Kornack, P. K. Sollins, and M. R. Brown,

Phys. Rev. B58, R36(1998]. The reconnection layer is measured with linear and two dimensional
probe arrays and ion flow is directly measured with a retarding grid energy analyzer. Flow has been
measured both in the plane of the reconnection layer and out of the plane. The outflow velocity is
nearly Alfvenic in the reconnection plane and the scale of the magnetic structures is consistent with
collisionless reconnection theorigsn the order ot/ wy;). Results from the two dimensional array
show the formation of magnetic islands correlated with super-Altvéons accelerated normal to

the layer. ©1999 American Institute of Physid$§1070-664X99)96805-2

I. INTRODUCTION capable of heating plasma and accelerating charged particles
to high energies.

Magnetic reconnection refers to events in which mag-  The transition from nondissipative drift to a dissipative
netic flux is locally annihilated resulting in a global change current sheet and the mechanism for dissipation and breaking
in magnetic topology. In astrophysical contexts, magnetiof magnetic field lines is a subject of considerable debate.
reconnection occurs when parcels of magnetofiuid with opThe key idea is that the thickness of the layer adjusts to a
positely directed flux are mergedor example, when two scale such that convection is balanced by diffusion. The
solar flares are brought together or when a single loop ofagnetic lines of force then lose their identity in the layer so
magnetofluid is twisted or distortgdintense current sheets that a line associated with one parcel of magnetofluid be-
are formed at the interface of the merging parcels whichcomes associated with the other.
convert magnetic energy to heat and energetic particles. In |t is becoming clear that the suand likely other astro-
the laboratory, magnetic reconnection occurs when columnghysical magnetofluidis able to generate and annihilate
of magnetofluid become overly shearetdie to high current  magnetic flux at all scales. The generation mechanism is evi-
or when separate bundles of magnetofluid are merged.  dently some kind of dynamo. There is growing evidence that

The paradigm for magnetic reconnection is the merger oknnihilation via magnetic reconnection plays a crucial role in
two parcels of magnetofluid with anti-parallel flégee Fig. particle acceleration and heating in astrophysical plasmas.
1). In the rest frame of either parcel, there is no electric fieldRecently, the Yohkoh satellite has produced dramatic images
(and no velocity, simply magnetofluid at rest. The velocities of solar flares correlating x-ray, magnetic and particle data
of the parcels stagnate to zero at a neutral sheet which déor the first time. Observations made with the Yohkoh hard
fines a new frame of reference. In the rest frame of the neux-ray and soft x-ray telescopes have identified the reconnec-
tral sheet, the parcels are moving in towards the layer. Ition region at the top of the flare as the site of particle
E’=0 in the magnetofluid rest frame, thBn-v XB=0 out-  acceleratiort. Shibataet al? detected jets of upward flowing
side the layer in the rest frame of the neutral sh@ta plasma above the Masuda flare at close to the ‘Alfspeed
Lorentz transformation The role of the electric field is non-  ,; providing further evidence of reconnection and conver-
dissipative(i.e., purely convectiveoutside the layer. When sjon of magnetic energy to kinetic energy in flares. Doppler
the parcels stagnate, the electric field becomes dissipativshift measurements on the Solar Heliospheric Observatory
inside the layer and= »J. This directed electric field is (SOHOQ ultraviolet spectrometer show evidence of bidirec-
tional Alfvénic jets in the reconnection plafieLaboratory

*Paper C2TV.1 Bull. Am. Phys. Sod3, 1661(1998. experiments can now begin to shed some light on these ob-
Mutorial speaker. servations.
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o whereSis the Lundquist number based on the macroscopic

scaleL (S=R,, if vas is used for the velocity SinceS

x5!, resistive MHD predicts® that the thickness of the

AV, layer vanishes like 4/S. Outside the layer, thex B term in

- L <;:| (.)hm’_s law dominates re_sis.tivity so the rolg of the electric
field is to generate nondissipatiex B flow into the layer

