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Magnetic Reconnection

e It occurs during the formation and/or configuration -
changes of solar flares.

=> considered to play a key role in coronal heating,
coronal mass ejections, ...

e |t occurs When solar wind interacts with the earth
magnetic field at the magnetopause and magnetotail.

=> considered to determine magnetic structure
around the earth, aurora phenomena...

e It occurs in laboratory plasmas such as sawtooth
activities in tokamaks.

=> often determines plasma confinement
characteristics, plasma relaxation, dynamo
phenomena...



Magnetic Reconnection in Solar Flares

Observations: 15 min. to a few hours

Explanations:

e Pre Sweet-Parker { < '50) time:

Existence of magnetic field was known but its diffusion
time (in 1D) can be as long as a few million years.

¢ '50 - '60:

Sweet-Parker Model: simplest classical model of
local 2D reconnection. But it predlcts a reconnection
of a few months.

¢ 'G0 - '80:

Petschek Model: introduces a much smaller diffusion
region connected with external fields by a shock
structure. It predicts a minimum reconnection time as
short as less thar an hour.

¢ '80 - present:

¢ Some inconsistency found in Petschek Model

e Reconnection time can be shortened by using
“anomalous” resistivity in Sweet-Parker Models.

¢ Debates continue.

(MRX results)



Sweet-Parker Model

e Local 2D picture
¢ Steady state (0B/dt = 0):
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%:VX(VXB)—}EVQB = V=L
t " Ho o0

¢ Incompressibility (V -V = 0):
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e Pressure balance (py, = Pdown):
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Magnetic Reconnection Experiment

Case 1. Double annular plasma configuration




"Push" and "pull” reconnection
_in the double annular configuration

No reconnection
when dlpe/dt=0

"Push" reconnection
when dlpe/dt >0

"Pull" reconnection
when dlpe/dt <0




Experimental Setup in MRX

90 channel
probe array

Flux core

"Pull" reconnection



Realization of 2D Magnetic
Reconnection in MRX

Measured flux contours (third component Bt=0)
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Time Evolution of Key Physical
Quantities
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A Straightforward Test of
Sweet-Parker Model
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Determination of Resistivity
along the Neutral Line

* All three terms are measured in the MHD
Ohm's law along the neutral line:

E +V,.XB, =1 1],
* The resistivity is determined by E_/j._ since

VR ><BZ is negligible in the center of the

diffusion region.

shol 3444
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Resistivity Enhancement
in Collisionless Regime
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Test of Sweet-Parker Model:
Using Effective Resistivity n*} (= Ep/j7)

S* = ;LoLVA/nj_
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Approximately Steady-state
Reconnechon

TF= 14kV PF= 12kV p= 6mTorr
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Effect of Compressibility
Is Not Negligible

e Compressibility (V -V o« On/0t > 0) increases inflow
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Effect of Down-stream Pressure
: Is Significant

e Large down-stream pressure (pdown =~ po > pup) slows
outflow Vz:

VZ - \/V/%(l + K:) — 2(pd0wn "'" pup)/p < VA
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Time Evolution of Density

10kV/8kV, 6mTorr
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Effect of Down-stream
Magnetic Tension Force Is Moderate

¢ The original Sweet-Parker modcl neglects the magnetic tension force which is
not obviously small:
B% 1

pup‘}“ﬂ = P = pcluwn+2

1 (L 0B,
VZ_ st
pVZ “0/0 Bz dZ

—_ Vi, = \/V/%(l + ff») - 2(pd0wn - pup)/p
0By ..
oR

2 (L : .
where kK = I /(; Br dZ represents its relative importance.
A

TF=12kV, PF=10kV
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Generalized Sweet-Parker Model

o Steady state (0B/8t = 0):

ngvX(VxBH?—v?Bzo S
at Ho - b
A
*» Compressible (V - V « 87/8t # 0):

5 Lén
Vi == =70
& L(VZ + n 8t)
AV o oW

» Non-negligible down-stream pressure (Pup 7 Pdown):

