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RAPID COMMUNICATIONS

PHYSICAL REVIEW E VOLUME 58, NUMBER 1 JULY 1998

Experimental observation of correlated magnetic reconnection and Alfueic ion jets

T. W. Kornack, P. K. Sollins, and M. R. Brown
Department of Physics and Astronomy, Swarthmore College, Swarthmore, Pennsylvania 19081-1397
(Received 20 February 1998

Correlations between magnetic reconnection and energetic ion flow events have been measured with merg-
ing force free spheromaks at the Swarthmore Spheromak Experiment. The reconnection layer is measured with
a linear probe array 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 most energetic events occur in
the reconnection plane immediately after formation as the spheromaks dynamically merge. The outflow ve-
locity is nearly Alfvenic. As the spheromaks form equilibria and decay, the flow is substantially reduced.
[S1063-651%98)51107-9

PACS numbgs): 52.30—q, 52.55.Hc, 96.60.Rd

There is growing evidence that magnetic reconnectior(within a few Alfven transit times of spheromak formatijon
plays a crucial role in particle acceleration in astrophysicafollowed by the appearance of Alfae (suprathermalion
plasmas. Recently, the Yohkoh satellite has produced drdlow at an electrostatic energy analyzer. We have made ion
matic images of solar flares correlating x-ray, magnetic, andlow measurements both in and out of the reconnection plane
particle data for the first time. Observations made with theand the flow appears to be predominantly in the plane con-
Yohkoh hard-x-ray and soft-x-ray telescopes have identifiedaining the reconnecting field. The thickness of the reconnec-
the reconnection region at the top of the flare as the site dfon layer is consistent with the collisionless two fluid pre-
particle acceleratiofil]. The so-called Masuda flare has sub-diction of §~c/w,; .
sequently been studied in great detail. Aschwareteal. [2] Predictions of the structure and thickness of the reconnec-
measured bursts of x rays with periods on the order of sedion layer depend sensitively on the model used. If parcels of
onds coming from the loop top and footpoints. Timing de-magnetofluid of macroscopic scale and with oppositely
lays between x rays of different energies reveal several adlirected magnetic flux are merged at a velocitwgf, then
celeration and escape mechanisms for downward flowing boundary layer of thicknes$is formed where the oppos-
particles that are energized by reconnectj@B]. Shibata ing flux is annihilated. The resistive magnetic induction
et al. [4] detected jets of upward flowing plasma above theequation can be written as
Masuda flare close to the Alfmespeedv 55, providing fur-
ther evidence of reconnection and conversion of magnetic E=VX(U><B)+ lsz
energy to kinetic energy in flares. Doppler-shift measure- at 0 '
ments on the Solar and Heliospheric Observat@®HO
ultraviolet spectrometer show evidence of bidirectionalResistive magnetohydrodynami¢®HD) predicts that in
Alfvénic jets in the reconnection plarfib]. Earthward flow- steady state the two terms on the right-hand side balance.
ing plasma streams with flow velocities up to 1000 km/sWriting V~1/6 as an inverse scale length across the layer,
(close to the local Alfva speedl have been observed after this condition can be written as
reconnection events in the earth’s magnetd@il

Recent laboratory experiments by Yamada, Ono, and co- R :“Ovinﬁz
workers have pointed out the importance of three- m i '
dimensional effects on the reconnection r@fe-9]. They
have also observed ion heating and acceleration by Dopplé¥here Ry, is the magnetic Reynolds numbéhe ratio of
broadening and shifts of line emissipt0], and have identi- convection to diffusionbased on the inflow velocity and the
fied Y- and O-shaped structures in the reconnection layethickness of the layer. The assumptions of incompressibility
[11]. Recent results indicate that classical resistivity is insufand energy conservation yield
ficient to explain their observed reconnection rdt. Ear-
lier experiments by Gekelmaet al. also observed ion flow v =Ev- —0
but in an experiment with unmagnetized iofis3]. To our out™ s Tin T DAl
knowledge, no experiment reports flow measurements both
in and out of the reconnection plane. The scales and velocities are therefore related by

In this Rapid Communication, we present correlated di-
rect measurements of magnetic reconnection and energetic E: Vout _ /s
particle events from the merger of two force-free spheromak 0  Uin '
plasmas at the Swarthmore Spheromak Experini€mX)

