PHYSICS OF PLASMAS VOLUME 6, NUMBER 5 MAY 1999

Magnetic reconnection with Sweet-Parker characteristics
in two-dimensional laboratory plasmas *

Hantao Ji,® Masaaki Yamada, Scott Hsu, Russell Kulsrud, Troy Carter,
and Sorin Zaharia
Plasma Physics Laboratory, Princeton University, P.O. Box 451, Princeton, New Jersey 08543

(Received 16 November 1998; accepted 11 January)1999

Magnetic reconnection has been studied experimentally in a well-controlled, two-dimensional

laboratory magnetohydrodynamic plasma. The observations are found to be both qualitatively and
quantitatively consistent with a generalized Sweet-Parker model which incorporates

compressibility, downstream pressure, and the effective resistivity. The latter is significantly

enhanced over its classical values in the collisionless limit. This generalized Sweet-Parker model
also applies to the case in which a unidirectional, sizable third magnetic component is present.
© 1999 American Institute of Physid$1070-664X99)92105-5

I. INTRODUCTION discrepancy, the attention has shifted to Petschek’s model
and other models based on a much smaller diffusion region
Magnetic reconnection is the topological change of agnq standing wave structuréshocks. 2% The much smaller
magnetic configuration through breaking and rejoining ofsjze of the diffusion region allows a much faster reconnec-
magnetic field lines. It plays a crucial role in determining theyiq, rate which can be consistent with observations. The
topology of magnetic fields in space and laboratorypeischek model has since been favored over the Sweet-

-3 . . . .
plasmas™* Although this is a localized process, it often paner model—especially because of its faster predicted re-
causes fundamental changes in macroscopic Conf'g“rat'onéonnection rates

such as in solar flarésmagnetospheric substorrhsind re- Despite the theoretical and computational progress made

Iaxatyon plrocessgz n tlﬁboratotry Iplas_rbﬁldﬂagnitlc .recofn- in past decades on magnetic reconnection, all these models
nection aiso provides the Most plausible mechanism 107 r€q.q remained unchallenged by a decisive magnetohydrody-
leasing the energy stored in the magnetic field to plasm

S . . %amm(MHD) plasma experiment in an appropriate geom-
kinetic and thermal energies as observed in solar flares, au- . . .

etry. Stenzel and Gekelm&ncarried out a series of experi-
roral phenomena, and laboratory plasmas.

. ) ' Hlents in a linear device and in the electron
Magnetic reconnection was first suggested more than 5ma netohydrodynami¢EMHD) regime where only elec-
years agbin order to explain activities associated with ob- 9 y y g y

served solar flares. Long and quiet perigédays to months trons are magnetized, while most space plasmas of interest

exist before a suddefminutes to hoursexplosion of a solar are in the MHD regime wherg ions are also magr_letlzet_d.
flare. Rapid changes in macroscopic structures associatétlthoth detailed local fluctuations were measured in their

with strong magnetic fields have been a mystery since the ?<perirr_1ents, quantitative tests of these. leading - two-
were first observed more than 40 years ago. Swaat imensional2D) MHD models were not possible. More re-

Parkef separately proposed the first quantitative model Oic_ent experiments hqve focused on the effects of the third
magnetic reconnection in two-dimensional geometry to solvd'€!d comé)ongnt during reconnection from both gldbat _
this mystery. This model was rather revolutionary in the&nd local® points of view. In this article, we report quanti-
sense that it was shown for the first time how localized “re-tative tests’ of the Sweet-Parker model in the Magnetic Re-

. . 17
connection” of field lines can cause the observed macroonnection ExperimerVRX). _ _
scopic changes. The MRX device is the most recent device dedicated to

