
VOLUME 80, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S 13 APRIL 1998

08543

ion in
by a

the ef-
imit.

3256
Experimental Test of the Sweet-Parker Model of Magnetic Reconnection
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We report a quantitative experimental test of the Sweet-Parker model of magnetic reconnect
a controlled laboratory plasma. It is found that the observed reconnection rate can be explained
generalized Sweet-Parker model which incorporates compressibility, downstream pressure, and
fective resistivity. The latter is significantly enhanced over its classical values in the collisionless l
[S0031-9007(98)05822-0]
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Magnetic reconnection plays a crucial role in determin
ing the topology of magnetic fields in space and labor
tory plasmas [1,2]. Although this is a localized process,
often causes fundamental changes in macroscopic confi
rations, such as in solar flares [3], magnetospheric su
storms [3], and relaxation processes in laboratory plasm
[4]. Magnetic reconnection also provides the most pla
sible mechanism for releasing the energy stored in t
magnetic field to plasma kinetic and thermal energies
observed in solar flares, auroral phenomena, and labo
tory plasmas. The concept of magnetic reconnection w
first suggested by Giovanelli [5] more than fifty years ag
and the first quantitative model was proposed by Sweet
and Parker [7] ten years later. Since then, however, the
lidity of the Sweet-Parker model has been questioned b
cause its predicted reconnection rate is too slow to expla
explosive solar flares. Instead, the attention has shifted
Petschek’s model [8] and other models based on stand
shock waves [9], which predicted faster reconnection rate
Availability of computer simulation as a research tool ha
brought about an explosive amount of literature [10] o
magnetic reconnection physics in great detail.

Despite the theoretical and computational progre
made in past decades on magnetic reconnection, none
these models have been verified or even tested in the la
ratory or in space. Stenzel and Gekelman [11] carried o
a series of experiments in a linear device and in the ele
tron magnetohydrodynamic (EMHD) regime whereonly
electrons are magnetized, while most space plasmas of
terest are in the MHD regime where ions are also magn
tized. Although detailed local fluctuations were measure
in their experiments, quantitative tests of leading theore
cal models were not made. More recent experiments ha
focused on the effects of the third field component durin
reconnection from both global [12] and local [13] point
of view. In this Letter, we report a quantitative experi
mental test of the Sweet-Parker model in the Magne
Reconnection Experiment (MRX) [14], where 2D mag
netic reconnection is realized in the MHD regime. A sig
nificant finding is that the observed reconnection rate c
be explained by a generalized Sweet-Parker model wh
includes compressibility, downstream pressure, and the
fective resistivity.
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An example of driven magnetic reconnection in MRX
is displayed in Fig. 1, where both the measured magnet
field vectorB and contours of the poloidal fluxC (from
radial integration [14] ofBZ) in a single discharge are plot-
ted in anR-Z plane. All results reported here are for the
case of antiparallel reconnection in which the toroidal field
is negligible. Magnetic reconnection is induced by chang
ing currents in two flux cores whose toroidally symmetric
shape ensures the 2D geometry [14]. As the opposite
directed magnetic field lines (BZ) move toward each other
in the R direction, a sharp sheet current develops perpe
dicular to the plane of the page. The sheet current diffus
due to plasma resistivity in this “diffusion region,” where
a magnetic field line can lose its original identity and re
connect to another field line. The reconnected field line
(BR) then move away along theZ direction.

The motion of magnetic field lines in an MHD plasma
with resistivityh is described by

≠B
≠t

­ === 3 sV 3 Bd 1
h

m0
=2B , (1)

whereV is the flow velocity. The first term on the right-
hand side represents the effect of plasma convection wh
the second term describes field line diffusion. Significanc
of the diffusion term is represented by1yS where the
Lundquist numberS is defined bym0LVAyh. HereVA ;
Byp

m0r (r ­ mass density) is the Alfvén speed andL is
the typical plasma size. For typical MHD plasmas such a

FIG. 1. An example of driven magnetic reconnection mea
sured in a single shot by a 2D probe array: (a) vector plot o
poloidal field; (b) poloidal flux contours. Toroidal field (the
third component) is negligibly small.
© 1998 The American Physical Society
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solar flares [3],S . 1010; for tokamaks,S . 107; and for
MRX plasmas,S & 103.