[14]. Magnetic data are recorded along a chord passing pewhere S is the Lundquist number based on the macroscopic
pendicularly through the plane of intersection of the spheroscaleL (S=R,, if vais is used for the velocily Since S
maks. We observe a rapid formation of a reconnection layer 71, resistive MHD predict$15,16 that the thickness of
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FIG. 1. Schematic of the SSX experiment showing both guns e f
with two large flux conservers to allow reconnection studies. The . Eaét \\\‘\\,§
magnetic-field structure is depicted for a leftright-) handed
spheromak in the eagwes) flux conserver. The view is the-y FIG. 2. Local reconnection geometry. The eéses) sphero-
plane from above. mak is depicted with left(right-) handed helicity so that the retard-
ing grid energy analyzer is in the reconnection plane.
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the layer vanishes like 8. It has recently been shovf7]

that in _the collisionless _I|m|t_of larg& (and smally), Hall layer[7]. We are able to change the orientation of the poloi-
dynamics and electron inertia govern the scale of reconnec:

tion. Electron and ion dynamics decouple on scales that ar(gall flux in both th_e east and _west s_pherc_)ma_k on sub;equent
smaller than the ion inertial lengthiw,; and the thickness of shots(while keeping the toroidal orientation in each fixed

the layer is clamped by ion inertia. Electron dynamics gen-A switch from ri%ht-left'merging to left-right r.nergin.g corre-
erate an inner scale w, where the frozen-in flux constraint sponds to a=90° rotation of the local two-dimensional re-
is broken and reconnection occurs. connection plane. In this way we can arrange to have our
Two-dimensional resistive MHD simulatiofi$8] predict ~ €nergy analyzer diagnostic either in or out of the reconnec-
the acceleration of a few particles to super-Atieveloci-  tion plane. In both Figs. 1 and 2 we depict the easts)
ties normal to the layer in addition to the Alfvie flow  spheromak with left{right-) handed helicity so that the en-
across the layer. The super-Alfvie particles are trapped in ergy analyzer is in the reconnection plane. A local Cartesian
“magnetic bubbles” for a few Alfve times and are accel- coordinate system is assigned in each figure.
erated by the self-consistent electric field at the O point. This The retarding grid energy analyz€RGEA) consists of a
energetic tail is predicted to be convected across the layer akries of grids to suppress electrgrslO V) and to discrimi-
vais- Collisionless two-and-one-half-dimensional hybrid nate ions according to their ener¢®—100 V) in front of a
simulations[19] also predict ion beam&s well as in-plane  biased Faraday cup for ion collecti¢r 30 V). The analyzer
Alfvenic flow) and significant out-of-plane magnetic fields. sjts outside the flux conservefgbout 50 cm awayand
As the magnetic flux and electron fluid decouple at the innefooks between them so that it measures only particles escap-
scale €/w,e) an out-of-plane super-Alfrec jet of electron ing from the reconnection layer. Spheromaks communicate
fluid is seen. The electron jet drags flux out of the plane to;¢cross a 2-cm gap via larg&2 cm by 9 cm chevron-shaped
produce out-of-plane magnetic fields. _ slots cut in the back of each flux conserver. Since the sphero-
We are able to generate force-free spheromaks with magpaks are formed by external plasma guns, the stray magnetic
netized plasma guns at S$X4] and merge them coaxially. fie|4 and neutral gas levels in the gap are small. The slots
Our experimental results corroborate aspects of some of t rce a macroscopic scale of 12 cfmomparable to the

models and simulations described above. In addition, we ar: . . - X
able to reproduce in the laboratory some of the astrophysica(ﬁpheromal.( minor rg_d@sTh_e remaining copper in the back
alls provides stability against tilting.

processes observed by satellites. Triple probe measuremer\ﬁ’sln Fig. 3 we present two projections of the magnetic-field

[20] yield T,~ 20 eV andn,~10* cm3 for SSX plasmas, . . )
and our average magnetic field is 500 G. These values giv\éectors(m thex'-yandx—'z planes at five locations across the
clwyi~ 2 cm andS=1000, and predict a resistive reconnec- layer at two different times. The probe separation is 2 cm.

tion layer thicknes®<1 cm. If T,=T,, thenp,<1 cm. The For this shot, the eastvesy spheromak had leftéright-)
collisional mean free path is 10 cm and the Alfve speed is handed helicity so that the energy analyzer is in the recon-
about 16 cmy/s. nection plane(as depicted in Figs. 1 and).2Note that at
Figure 1 shows the experimental arrangement with thé1=33 xS [Fig. 3(b))] a reconnection layer has formed with
orientation of the magnetic probe and Fig. 2 shows a scheapposed poloidal and toroidal fieldthe magnitude of the
matic depicting the energy analyzer with respect to the torlargest magnetic field vector is about 110D &he thickness
oidal and poloidal fields. For all the data presented here thef the reconnection layer is evidently about 2 cm, consistent
spheromaks had opposite magnetic helicity, i.e., both the powith our value ofc/wy,;. At t,=43 us [Fig. 3(b)] much of
loidal and toroidal fields were opposed at the reconnectiotthe poloidal flux has been annihilated. We have verified the
layer. Counterhelicity merging of coaxial spheromaks correthickness of the layer with a higher-resolution probe array. In
sponds locally to a nearly two-dimensional reconnectionFig. 4 we show the poloidal field and the inferred
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FIG. 3. Reconnection datéa) t; before annihilation(b) t, after energy density(b) energetic ion flux.