(slowly) and out of the layefrapidly). Since the outflow is

E limited to the Alfven speed(by energy conservationthe

i ® reconnection rate is limited by thickness of the layer. Inside
B

E

the layer, the electric field is dissipative but can accelerate
charged particles to high energies.
It has recently been shoWihat in the collisionless limit
of large S (and smally) Hall dynamics and electron inertia
govern the scale of reconnection. Clearly, kinetic effects
must be considered at small scales. Electron and ion dynam-
FIG. 1. Magnetic reconnection paradigm. Merging parcels of magnetofiuidcs decouple on scales smaller than the ion inertial length
_have no electric fie'ld in their respective rest frames. By special. relativily,clwpi and the thickness of the layer is clamped by ion iner-
in any other frame(in particular, that of the neutral sh¢ehe relationE . . .
+vXB=0 holds. At the neutral sheet, the velocities stagnate to zero so thga' EIeCtro'_’] dynamlcs ge_nerate an inner Smbpe Wh?re
role of the electric field becomes dissipative. the frozen-in flux constraint is broken and reconnection oc-
curs. Below thec/ wy,; scale we expect the single fluid MHD
model to fail and kinetic effects to dominate. Dynamics at
In Sec. II, key aspects of reconnection theory are sumthe c/w,. scale where only the electrons are magnetized are
marized. In Sec. Il results from two important sets of recon-often referred to as electron MH@r EMHD).
nection experimentone at the University of California, Los Two dimensional resistive MHD simulatiohpredict ac-
Angeles (UCLA), the other at Tokyo/Princetdnare re- celeration of a few particles to super-Alfvie velocities nor-
viewed. In Sec. IV, recent results from the Swarthmoremal to the layer in addition to the Alfvec flow across the

Vx

E+VxB=0 ;’ 0 E+VxB=0

Spheromak Experiment are reported. layer. The super-Alfueic particles are trapped in “magnetic
bubbles” for a few Alfven times and are accelerated by the
II. SUMMARY OF RECONNECTION THEORIES self-consistent electric field at the O-point. This energetic tail

is predicted to be convected across the layer gt. Colli-

Predictions of the structure and thickness of the reconsjonless two-and-one-half dimension&-1/2 D) hybrid
nection layer depend sensitively on the model used. If parsimulation§ also predict ion beamgas well as in-plane
cels of magnetofluid of macroscopic scélend with oppo-  Alfvénic flow) and significant out-of-plane magnetic fields.
sitely directed magnetic flux are merged at a velocity@f  As the magnetic flux and electron fluid decouple at the inner
then a boundary layer of thicknegsis formed where the gscale €/wpe) an out of plane super-Alfysc jet of electron
opposing flux is annihilatesee Fig. 1. The resistive mag- fluid is seen. The electron jet drags flux out of the plane to
netic induction equation can be written by taking the curl ofproduce out-of-plane magnetic fields. Much of these interest-
the r)nagnetohydrodynamid\/IHD) Ohm’s law E+vXB  ing dynamics remain to be seen experimentally.
=nd):

9B 7
J—— _ 2
o Y X(xB)+ MOV B. IIl. RECONNECTION EXPERIMENTS

Resistive MHD predicts that in steady state the two terms o\ UCLA experiments
the right-hand side balance. Writifg~1/5 as an inverse The first detailed measurements of magnetic reconnec-
scale length across the layer, this condition can be written tjon were performed nearly 20 years ago by Stenzel and
Holind Gekelman at UCLA and proceeded through the 198¢s?
m= 7 =4 Experiments were performed in a large linear device and
plasma was produced by a largem diameter cathode dis-
where Ry, is the magnetic Reynolds numbéhe ratio of  charge. The pulsed plasma&102 cm 3 T,=10T;=5
convection to diffusionbased on the inflow velocity and the —30 e\) was immersed in a uniform magnetic fiel@q

thickness of the layer. The assumptions of incompressibility=10 G). Sincep;=Rnamber the ions are unmagnetized in

and energy conservation yield this experiment.
L There were at least two schemes for formation of the
Vout= 3Vin = Valf - reconnection geometry. First, parallel currents could be
pulsed through a pair of plates above and below the plasma
The scales and velocities are therefore related by (see Fig. 2 An induced current flows in the plasma anti-
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FIG. 2. Schematic of the UCLA reconnection experiméat.Cross-sectional view showing transverse vacuum magnetic figdSide view with charac-
teristic fields and currents.