Vg = \/V}(]. + K,) - z(pdown - pup)/p
Dt W W

e Combine them:
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Third Component Decides
Reconnecting Angle

Null-helicity Co-helicity
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Effects of the Third Component

Null-helicity (Bt = 0) :
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. Generalized Sweet-Parker Model
Applies to Co-helicity Reconnection

10kV/8kV, 5mTorr, t=284us
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Experimental Test of the Sweet-Parker Model of Magnetic Reconnection

Hantao Ji, Masaaki Yamada, Scott Hsu, and Russell Kulsrud

Princeton Plasma Physics Laboratory, Princeton University, P.O. Box 451, Princeton, New Jersey 08543
(Reccived 29 Scplember 1997)

We report a quantitative experimental test of the Sweet-Parker model of magnetic reconnection in
a conirolled laboratory plasma. It is found that the observed reconnection rale can be explained by a
generalized Sweet-Parker model which incorporales compressibility, downstream pressure, and the cf-
fective resistivity, The latter is significantly enhanced over its classical values in the collisionless limit.

[S0031-9007(98)05822-0]

PACS numbers: 52.30.Jb, 94.30.Lr, 96.60.Rd

Magnetic reconnection plays a crucial role in determin-
ing the topology of magnetic ficlds in space and labora-
tory plasmas [1,2). Although this is a localized process, it
often causes fundamental changes in macroscopic configu-
rations, such as in solar flares [3], magnectospheric sub-
storms {3], and rclaxation processes in laboratory plasmas
[4]. Magnctic reconnection also provides the most plau-
sible mechanism for rcleasing the cnergy stored in the
magnetic ficld to plasma kinctic and thermal ¢nergics as
observed in solar flares, auroral phenomena, and labora-
tory plasmas. The concept of magnetic reconnection was
first suggested by Giovanelli [5] more than {ilty years ago,
and the first quantitative model was proposed by Swecet [6}]
and Parker [7] ten ycars later. Since then, however, the va-
lidity of the Sweet-Parker model has been questioned be-
cause its predicted reconnection rate is too slow to cxplain
cxplosive solar flares. Instcad, the atiention has shifted to
Petschek's model [8] and other models based on standing
shock waves [9], which predicted faster reconnection rates.
Availability of computer simulalion as a rescarch toel has
brought about an cxplosive amount of litcrature [10] on
magnctic reconnection physics in great detail.

Despite the thcoretical and compulational progress
made in past decades on magnetic reconnection, nonc of
these models have been verilied or cven tested in the labo-
ratory or in space. Stenzel and Gekelman [11] carricd out
a series of experiments in a linear device and in the clec-
tron magnetohydrodynamic (EMHD) regime where only
clectrons are magnetized, while most space plasmas of in-
terest are in the MHD regime where ions are also magne-
tized. Although detailed local fluctuations were measured
in their experiments, quantitative tests of lcading theoreti-
cal models were not made. More recent experiments have
focused on the effects of the third field component during
reconnection from both global [12] and local [13] points
of view. In this Letter, we report a quantitative experi-
mental test of the Sweet-Parker model in the Magnelic
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 can
be explained by a generalized Sweet-Parker model which
includes compressibility, downstream pressure, and the ef-
fective resistivity.

3256 0031-9007/98/80(15)/3256(4)$15.00

An example of driven magnetic reconnection in MRX
is displayed in Fig. 1, where both the measured magnetic
field vector B and contours of the poloidal flux ¥ (from
radial integration [14] of Bz) in a singlc discharge arc plot-
ted in an R-Z plane. All results reported here are for the
case of antiparallel reconnection in which the toroidal ficld
is negligible. Magnetic reconnection is induced by chang-
ing currents in two flux cores whose toroidally symmelric
shape cnsurcs the 2D geomeiry [14]. As the opposilely
dirccted magnetic ficld lines (B) move toward cach other
in the R dircction, a sharp sheet current develops perpen-
dicular 1o the planc of the page. The sheet current diffuses
duc to plasma resistivity in this “diffusion region,” where
a magnetic ficld line can losc its original identity and rc-
connect to another ficld linc. The reconnected ficld lines
{Bg) then move away along the Z dircction.