Soon after it was proposed, however, it was realized tha@ves.tigate the fundamental physics of magnetic reconnec-
the Sweet-Parker model gives a characteristic time too slofjon in MHD plasmas. In MRX, both the local and global
to explain solar flares. A typical Alfietime 7, is on the physics issues and their interrelationship are being studied
order of 1 sec while the resistive diffusion timg is on the ~ €xtensively. The initial geometry is made to be axisymmetric
order of 1G%sec, resulting in a Lundquist numbes  (and hence two-dimensionailthough it can be made non-
=1r/7A~10" The Sweet-Parker model predicts a time- axisymmetric to study three-dimensioriaD) characteristics
scale of 747~ 10P— 10 sec(see the next sectiprior mac- of reconnection. These plasmas have a high conductivity
roscopic changes to take place, compared to a typical timg:S~10%) with the ion gyro-radius being much smaller than

scale of 16—10'sec for solar flares. Because of this the plasma size, satisfying conditions for MHD approxima-
tions. The well-controlled environment in MRX permits for-

“Paper S812.3 Bull. Am. Phys. S043, 1915(1998 mation of well-defined, two-dimensional current sheets in a
"Invited speaker. ' ' ' stable manner, enabling quantitative comparisons with 2D
3Electronic mail: hji@pppl.gov MHD models through approximations based on space-
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<:' G where§ is the thicknesgor width of the diffusion regionof
/A the current sheet as shown in Fig. 1 amds the averaged
B density in the diffusion region. Figure 1 also indicais
(V) as plasma flow speed acrogdong the diffusion re-
2L gion. These flows are in the radi@) and axial(Z) direction,
respectively, reflecting the geometry in MRXee the next
FIG. 1. An illustration of the Sweet-Parker model. section.
The last relevant equation is the equation of motion,
averaged analysis. A significant finding is that the observed p i+\/.v)vz —Vp+jXxB. 3
reconnection rate can be explained by a generalized Sweet- ot

Parker model which includes compressibility, downStreamlntegration of this equatiorij.e., theR component across the

pressure, and the effective resistivity. The latter is signifi-crrent sheet and the component along the current sheet
cantly enhanced over its classical values in the collisionlesgjyeg

limit.

Arrangement for the other sections is as follows. In Sec.J5 %
I, a brief derivation of the Sweet-Parker model is given. In J4 Pt
Sec. lll, experimental apparatus of MRX including major
diagnostics are described. After the presentation of the main  _ = _ fL Nz
results in Sec. IV, implications of the results will be dis- Po 0 T
cussed in Sec. V, followed by conclusions in Sec. VI.
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Il. THE SWEET-PARKER MODEL
) . Wherepg, py, andpgown are plasma pressures at the center
A key elgme_nt of the Sweet-Paf_ker model is the exisgnq in the upstream and downstream regions, respectively.
tence of a “diffusion region”"—essentially a rectangular box the |ast terms on both sides represent the magnetic tension
where the magnetic field diffuses and reconnects, as illusgces.

trated in Fig. 1. The dimensions of such a "box” are of  The griginal Sweet-Parker modélassumes steady-state
crucial importance since it essentially decides the rate Ofeconnection(&B/atzo dV/at=0) in an incompressible

magnetic reconnection by balancing incoming and outgoinqﬂasma ¥ -V dnlat=0) with uniform pressure outside the
plasma and flux flow and thus the time scale for reconnecyifysion region Ouo=Paour) and with negligiblepVZR/Z

tion. The length of this box is of macroscopic scale, but itsg2/>,, ~ and tension forees. Then Eq4), (2) and (4) can
width is determined by the local plasma resistivity which bg reduced t0/r= 1l o8, V= (5IL)V; and V,=Vy, re-
causes magnetic diffusion; i.e., faster reconnection occurg,iiing in a simple expression for the reconnection rate as
with larger resistivity. The Sweet-Parker model uses resistiViyeasured by the Alfie Mach number, Mo=Vg/V,
ities estimated by classical theories, such as the Spitzer 7 oLV A= 1/\'S. Therefore, a characteristic time given

resistivity® by the model isrgp=L/Vg=L/V4\S=
The motion of magnetic field lines in a MHD plasma Y SP R wVS= VAT

with resistivity 7 is described by
lll. EXPERIMENTAL APPARATUS AND DIAGNOSTICS
?sz (VXB)+ iVZB, (1) Since a detailed description of the MRX device has been
Ko given in a previous papéf, only major relevant parts are