parallel to the plate current. In a second scheme, the dis- Electron temperature and density were measured
charge current was masked to allow only a sheet current tthroughout the reconnection region using rapidly swept elec-
flow. Both schemes yielded similar results. trostatic probe$®!* The kinetic pressurep=nkT) and the
The key technique in the UCLA experiments was to per-magnetic pressureBZ/2u,) can be plotted separately and
form careful point measurements of field quantitiBsE, v, compared[see Fig. 4; note that the axis i) should be
Ne, andT,) using single probes and to rely on the reproduc-labelled 10 ¢]. The total pressures were shown to be com-
ibility of the discharge. The results of several measurements
at one location were averagé®5 to 80 dischargeshefore
the probe was moved. The time between discharges was
short (2 ) so that hundreds of spatial locations and thou-
sands of discharges could be measured during a run.
The main resulf was that the average magnetic field
topology evolved to a classic double Y geometry with a cur-

rent sheet thickness intermediate between the electron iner- P 3 §§«%§§::;
tial and ion gyroradius scales/(w,e= 5=<p;) [see Fig. 8a)]. (Iem=) NS

In addition, the distinctive outflow in the reconnection plane
at the Alfven speed was also verifigdee Fig. 80)].
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FIG. 3. Measured vector fields in the UCLA devi@@ B, and(b) v,. Note FIG. 4. (a) Kinetic (p=nkT) and (b) magnetic pressureB(f/Z,uO) in the
the classic double Y topology, with current sheet thickness on the order oUCLA device. The total pressures are compardpke1) but not in equilib-
c/wpe and that the outflow speed is nearly Alhie (vaj;~Cg). rium. The axis in(b) should be labeled 1G.
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in f(v,r,t) drive whistler turbulence whictas noted above
(b) affects force balance and tends to increase the effective re-
Equilibrium field coils 2-D magnetic sistivity of the plasma.

Vacuum vessel probe amay The UCLA experiments were performed at théw,e
scale, which is where we expeft1, and in the collision-
less case, where we expect the frozen in flux condition to be
broken. These studies focused on the inner scale of magnetic
reconnection. Subsequent experiments at Tokyo, Princeton,
and Swarthmore are unable to resolve this inner scale, but
reveal some similarities. The key to the future understanding
of magnetic reconnection will be in focusing on kinetics
(waves and particlesas the UCLA group has done.

FIG. 5. (a) Schematic of the Tokyo TS-3 device aig) the Princeton MRX B. Tokyo/Princeton experiments

device showing locations of probe arrays and formation apparatus. In the 1990's, magnetic reconnection experiments
moved fully into the MHD regime beginning with experi-
ments of Yamada and Ono at the University of ToRydhe
parable(as expected sincg=1) but locally the pressure is key differences between these experiments and the earlier
not balanced. The lack of equilibrium results in an acceleralCLA experiments werg1l) the ions (protong are fully
tion of the plasma out of the neutral sheet. In addition, themagnetizeth; <R;pamper (2) arrays of dozens of magnetic
total MHD force density {=JxB—Vp) can be compared probes are used on a single dischaf@gthe current sheet is
with the time derivative of the fluid momentum. It was found formed and reconnection proceeds by merging separate
thatf was much larger than the fluid momentum change. Thdundles of magnetized plasn{d) the measurements resolve
difference was determined to be due to anomalous scatterirte ¢/ wp,; scale but not the/w,. scale, and5) the recon-
of the flow off turbulent fluctuations. nection geometry is fully three dimensional.
The source of the turbulent fluctuations were determined A variety of formation schemes have been employed
with careful plasma kinetic measurements including the electFig. 5. The Tokyo experiment has focused on— 6" for-
tron distribution function and wave activity. Autocorrela-  mation. The Princeton Magnetic Reconnection Experiment
tions and cross-correlation between two probes were medMRX) employs a “flux-core” formation scheme. In both
sured throughout the experimental volume. The wavelengtbases, gas is ionized situ so that plasma is generated with
of the waves excited by reconnection activify~10 cm imbedded magnetic flu§orming the magnetofluid Typical
was consistent with whistler waves. The structure of ambienplasma parameters incluge=10"* cm 3 T,=T;=10-30
waves was compared to that of test waves and it was deteeV and have a typical magnetic fieRh<1 kG.
mined that the magnetic turbulence was a random ensemble There are several important results from this work. Ya-
of obliquely propagating whistlers. Measurements ofmada and Ono have pointed out the importance of three-
f(v,r,t) showed anisotropies in the form of runaway dimensional effects on the reconnection rté°The idea is
electrons'® The effective resistance of the plasma was influ-that the simple two dimension&2D) Sweet—Parker picture
enced by the collisionality of the runawagand not the av- is modified by the addition of magnetic flux in the third
erage temperature of the bulk electrpns large fraction of dimension(see Fig. 8. If the added field is in the same
the current was carried by runaway electrons which are lesdirection in both the upper and lower flux bundles then the
collisional than the bulk electrons. In addition, anisotropiesreconnection angle is less than 180 degrees and the recon-
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FIG. 9. Driven reconnection in the MRX device: Data from a 2D magnetic
probe array on a single shot. The double Y topology is observed during null
helicity merging. Note the similarity to Fig. 3.
t = 45usec
ture profile from Doppler broadening of the, line. Note
that the characteristic time for ion heating from 10 eV to 200
eV is only about 1Qus (a few Alfven times.
t = 50usec Both Y- and O-shaped structures have been observed in