Another important equation governing reconnection
the continuity equation,

≠n
≠t

1 === ? snVd ø
≠n̄
≠t

2
n̄VR

d
1

n̄VZ

L
­ 0 , (2)
is

whered (L) is the thickness (width) of the current sheet a
n̄ is the averaged density in the diffusion region.VR (VZ )
is the reconnection speed in the upstream (downstre
region. Integration of the equation of motion in the stea
state,rV ? ===V ­ 2===p 1 j 3 B (i.e., theR component
along theR direction and theZ component along theZ
direction) gives
pup 1
1
2

rV 2
R 1

B2
Z

2m0
2

1
m0

Z d

0
BZ

≠BR

≠Z
dR ­ p0 ­ pdown 1

1
2

rV 2
Z 1

B2
R

2m0
2

1
m0

Z L

0
BR

≠BZ

≠R
dZ , (3)
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wherep0, pup, andpdown are plasma pressures at the ce
ter and in the upstream and downstream regions, resp
tively. The last terms on both sides represent the magne
tension forces. The original Sweet-Parker model [6,7] a
sumes steady state reconnection (≠By≠t ­ 0, ≠Vy≠t ­ 0)
in an incompressible plasma (=== ? V ~ ≠n̄y≠t ­ 0) with
uniform pressure outside the diffusion regionspup ­
pdownd and negligiblerV2

Ry2, B2
Ry2m0, and tension forces.

Then Eqs. (1)–(3) can be reduced toVR ­ hym0d, VR ­
sdyLdVZ, andVZ ­ VA, resulting in a simple expression
for the reconnection rate as measured by the Alfvén Ma
number,MA ; VRyVA ­

p
hym0LVA ­ 1y

p
S.

The Sweet-Parker model can be tested if all the b
sic plasma parameters are adequately measured. The
temperature (,50 eV) and short-pulsed (,1 ms) MRX
plasmas have the advantage that internal probes can
used routinely. Langmuir probes with triple pins measu
electron density (ne) and temperature (Te) simultaneously.
The plasma density measurement has been calibrated
an interferometer which measures the line-integrated d
sity. All three components ofB are measured during the
reconnection process by a 90 channel 2D pick-up coil a
ray with 4 cm resolution. A finer 1D pick-up probe arra
with 0.5 cm resolution is used to measure theBZ profile
across the current sheet [13]. The measuredBZ profiles are
fit into the Harris-type function [15], tanhfsR 2 R0dydg, to
determined and peak current density. Local flow velocity
can be determined either by a Mach probe or time evo
tion of CsR, Zd, i.e.,VX ­ 2s≠Cy≠tdys≠Cy≠Xd (X ­ R
in the upstream region andX ­ Z in the downstream re-
gion). The latter method is valid when the resistive effec
are negligible, a condition satisfied outside the diffusio
region. Results from both methods are in good agre
ment, and the latter has been used routinely because
its convenience. Probe perturbation of the plasma is e
mated quantitatively and observed to be less than 5% [1
Typical plasma parameters are as follows:B , 0.5 kG,
Te ­ 10 20 eV, andne ­ 0.2 1.5 3 1020 m23.

In general, the Lundquist numberS is calculated from
the measuredTe based on the Spitzer resistivity (par
allel resistivity, hk). However, perpendicular resistivity
h' s­ 2hkd should be used in the case of antiparall
reconnection since the current flows essentially perpe
dicular to the field. A more detailed calculation which in
corporates profile effects of density and temperature giv
a nearly identical expression for resistivity [16].
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A shot-averaged time evolution of plasma paramete
for driven reconnection is shown in Fig. 2. The curren
density peaks att ­ 290 ms, when d is minimized and
reconnection speedVR reaches its steady state of abou
3 kmys. Thene measured at the center of the current she
keeps increasing until a later time, whileTe at the same lo-
cation remains almost constant at 10–15 eV (not shown
A series of experiments has been performed in whichBZ

is varied while other conditions are kept constant, includ
ing the fill pressurepfill (6 mTorr). It is observed that the
reconnection rate decreases asBZ increases.