whereV is the flow velocity. The first term on the right-hand briefly mentioned here. When a plasma is inductively formed
side represents the effect of plasma convection whose timdsy two internal coils(called the flux coresin a quadrupole
scale is the Alfva time 1o=L/V,, whereL is the plasma field configuration, the magnetic field domain can be divided
size(or the length of diffusion region in the case of magneticinto three sections: two private sections surrounding each
reconnection and V,a=B/\up (p=mass densityis the flux core and one public section surrounding both flux cores
Alfvén speed. The second term describes field line diffusioisee Fig. 2a)]. When poloidal flux in the private sections is
the time-scale of which is the diffusion timey= wL?/ 7. reduced, the poloidal flux is “pulled” back from the public
The relative importance of magnetic diffusion to plasma consection to the private sections resulting in magnetic recon-
vection is given by the Lundquist numb& defined by nection as shown in Fig.(B). Toroidally symmetric shape of
mrlTa= oL Va/ 7. For typical MHD plasmas such as solar the flux cores ensures global 2D geometry for magnetic re-
flares? S>10'% for tokamaks,S>10"; and for MRX plas- connection.
mas,S=<10°. The low temperaturé<<50 eV) and short-pulsed<1

Another important equation governing reconnection ismse¢ MRX plasmas have the advantage that internal probes
the continuity equation, can be used routinely. Triple Langmuir probes are used to



Phys. Plasmas, Vol. 6, No. 5, May 1999 Ji et al. 1745

shot 3453 290us

Z=0cm

(a) Before reconnection

(a)a5 ————1(c) g 4f

90 channel
probe array

R (cm)

= -10 -5 0 5 10 25 30 35 40 45 50
ux core 7 (cm) R (cm)

(b) "Pull" reconnection

FIG. 3. An example of driven magnetic reconnection measured in a single
shot by a 2D probe arraya) vector plot of poloidal field(b) poloidal flux
contours,(c) measured radial profile @, by a fine probe array and fitted
curve to tanf(R—R,)/4], and (d) deduced current density profile. Toroidal
field (the third componentis negligibly small.

reconnecting fieldB,), i.e., the null-helicity case, the recon-
3 nection proceeds faster, while in the case with a sizBhle
i.e., the co-helicity case, a slower reconnection rate has been
FIG. 2. An illustration of the MRX geometry for magnetic reconnecti@: observed. In the following sections, the results from these

a quadrupole configuration formed by two flux cores, providing one publiccases are presented separately in comparison with predic-

and two private regions, an@) a two-dimensional magnetic reconnection tions from the Sweet-Parker model.
induced by pulling flux from the public back to the private regions.

A. The null-helicity case

An example of driven magnetic reconnection in MRX is

measure electron densitpd) and temperaturel(,) simulta- . Lo
neously. The plasma density measurement has been caﬂlSplay?d In Figs. @ and 3b), where both the_ measured
magnetic field vectoB and contours of the poloidal flu¥

brated by a laser interferometer which measures the line-

integrated density. All three componentsBfare measured In a single discharge are plotted in B-Z plane. Qualita-

during the reconnection process by a 90 channel 2D pick-u@v\.'ely' this double-Y-shaped difrusion region Is consistent
coil array with 4 cm resolution. The poloidal flux function ith the Sweet-Parker assumption on the existence of a rect-

can be obtained by integration d8, over the radius angular diffusion region. Quantitative tests of the Sweet-
W(R,Z) =27/ B,(R.Z)RdR A finer 1ZD pick-up probe ar, Parker model, however, require adequate measurements of
! - oz ’ - -

ray with 0.5 cm resolution is used to measure Byeprofile all the basic plasma parameters.. .
across the current she®tLocal flow velocity can be deter- In order to accurately Qetermlne current sheet thlckness
mined either by a Mach probe or time evolution®{R,Z), 6 and peak current density, the reconnectig p_roflles

6. V= — (aW/at)/(aW/aX) (X=R in the upstream region across the current sheet are measuret=a) by the fine 1D

and X=Z in the downstream regignThe latter method is |p_)|rob_e tarray].c Tht(_a rr}r;efsuregz_ pr(/)gles fit P\]N el "_“0 Ft_he
valid when the resistive effects are negligible, a condition/2"1S-type function,” tanf(R=Ry)/4], as shown in Figs.