the reconnection layer in the MRX devf¢e The double Y
topology is observed in “null-helicity” mergingpurely two
FIQ..Y. Evolgtion of the poloidal flux fg(a) co-helicity and(b) counter- dimensional structure with no toroidal field at all, Fig). 9
helicity merging in the Tokyo TS-3 device. while O-points are observed during co-helicity merging. Re-
cent results indicate that classical resistivity is insufficient to

nection rate is reduced. An interpretation is that the workexplain their observed reconnection ratésiowever, if the
required to compress the added flux slows the reconnectioffects of compressibility, pressure differences between up
rate. If the added field is in opposite directioftep and @and down stream, and an effective resistivitie to turbu-
bottom then the reconnection angle stays near 180 degred8nce are included, a modified version of the Sweet—Parker
and the reconnection rate is comparable to the 2D caséh€ory can explain their results. Note the general similarity
Viewed in terms of magnetic helicity, the first case is re-of Fig. 9 to the corresponding UCLA resRig. 3). The key
ferred to co-helicity and the second to counter-helifthye  difference is that a few cm correspond to the @w,; scale
sign of helicity can be writter(l,-B,)/(1,B,)]. The experi- in the MRX plasma while a few cm correspond to the elec-
mental result$Fig. 7) show that merging is much more rapid tron ¢/ wye scale in the much less dense UCLA device. There
in the counter-helicity case. In other words, the reconnectio@PpPears to be a self-similarity at both scales.

rate, which is just the electric field from Faraday’s law, is

higher if the local reconnection angle is close to 180 degreedV. SWARTHMORE SPHEROMAK EXPERIMENT

Except for the relative sign of helicity, these two discharges We are able to generate force-free spheromaks with

wereA|denF|ctaI(.j ith the hiah i tes | N magnetized plasma guns at the Swarthmore Spheromak Ex-
ssoclated wi € igher reconnection rates in counter: eriment(SSX)?3 and merge them coaxially. Both one and

helicity merging, they have also observed ion heating an{/vo dimensional magnetic data are recorded in the plane of

apceleraﬂon bz% D.oppler broadening and Sh'ftS.Of line CMiSintersection of the spheromaks. We observe a rapid forma-
sion (Hg,C,;).“” Figure 8 shows the measured ion tempera

tion of a reconnection layefwithin a few Alfven transit
times of spheromak formatigprfollowed by the appearance
of Alfvénic (suprathermalion flow at an electrostatic energy

Co-Helicity Merging Counter-Helicity Merging

250 — T analyze’* We have made ion flow measurements both in
200l and out of the reconnection plane and the flow appears to be
S predominantly in the plane containing the reponnecting field,
2 150l although there is some evidence of super-Atiiceion flux
- normal to the layer. The thickness of the reconnection layer
100! is consistent with the collisionless two fluid prediction of
o~ C/wpi .
50| The key difference between this and previous work is
7 that the magnetofluid is generated by plasma guns away from

the interaction region. Neutral gas is introduced at the remote
guns but only fully ionized plasma and imbedded magnetic
fields convect into the interaction region. Triple probe

; ~ ~10% =3
FIG. 8. Evolution of the radial ion temperature profile on the TS-3 measurements yield Te~ 20 eV andn_e~_101 em for
midplane during counter-helicity merging. SSX plasmas and our average magnetic field is 500 G. These