A straightforward test of the Sweet-Parker model i
shown in Fig. 3(a) where the reconnection rate is plotte
against1y

p
S. Clearly, the observation does not agree i

linear offset nor slope with the Sweet-Parker predictio
(dotted line). Causes of these discrepancies can be fou
by systematically examining the validity of each assump
tion made in Eqs. (1), (2), and (3).

The first equation to be evaluated is Ohm’s law in th
toroidal direction,ET 1 VR 3 BZ ­ h'jT , which has
been used to derive Eq. (1). All three terms are measur
across the current sheet. As shown in the inset of Fig.
ET (­ 2 ÙCy2pR) balances withVR 3 BZ outside the dif-
fusion region andh'jT inside the diffusion region. In this

FIG. 2. A shot-averaged time evolution of driven magneti
reconnection. From top: peak current density; current she
thickness; inflow speed atR ­ 30 cm from flux contour
movement; electron density at center.
3257
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FIG. 3. Experimental test of the Sweet-Parker model (dott
lines): reconnection rate vs (a)1y

p
S and (b) 1y

p
Sp, where

S and Sp are calculated from the classical and measur
resistivity, respectively.

example, the measured effective resistivity (h
p
' ­ ET yjT )

is about twice its classical value. It is found that th
enhancement of resistivity is a strong function of coll
sionality (characterized by the dimensionless parame
lmfpyd and dominated by changes in density), as sho
in Fig. 4. A significant enhancement (,10) of the resis-
tivity is observed in the collisionless regime (lmfp ¿ d).
We note that electron-neutral collisions are estimated to
negligible compared to Coulomb collisions in the prese
experimental regimes.

FIG. 4. Resistivity enhancement as a function of collisionali
characterized by the ratio of electron mean free path (calcula
from ne andTe) to current sheet thickness. An example of a
three terms of Ohm’s law across the current sheet is shown
the inset whereET ­ 2 ÙCy2pR and VR is from flux contour
movement.
3258
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By using h
p
' to calculate the Lundquist number (de

noted bySp ; m0LVAyh
p
'), the Sweet-Parker model can

be tested again, as plotted in Fig. 3(b). A clear linear d
pendence can be seen betweenMA and1y

p
Sp (zero off-

set), but the magnitude is off by a factor of 2. Equation (
is satisfied since the effective resistivity is used and t
steady state assumption (≠By≠t ø 0) holds. Therefore,
the discrepancy must reside in the continuity [Eq. (2)] an
or momentum [Eq. (3)] equations.

The incompressibility assumption does not hold sin
the === ? V (or ≠n̄y≠t) term is not negligible compared to
the other terms [17] in the continuity equation as seen
Fig. 2, which shows increasing density in the current sh
during reconnection. Retaining this term in the continui
equation leads to an increased inflow,VR ­ sdyLd sVZ 1

L Ùnynd, due to an accumulation of density at the center.
Examination of each term in the momentum equ

tion [Eq. (3)] reveals that all assumptions made in th
Sweet-Parker model hold approximately true, except th
pdown ¿ pup (dominated by differences in density), a
measured by spatial scans of a Langmuir probe. Thus
momentum equation is modified toV 2

Z ­ V 2
As1 1 kd 2

2spdown 2 pupdyr, where the outflow is substantially re
duced by the higherpdown , p0. The relative importance
of the downstream tension force is represented byk ;
s2yB2