satisfied outside the diffusion region. Results from both3(c) and 3d). A shot-averaged time evolution of several key

methods are in good agreement, and the latter has been us%I srr]na parar?zters.tfor drl\k/etr;%r;;c())nnectlonk:sr;howr} n Fig.
routinely because of its convenience. Probe perturbation o € current density peaks MSEC, WNEMIS mini-

the plasma is estimated quantitatively and observed to be Ie?%zed and reconnection spewd reaches its steady state of
than 5% Typical plasma parameters are as folloves: about 3 km/sec. Tha, measured at the center of the current

<0.5KG, T,=5-20eV, anch,=0.2—1.5¢ 10°°m 3. sheet keeps increasing until a later time, wHileat the same
location remains almost constant at 10—15 eV. In general,
the Lundquist numbeS$ is calculated from the measurdd
based on the Spitzer resistivify(parallel resistivity, 7,).
This is true for the case of co-helicity reconnection where the
Because of the incompressibility assumption, the effectgurrent flows along a sizable third component in the diffu-
of the third componentperpendicular to the page in Fig) 1 sion region. However, perpendicular resistivigy (=27,)
of the reconnecting magnetic field vector do not enter explicshould be used in the case of null-helicity reconnection since
itly in the Sweet-Parker model. However, the third compo-the current flows essentially perpendicular to the field. A
nent has been identified as an important factor in decidingnore detailed calculation, which incorporates profile effects
reconnection rat&>1° When the third componerithe toroi-  of density and temperature, gives a nearly identical expres-
dal field By in MRX) is negligibly small compared to the sion for resistivity?°

IV. EXPERIMENTAL TESTS OF THE SWEET-PARKER
MODEL
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) ) ) ) ~ FIG. 6. Resistivity enhancement as a function of collisionality characterized
FIG. 4. A shot-averaged time evolution of driven magnetic reconnectiony,y, the ratio of electron mean free patialculated from, andT,) to current

From top: peak current density, current sheet thickness, inflow speRd at gpeet thickness. An example of all three terms of Ohm’s law across the

=30 cm from flux contour movement, electron density at center, and elec&urrent sheet is shown in the inset where= — /2R andVy is from flux
tron temperature at center.

contour movement.

A series of experiments has been performed in whigh .

is varied from 200 to 420 G while other conditions are kept(=—¥/2mR) balances withVgxB; outside the diffusion
constant, including the fill pressupg; (6 mTory. It is ob-  region andy, j1 inside the diffusion region. In this example,
served that the reconnection rate decreaseB,ascreases. the measured effective resistivityy{ =E;/jr) is about

A straightforward test of the Sweet-Parker model is shown ifwice its classical value. It is found that the enhancement of
Fig. 5 where the reconnection rate is plotted againgS1/ resistivity is a strong function of collisionaliticharacterized
Clearly, the observation does not agree with the Sweetdy the dimensionless paramete,/5 and dominated by
Parker predictior(dotted line. While the reconnection rate changes in densily as shown in Fig. 6. A significant en-
changes by a factor of 3, {6 changes only by a factor of hancement~10) of the resistivity is observed in the colli-
1.5. Causes of these discrepancies can be found by systefionless regimeNmgp>6). Here, Ay, is the electron mean

atically examining the validity of each assumption made byfree path. o _
Sweet and Parker in Eq€l), (2), and (4). We note that electron-neutral collisions are estimated to

The first equation to be evaluated is Ohm’s law in thePe negligible compared to Coulomb collisions in the present
toroidal direction, E;+VgXB,=7,j7, which has been e€xperimental regimes. Fof.=10-15eV, the estimated
used to derive Eq(1). Al three terms are measured acrossCross-section of electron-neutral collisions is 70’ cn*

the current sheet. As shown in the inset of Fig. B, including all possible process&sWith the maximum pos-
sible neutral density of #10“atom/cn? from pg

=6 mTorr, the mean free path for electron-neutral collisions
0.2 —T T is =35 cm, much longer than the 2—-14 cm of mean free path
due to Coulomb collisions.