0
5

R (cm)
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. . . . and the inferred),~dB, /dx at aboutt,. Probe separation is 1 cri,,,
FIG. 10. Schematic of the SSX experiment showing both guns with two_

large flux conservers to allow reconnection studies. Depicted is the magnetic
field structure for a left{right-) handed spheromak in the edstes) flux
conserver. The view is the-y plane from above.

acros a 2 cm gap vidarge(12 cm by 9 cm chevron-shaped
slots cut in the back of each flux conserver. Since the sphero-
maks are formed by external plasma guns, the stray magnetic
field and neutral gas levels in the gap are small. The slots
pi<1 cm. The collisional mean free path4sl0 cm and the force a macroscopic scale of 12. _cfnomparaple to the
spheromak minor radijisThe remaining copper in the back

A'f"eﬂ speed is about I&m/s. . , walls provide stability against tilting.
. F|gqre 10 shows the expenmental arrangement with the In Fig. 11 we present two projections of the magnetic

orientation of the linear magnetic probe array. For all thef'eld vectors(in thex-y andx-z planes at 5 locations across

data presented here the spheromaks had opposite magneiic

helicity, i.e., both the poloidal and toroidal fields were op- !¢ |aYer at two different times. The probe separation is 2
Y, 1€, Pe e > Op m. For this shot, the eaGves) spheromak had lefiright-)
posed at the reconnection layer. Counterhelicity merging o

coaxial spheromaks corresponds locally to a nearly two di- anded helicity such that the energy analyzer is in the recon-

mensional reconnection lay&rWe are able to change the B:eicnOlnﬂg)?nfa:zcdoenﬁ:gietﬁohn ||:gér])gaNSOtfirt2]aet datvéit:hsc? K ise d
orientation of the poloidal flux in both the east and west 9. Y PP

spheromak on subsequent shoiile keeping the toroidal poI0|daI. apd tor0|dallf|elds(the magnitude .Of the largest
: L . . ; . magnetic field vector is about 1100.3 he thickness of the
orientation in each fixed A switch from right—left merging

to left—right merging corresponds t0~90° rotation of the reconnection layer is evidently about 2 cm consistent with

local 2D reconnection plane. In this way we can arrange oo value ofc/wp;. At t, = 43 us[Fig. 11(b)] much of the

) L , oloidal flux has been annihilated. Note again that the char-
have our energy analyzer diagnostic either in or out of th o R L
) acteristic time for flux annihilation and energy conversion is
reconnection plane.

X : , very rapid(only about 10us or a few Alfven times.
The retarding grid energy analyz@®GEA) consists of a o . . .
series of grids tg guppressg)électrc)(a( 10 V) )and discrimi- We have verified the thickness of the layer with a higher

nate ions according to their ener¢9—100 \} in front of a resolution probe arragprobe separation of 1 omin Fig. 12

biased Faraday cup for ion collecti¢r 30 V). The analyzer we show the poloidal field and the inferrdgh- 9B, /o for a

sits outside the flux conservefgabout 50 cm awayand shot similar to ‘h"’?‘ shown in F|g. 11 &t Here the width of
the current layer is=2 cm consistent witlt/ w,,; .

look tween them h that it m r nl rticl - . . I :
CO: if\ betheeerecorfnecst;i)cn Iaaer Seﬁzlrjoer;sais ycgrim(ijre;isczs Correlated with this flux annihilation event is a delayed
ping yer. sp t8urst of plasma flow across the layer. In Fig. 13 we present

the magnetic energy density around the Idyeg. 13a)] and
the signal on the RGEAproportional to energetic ion flx

values givec/wpi~ 2 cm andS<1000 and predict a resis-
tive reconnection layer thicknes$<1 cm. If T;=T, then

Top View (Poloidal Field) Side View (Toroidal Field)

(a) Edge Up
t1=33us —~ 4 ,
> w El|l & w E « a
& ) g, | (2)
L]
SN
Center Down Q
By By 5 1F
<
(b) Edge Up A o L
ty=43us 5 02F 7
S -~ -
ma WW E ﬁ;' W/WAA E 3 o1l ]
E to=43us
Center Down ) 0.0 3
By Bz § b= ?/-‘S 1
_ o 0 20 40 60 80
FIG. 11. SSX reconnection dafa) t; before annihilation(b) t, after an- Time (us)

nihilation 10 us later. The two views are projections of the magnetic field
vectors into the horizontak{y) and vertical k-z) planes. Probe separation FIG. 13. Time history of the shot in Fig 11a) Local magnetic energy
is 2 cm.B,,,=1100 G. density andb) energetic ion flux.
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FIG. 14. Retarding energy analyzer scan in the SSX device. Top: merging o T
spheromaksin-plane, Alfvénic ions,E = 70 eV. Bottom: merging sphero-
maks(out-of-plang, super-Alfveic ions,E = 600 eV. The data are fit with o 7
a simple one parameter model. West
L 1 )