Zd
RL

0 BRs≠BZy≠Rd dZ which has been measured t
be 0.2–0.3, leading to a slight (,0.1) increase in the
outflow.

As a result, the reconnection rateMA is modi-
fied to s1y

p
Sp d

p
s1 1 L ÙnynVZd sVZyVAd ; 1y

p
Seff,

where the effective Lundquist number is defined
Seff ­ sm0LVAyhpdyfs1 1 L ÙnynVZd sVZyVAdg. The
effects of compressibility and downstream pressure c
be measured byL ÙnynVZ and VZyVA, respectively. As
S increases,VZyVA decreases to0.1 , 0.2 due to the
downstream pressure, whileL ÙnynVZ increases to,0.4,
indicating an increasingly important compressibility effe
in a narrower current sheet. Compressibility, whic
allows local density buildup, explains why higher centr
density is observed in discharges with higher field ev
though the initial density is the same.

The observed reconnection rate is plotted against1yp
Seff in Fig. 5. As expected, they are in good agreeme

The classical Sweet-Parker model needs to be general
to incorporate the compressibility, the downstream pre
sure, and the effective resistivity. Effects of the compres
ibility must be transient (as in MRX) since the densit
accumulation cannot be sustained indefinitely. Howev
occurrences of magnetic reconnection in nature do not h
to be steady state. They can be impulsive locally wh
global structures are maintained in a quasi (slowly evo
ing) steady state, as supported by a recent computer si
lation using compressible MHD equations [18].

The effect of downstream pressure is easy to und
stand. As observed in MRX, higher plasma pressure
the downstream region slows the outflow, thus reduci
the reconnection rate. One can envision another cas
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FIG. 5. The observed reconnection rates are compared
the prediction by a generalized Sweet-Parker model,1y

p
Seff,

which incorporates finite compressibility, downstream pressu
and the effective resistivity.

which lower pressure in the downstream region can re
sult in super-Alfvénic outflow, leading to anincreasein
the reconnection rate, a situation which can exist in so
flares and other cosmic environments.

One relevant question might be whether Petsche
type models can explain the same observations. Dire
comparisons, however, are not possible since these sho
based models do not predict definite reconnection rat
only their maxima [1]. Shock structures, a characterist
feature of Petschek-type models, would appear as m
tiple jumps inBZsRd profiles in the downstream region.
However, these jumps have not been observed yet with
the sensitivity limits of the measurements. We no
that the present work neither verifies nor disproves th
Petschek-type model. Further tests of these mod
include searching for shock structures in largerS regimes
and investigating the effects of a finite third componen
[13] and viscosity [19].

In summary we have performed for the first time, t
the best of our knowledge, an experimental test of th
Sweet-Parker model of magnetic reconnection in a lab
ratory plasma. It is found that the observed reconnecti
rate can be explained by a generalized Sweet-Parker mo
which incorporates compressibility, downstream pressu
and the effective resistivity. A significant implication of
this result is that the Sweet-Parker model with generaliz
tions is valid in certain 2D cases. The question of ho
the resistivity is enhanced in the collisionless limit can b
answered only by including fluctuations [20] since all non
fluctuating terms (exceptET andh'jT ) in the generalized
Ohm’s law including the Hall and electron pressure term
are estimated to be negligible. Indeed, it is not surpri
to
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ing if current-carrying electrons are scattered by microi
stabilities destabilized in the diffusion region, where hig
current density (therefore large drift parameter) and lar
inhomogeneity (in plasma pressure and magnetic fie
exist. In fact, the drift parameterydyythe (ydyythi), where
yd ­ jT yen andythe sythid ­ electron (ion) thermal ve-
locity, is found to be a constant,0.1 (3 to 4) in MRX,
independent of the reconnection rate. This suggests
instabilities driven by relative drift between ions and ele
trons provide a mechanism to limit current density, th
controlling the reconnection rate. However, a comple
self-consistent picture for the resistivity enhancement
quires fine scale, fully 3D dynamic measurements, whi
will be a subject of further pursuit in MRX [21].
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