annihilation, 1@s later. The two views are projections of the ) o
magnetic-field vectors into the horizontal-¢) and vertical ¢-z) ~ @lso have been generated with a thermal distribution. In any

planes. Probe separation is 2 cB;,,~1100 G. case, there are clearly more energetic ions in the plane of
reconnection. Note that for both the single spheromak and
3,~dB,19x for a shot similar to that shown in Fig. 3 &t the out-of-plane reconnectipn case, the gverage_energy is low
Here, the width of the current layer is2 cm, consistent (E=30 and 23 eV, respectivelyand consistent with the ex-
with ¢/wp, . pected ion temperatur@assuming thafl,=T,, as is nor-
Correlated with this flux annihilation event is a delayedmally the case in spheromakdhe out-of-plane thermal ion
burst of plasma flow. In Fig. 5 we present the magnetic enflux is (within errorg simply twice that of a single sphero-
ergy density around the layfFig. 5a)] and the signal on the mMak (',=0.31 and 0.14, respectivelyThe in-plane recon-
RGEA (proportional to energetic ion flixFig. 5b)] for the  nection flux[Fig. 6(c)] is 25% larger than the out-of-plane
same shot as in Fig. 3. The magnetic energy density is délux (I'0=0.39 but more importantly the flux is at signifi-
fined asw=(1/N)=B?/2u,, where the sum extends over the cantly higher average energg €68 eV). The velocity of 68
N=5 probe locations. We note a peak in the magnetic eneV protons corresponds to the Alivespeed atn,
ergy density as the layer is formed followed by a peak in the~ 10" cm 2 and B~500 G, which is consistent with our
energetic ion flux. The delay between the annihilation ofprobe measurements, so the in-plane flow is due to Altve
magnetic flux(drop in magnetic energyand the appearance and not thermal ions.
of energetic ions 50 cm away is aboufs, which gives an We do not measure super-Alfvie ion flux normal to the
ion flow velocity of abouw A ¢ for this event (16 cm/9. The  layer as predicted by Matthaeas al. [18]; however, such
later peak is due to a recovery of the spheromak fields anflux is expected to be of several orders of magnitude lower
reestablishment of the layer. intensity than the Alfvaic jets across the layer. We do not
We have performed scans of the retarding grid voltage tdnave the energy resolution or sensitivity in the current ex-
determine the average energy of the peak ion flux. In Fig. periment to measure this effect. We also do not have evi-
we present escaping ion flux data as a function of energy fodence of a super-Alfugc electron jet or out-of-plane mag-
a single spheromalFig. 6(@)], two merging spheromaks but netic field at thee/ w . Scale, as predicted by Shayal.[19].
with the detector out of the reconnection pldirég. 6(b)], We do not have the spatial resolution to measure such an
and two merging spheromaks with the detector in the recon-
nection plane. We have fit the data to the forlh 1.00

=I"y exp(~V/E), whereE is the average energy. Although
the neutral pressure in the gap is low{s=10 2 torr),
some plasma may be present to thermalize the ion distribu-
tion. If the density in the gap is,=10"* cm 3, then the
energetic ion mean free path is 20 cm, which may be suffi-
cient to thermalize the distribution in 50 cm. The ions could
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FIG. 6. Retarding energy analyzer scaa) single spheromak,
thermal ions, andE=30 eV; (b) merging spheromaksout-of-

FIG. 4. Detail of reconnection layer in the horizontai-y)  plane, thermal ions, anf:2_3 eV; and(c) merging spheromaks
plane at about;. Probe separation is 1 crB;,,,=930 G. (in-plane, Alfvénic ions, andE=68 eV.



RAPID COMMUNICATIONS

PRE 58 EXPERIMENTAL OBSERVATION OF CORRELATB . .. R39

effect (/wpe~ 0.5 mm in our experimentWe should also  taining the reconnecting poloidal flux and are consistent with
note that the limited spatial resolution of our linear magneticAlfvenic flow. The thickness of the layer is consistent with
probe array does not allow us to observe the dynamics of thevo fluid collisionless theory and is not consistent with the
entire layer. A three-dimensional magnetic map of the layepPredictions of resistive MHD.

is planned. _ This work was performed under U.S. DOE Grant No.

To summarize, we have experimentally observed correpg.FG02-97ER54422. P.K.S. was supported by the
lated magnetic reconnection and energetic ion events at SSIOESGC. Special thanks are due to S. Palmer for construction
The most energetic events are jets localized to the plane cowf the apparatus.
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