. . . . FIG. 15. Data from a 2D magnetic probe array on a single SSX shot. The
[Flg. 13b)] for the same shot as in Fig. 11. The magnet'co-point is observed during counter-helicity merging and may play a role in

energy density is defined/= (1/N)=B?/2u, where the sum  confining energetic particles. Probe resolution is 2 cm.
extends over th&i=5 probe locations. We note a peak in
the magnetic energy density as the layer is formed followed
by a peak in the energetic ion flux. The delay between th
annihilation of magnetic fluxdrop in magnetic energyand
the appearance of energetic ions 50 cm away is abqug 5
giving an ion flow velocity of about »; for this event (16
cm/9. The later peak is due to a recovery of the spheroma
fields and reestablishment of the layer.

We have performed scans of the retarding grid voltage t

Feconnection. These results are preliminary and the model is
crude. More systematic studies of the ion energy analyzed
with more sophisticated modelmcluding drift and nonther-
IEnal effects will be performed both at SSX and elsewhere.
We have implemented a two dimensional magnetic
irobe array(measuringB on a 5 by 6grid with 2 cm reso-

determine the average energy of the peak ion flux. In Fig. 1 ution). Our measurements confirm the earlier 1D array re-
we present escaping ion flux data as a function of.energ)} forUItS (bpth the timing and spatial structhbut reveal an .
(top) two merging spheromaks with the detector in the re_ln_ter_estmg feature. W? see the format|o_n of an O-point
connection plane angottom merging spheromaks with the within 10 pS after mergmg{seg Fig. 15 O-pomt.s have been
observed in the MRX experiment but only in the case of

detector viewing normal to the plane. We have fit the data t%o-helicity merging. We observe the formation of an O-point

the simple model’=T'; exp(—V/E) whereE is the average qyring counter-helicity merging, indicating that such struc-
energy. The in-plane reconnection particle flux is at signifi-tres might be a ubiquitous feature of magnetic reconnection.
cantly higher average energf 70 eV) than the thermal Fuyture studies will attempt to correlate the appearance of the
ions (E=30 eV). The velocity of 70 eV protons corresponds super-Alfvanic ion flux with the appearance of the O-point.
to the Alfven speed ah,~10' cm 3 andB~500 G con- We also plan to completely remove the stabilizing copper
sistent with our probe measurements so the in-plane flow iwall and therefore remove any influence the conducting
due to Alfvenic and not thermal ions. boundary might have on reconnection dynamics.

In order to illustrate the difference between particle dy-  To summarize, we have experimentally observed corre-
namics across the layer versus normal to the layer, we havated magnetic reconnection and energetic ion events at SSX.
conducted a preliminary search for super-Atiieion flux ~ The highest flux events are jets localized to the plane con-
normal to the layer as predicted by Matthaetisl.” For this  taining the reconnecting poloidal flux and are consistent with
experiment, we added a new port that was angled to directhplfvénic flow. The thickness of the layer is consistent with
view the reconnection plane from above. The RGEA wadwo fluid collisionless theory and not consistent with the pre-
well removed from the experimental regi¢over 1 m away  dictions of resistive MHD.
so that only high energy ions could be expected to traverse Future work on magnetic reconnection will focus on
the distance. We find a very low flux of ions at very high three dimensional effects and particle acceleration mecha-
energy. The retarding grid had almost no effect on the colnisms. It is becoming clear that resistive MHD is an insuffi-
lected current(see Fig. 14, bottojnand the pulse of ions cient model to explain experimental results. Collisionless
arrived within a microsecond after reconnection. While theremodels incorporating Hall effects and electron inertia will
is significant scatter from shot-to-shot fluctuations, it is cleathave to be employed. In addition, kinetic effects such as
that the flux of ions normal to the plane of reconnection is afarticle distributions and fluctuationboth Alfvenic and
higher average energy than the flux of ions in the plane ofvhistler) need to be measured.
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