The motion of magnetic ficld lines in an MHD plasma
with resistivity n is described by

B _yxwxp + Ly, (1)
a! Ho
where V' is the flow velocity. The first term on the right-
hand side represents the cffect of plasma convection while
the second term describes ficlé line diffusion. Significance
of the diffusion term is represented by 1/5 where the
Lundquist number S is defined by uolVa/7n. Here V4 =
B/ fuop (p = mass density) is the Alfvén speed and L is
the typical plasma size. For typical MHD plasmas such as

a)  shot 3453 290us (b) __shot 3453 290us

) 45 ﬁ
E -
ii @

—

FIG. 1. An example of driver magnetic reconnection mea-
sured in a single shot by a 2D probe array: {(a) vector plot of
poloidal field; (b) poleidal flux contours. Toroidal field (the
third component) is negligibly small.

© 1998 The Amcrican Physical Society
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solar flares [3], § > 10'0: for okamaks, § > 107 and for
MRX plasmas, § < 10°.

- Anothcr important cquation goveming rcconncction is
the continuity cquation,

where § (L) is the thickness (width) of the current sheet and
i is the averaged density in the diffusion region, Vg (V3)
is the reconncction speed in the upstrcam (downstream)
region. Integration of the equation of motion in the steady

an Ao OAVe  iVg state, pV - V¥V = —Vp + j X B (i.c., thc R component
m +V-(nV)= 5 s + 7 = 0, (2) along the R dircction and the Z componcent along the Z
| dircction) gives
1 B: I % 8B ! ., Bk 1 (L  oB
b —pV2i+ 2 — 2 B TR UR — o= piown + —pVE+ =2~ — | B 247, 3
Pop + 5 PVR 2u0 20 Jo z7 Po = paowm + 5 pVz 2u0 2o Jo R 3R © (3)

where po, pup, and pyown arc plasma pressures at the cen-
ter and in the upstrcam and downstream regions, respec-
tively. The last terms on both sides represent the magnetic
tension forces. The original Sweet-Parker model [6,7] as-
sumes steady slate reconnection (8 8/dt = 0,3V /ot = 0)
in an incompressible plasma (V - V « ai/dt = 0) with
uniform pressure outside the diffusion region (py, =
Pdown) and negligible pVﬁ/Z, Bi} /20, and tension forces.
Then Egs. (1)-(3) can be reduced to Vg = 11/ ued, Vg =
(8/L)Vz, and Vz = V4, resulting in a simple cxpression
for the reconnection rate as measurced by the Alfvén Mach
numbcr, MA = VR/VA = \/n/[LDLVA = I/\/E

The Swect-Parker model can be tested if all the ba-
sic plasma parameters are adequately measurcd. The low
temperature (<50 e¢V) and short-pulsed (<1 ms) MRX
plasmas have the advantage that internal probes can be
used routinely. Langmuir probes with triple pins measure
clectron density (n,) and temperature (T,) simultancously.
The plasma density measurement has been calibrated by
an interferometer which measures the line-integrated den-
sity. All three components of B arc measured during the
reconneclion process by a 90 channel 2D pick-up coil ar-
ray with 4 cm resolution. A finer 1D pick-up probe array
with 0.5 cm resolution is used to measure the Bz prolilc
across the current sheet {13]. The measured Bz profiles are
fit into the Harris-type function [15], tanh[(R — Rg)/ 8], 10
determine 8 and peak current density. Local flow velocity
can be determined cither by a Mach probe or time evolu-
tionof ¥(R, 2Z),ic., Vy = ={(aW¥/ar}/(aV¥/aX} (X = R
in the upstream region and X = Z in the downstream re-
gion). The latier method is valid when the resistive effects
are negligible, a condition satisficd outside the diffusion
region. Results from both methods are in good agree-
ment, and the latter has been used routinely because of
its convenience. Probe perturbation of the plasma is esti-
mated quantitatively and observed to be less than 5% [14].
Typical plasma parameters are as follows: B < 0.5 kG,
T, = 10-20 eV, and n, = 0.2-1.5 X 10® m™3,