The incompressibility assumption does not hold since
the V-V (or dn/ét) term is not negligible compared to the
other terms in the continuity equatidiEg. (2)] as seen in
. Fig. 4, which shows increasing density in the current sheet
during reconnection. Retaining this term in the continuity
equation leads to an increased inflow,

] S L &n)

Ve/Va
[=]
—-
T

VR:[ Vz+ ey 5

due to an accumulation of density at the center. Quantitative
importance of compressibility is shown in Fig. 7, where the
o v 1 ratio of the second term to the first term of the above equa-
0 0.1 0.2 tion is plotted againsM,=Vg/V,. The accumulation of
1/V8 density can result in an increase Wy by as large as 40%,

FIG. 5. Experimental test of the Sweet-Parker mddetted lines recon-  €specially in the cases of largBy or narrower current sheet.
nection rate versus {5. Compressibility, which allows local density buildup, ex-
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FIG. 7. Effects of compressibilityopen diamondsand downstream pres- 1/ V8

sure(open squaresas functions of reconnection rate. As reconnection rates . e

decreases, the outflow is further slowed by downstream pressure while tHe/G- 9 The observed reconnection rates are compared to the prediction by

effect of compressibility becomes increasingly important. a generalized Sweet-Parker modely/Sdy, which incorporates finite com-
pressibility, downstream pressure and the effective resistivity.

plains why higher central density is observed in discharges
with higher field even_though the |n|t|a_l densny is 'Fhe same.ted in the Sweet-Parker model. Calculated from the mea-
We note that the particle source term in the diffusion reglonSureol rofiles oB. andB.  values ofx range from 0.2 to
is negligible in the present experimental regin{désappears 0.3 Iegdin o a sRIi m~ozi) increase Ii<n thegoutflow How-
that in discharges with highg; (=10 mTory, the continuity e;/e,r the t?i her d(?wnstréam ress o> .sub-
equation cannot be satisfied without an additional source, . 9 P Wfwn™ Po> Pup
term] Stantially reduces the outflow, as also shown in Fig. 7.SAs

Iéxamination of each term in the momentum equationincreases, the reconnection rate decreases and the outflow

0 — 0,
[Eq. (4)] reveals that all assumptions made in the Sweet-SIOWS toas low as 10%-20% MA' L .
By incorporating the effective resistivity, compressibil-

Parker mo'del hold ap prommatgly true', except tpgbun ity, and finite downstream pressure, the Sweet-Parker model
>p,, (dominated by differences in densityas measured by o . X .

' : ; . can be modified to define an effective Lundquist nunfigr
spatial scans of a Langmuir probe. Figure 8 shows time evo-

lution of densities measured at cent@=0, R=37.5cm),

upstream(Z=0, R=30 and 44 cny and downstream{Z ol Va 1 V5,

=—10cm, R=37.5cn) regions. The downstream density — Se= 7 ITLANV, V. (7)

increases in time and becomes comparable to the central den-

sity later into reconnection while the upstream density stayso thatM ,=1/y/S. The observed reconnection rate is plot-

low and constant. The measured electron temperatures ared against 1S in Fig. 9. As expected, they are in good

roughly flat over space. Therefore, the momentum equatioagreement. Indeed, the process of magnetic reconnection in

is modified to MRX can be explained quantitatively by a generalized ver-
sion of the Sweet-Parker model.

Pdown™ Pu

2_\/2 p

Vz=Va(l+k)—2—, 6)  B. The co-helicity case

wherex=(2/B2) [5Br(9B;/JR)dZ representing the relative N general, the third vector component may not be neg-

importance of the downstream tension force, which is omitJigibly small compared with the reconnecting components
during magnetic reconnection occurring in nature. Without

the third componenithe null-helicity casg the reconnecting
10kV/8kV, émTorr field lines are exactly anti-parallel, while in the presence of a
uni-directional, sizable third componerithe co-helicity
case, the field lines reconnect obliquely. In the classical
Sweet-Parker model described in Sec. Il, the effects of the
third component ofB do not enter because of the incom-
pressibility assumption. Since the generalized Sweet-Parker
model is applicable to the null-helicity case in MRX, an
interesting question is whether or not the same model can
also explain the observed reconnection rate in the co-helicity

0.3

0.2

down stream 7]

n, (10¥®m™2)

up stream

0.0 ‘ . . . case.
275 280 285 290 295 300 Effects of the third component have been extensively
b (ps) studied in MRX!® Two major differences have been ob-

FIG. 8. Time evolution of density measured at ceri@r 0, R=37.5 cn), Serv_ed during “pull recon_HECt_IOH exp_erlments in MRXL)
up-stream(Z=0, R=30 and 44 cm and down-streaniz=—10cm, R @ thin double-Y-shaped diffusion region forms in the null-

=37.5 cm regions. helicity case while an O-shaped diffusion region develops in
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FIG. 10. The measured profile in the co-helicity cagg:radial profiles of 1/VSy
B; andB; atZ=0, (b) radial profile ofj; atZ=0, and(c) j profile inR-Z
plane. FIG. 11. The observed reconnection rates are compared to predictions by a

generalized Sweet-Parker model for both null-helicity and co-helicity cases.

the co-helicity case an(®) the reconnection proceeds much
slower in the co-helicity than in the null-helicity even if all
other conditions are held constant. region. Such a rectangular box is well-defined experimen-

In order to apply the Sweet-Parker model, a diffusiontally in a quasi-steady-state manner regardless of the exis-
region with the shape of a rectangular box needs to be wetence of the third component. The global two-dimensional
defined. At the first glance, unlike the null-helicity case, it nature of magnetic reconnection is ensured by the axisym-
would appear that a diffusion region with an O-point is in- metric boundary conditions although the fine-scale dynamics
consistent with the Sweet-Parker assumption of a rectangulavithin the diffusion region, such as microinstabilities, must
box. However, a careful examination of the current densitybe fully three-dimensional.
profiles shown in Fig. 1@) reveals that the thickness of Quantitatively, the observed reconnection rates can also
current sheet is indeed well defined and it is almost indeperbe explained by the Sweet-Parker model but only after it is
dent ofZ. The O-shaped fine structure resides well within thegeneralized to incorporate three effects: effective resistivity,
current sheet and it is not important in defining a rectangulacompressibility and finite downstream pressure. One relevant
diffusion region. The profiles d,, By, andjr atZ=0 are  question might be whether Petschek-type models can explain
shown in Figs. 1) and 1@b). Again, § is determined by the same observations. Direct comparisons, however, are not
fitting jr into the Harris-type current she€t sec[(R  possible since these shock-based models do not predict defi-
—Ry)/4]. nite reconnection rates, only their maxifma&hock struc-

As in the null-helicity case, all three modifications to the tures, a characteristic feature of Petschek-type models, would
original Sweet-Parker model have been examined for the caappear as multiple jumps iB(R) profiles in the down-
helicity case. It is noted thay, should be used here to cal- stream region. However, these jumps have not been observed
culate the classical resistivity. It is found that the resistivityyet within the sensitivity limits of the measurements. We
enhancement ranges from 2—4 for the cases examined so faote that the present work neither verifies nor disproves the
at a relatively low field B,~200 G) while the collisionality Petschek-type model. Further experimental investigations in
parameten s,/ 6=0.5—2. Density accumulation in the dif- MRX include searching for shock structures in largere-
fusion region is negligible in this case, as expected from thgimes or under more powerful driving forces through exter-
fact that the existence of a sizabBy makes plasma less nal coils.
compressible. The effect of higher downstream pressure than All three effects incorporated in the generalized Sweet-
upstream is more predominant, resulting in an outflow as lowParker model can be important also during magnetic recon-
as ~5% of the Alfven speed. nection happening in nature or other laboratory plasmas. Ef-

The generalized Sweet-Parker model applies also to thiects of the compressibility must be transidias seen in
co-helicity cases, as shown in Fig. 11, where the observeMIRX) by nature since the density accumulation cannot be
reconnection rates in both null-and co-helicity cases are plotsustained indefinitely. However, occurrences of magnetic re-
ted against l/§ spanning over a decade in magnitude.connection in nature do not have to be steady state. They can
The reconnection rate in the co-helicity case is slower thate impulsive locally while global structures are maintained
the null-helicity case due to a combined effect of lowerin a quasi(slowly evolving steady state, as supported by a
anomalous resistivity, lower compressibility, and higherrecent computer simulation using compressible MHD

downstream pressure. equation$?
The effect of downstream pressure is easy to understand.
V. DISCUSSIONS As observed in MRX, higher plasma pressure in the down-

stream region slows the outflow, thus reducing the reconnec-
Qualitatively, magnetic reconnection observed in MRXtion rate. One can envision another case in wihieter pres-
is in good accord with the Sweet-Parker model, the essencgure in the downstream region can result in super-Alive
of which resides in the existence of a rectangular diffusionoutflow, leading to arincreasein the reconnection rate, a
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(a) | by relative drift between ions and electrons provide a mecha-
nism to limit current density, thus controlling the reconnec-
] tion rate. In the co-helicity case, a higher drift parameter
1 %’L ﬁ"b‘_ﬁi ] vglvine~0.2 is observed. However, we have to emphasize
that the mechanism to limit current density should be differ-
(b) ent from the null-helicity case since the current flows essen-
] ] tially in the perpendicular direction in one case while parallel
{ % in the other. Finally, we note that these collisionless effects
E “’ﬂf} i must enter the Ohm'’s law through fluctuations since all non-
fluctuating terms(exceptE; and %j) in the generalized
0.0 0.5 1.0 15 Ohm'’s law including the Hall and electron pressure terms are
n, (10" cm™) estimated to be negligible. Both theoretical and experimental
F1G. 12. The drift velocity when normalized by the ion thermal velot undertakings invoking stability analysis and high frequency
or the élect?onlth\gi;gl yv\évloiit{/b;) asafljr?ctio)r/w Eflodens?ty ﬁ\\;ﬁeo?{ll— fluctuation measurements_ls underway I_n _M_RX in an effort
helicity case. to understand the mechanism of the resistivity enhancement.
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situation which can exist in solar flares and other cosmicVI' CONCLUSIONS

environments. The well-controlled boundary conditions in MRX permit
Effects of finite viscosity have been also omitted duringformation and maintenance of a stable, well-defined, two-
the analysis of the momentum equation in the Sweet-Parkatimensional current sheéodr diffusion region during mag-
model. However, this assumption cannot be justified whemetic reconnection in MHD plasmas. In both qualitative and
large velocity gradients exist in the down-stream region. Inquantitative senses, the observed magnetic reconnection is
this case, a viscous termw, V2V should be added to the consistent with a generalized Sweet-Parker model, indepen-
right hand side of Eq(3). Following W. Parké® a crude dent of the presence of a unidirectional, sizable third mag-
estimate of the viscous effects can be formulated to modifynetic component. The generalizations of the model include
Eq. (6) to finite compressibility, higher down-stream pressure than up-
stream, and the effective resistivity. The latter is significantly
enhanced over its classical values in the collisionless limit. A
significant implication of this result is that the Sweet-Parker
®  model with generalizations is indeed valid in certain cases.
where the outflow could be also slowed by finitg. By By adopting the concept of anomalous resistivity, the Sweet-
using the classical valué8,v, uy/7, can be estimated to  Parker model can predict a time-scale much closer to the one

V% Pdown™ pup,

=Vi(1l+k)-2

Ln\wy
WRCLIEP
nvVvz nt

1 T3 of the solar flare€® although we always have to keep in
Viko_ - \ /ﬂ _e) Bi~1-2, (99  Mind that solar flares are much more complicated than just in
un 4 Vme | T; two-dimensional space. Nonetheless, laboratory experiments

where8;=nT;/(B%/2u,) is the ion beta. Therefore, the vis- Provide unique opportunities to challenge these theories in a
cous effects are small if}*/5, >1. However, in order to Well-controlled environment.
quantify theV?2V term experimentally, measurements of de-
tailed 2D velocity profiles are required. ACKNOWLEDGMENTS
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