In gencral, the Lundquist number § is calculated from
the measured 7, based on the Spitzer resistivity (par-
allel resistivity, n). However, perpendicular resistivity
7. (= 27) should be used in the case of antiparailel
reconnection since the current flows cssentially perpen-
dicular to the ficld. A more detailed calculation which in-
corporates profile effects of density and temperature gives
a nearly identical expression for resistivity [16].

l

A shot-averaged time cvolution of plasma paramcters
for driven reconnection is shown in Fig. 2. The current
density peaks at + = 290 us, when & 1s minimized and
reconnection speed Vg reaches its steady state of about
3 km/s. The n, mcasured at the center of the current sheet
keeps increasing until a later time, while T, at the same lo-
cation remains almost constant at 10-15 eV (not shown).
A series of experiments has been performed in which [,
is varied while other conditions are kept constant, includ-
ing the fill pressure prip (6 mTorr). It is observed that the
rcconnection rale decreases as Bz increases.

A straightforward test of the Sweet-Parker model is
shown in Fig. 3(a) where the reconnection rate is plotted
against ]/J% Clearly, the ohservation does not agree in
lincar offsct nor slope with the Sweet-Parker prediction
(dotted ling). Causcs of these discrepancics can be found
by systemnatically examining the validity of cach assump-
tion made in Egs. (1), (2), and (3).

The first equation 1o be evaluated is Ohm's law in the
toroidal direction, Er + Vg X Bz = wjr, which has
been used o derive Eq. (1), All three terms are measured
Across lhc_currcm sheet. As shown in the inset of Fig. 4,
Er (= —¥/27R) balances with Vg X Bz outside the dif-
fusion region and 77 jr inside the diffuston region. In this

14}(!/121{\/, 6mTorr

a2
,_:\E\ll— =
= ]
Z 0 ,
,—.4: ~
< §of
AOF‘- + + R
I S
:>.§2_ B
=of —
JEIWE AT
"% F 7
-0
275 280 285 290 295 300

t (us)

FIG. 2. A shot-averaged time cvolution of driven magnetic
reconnection.  From top: peak current density; current sheet
thickness; inflow speed at R = 30 cm from flux contour
movement; clectron density at center.
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0 0.1 020 0.2 0.4
1/Vs 1/

FIG. 3. Experimental test of the Sweet-Parker model (dotted

lines): reconnection rate vs (a) 1/v8 and (b) 1/V5*, where
S and 8§ arc calculated from the classical and measured
resistivily, respectively.

example, the measured effective resistivity (n1 = Er/jr)
is about twice its classical value. It is found that the
cnhancement of resistivity is a strong function of colli-
sionality (characterized by the dimensionless parameler
Amfp/8 and dominated by changes in density), as shown
in Fig. 4. A significanl cnhancement (~10} of the resis-
tivity is observed in the collisionless regime (Ampp, 3> 8).
We note that clectron-neutrai collisions are cstimated 1o be
negligible compared to Coulomb collisions in the present
experimental regimes.

12 T T v T T T T 1 T
shot 3444, 286us
| V/m
10t 100} E ! N
i ~VexBg ; .
50 ar
gl - f \ .
| 0 Tl M
Py
< 6F 20 30 40 50 )
= R (cm)
4l 4
2| .
0 1 ! 1 L !
o i 2 3 4 ]

FIG. 4. Resistivity enhancement as a function of collisionality
characterized by the ratio of electron mean free path (calculated
from n, and T,) 10 current sheet thickness. An example of all
three terms of Ohm's law, across the current sheet is shown in
the inset where £ = ~W¥ /2@ R and Vi is from flux contour
movement.

3258

By using 7} to calculatc the Lundguist number (de-
noled by §* = uoLlV,/n1), the Sweet-Parker model can
be tested again, as plotted in Fig. 3(b), A clear lincar de-
pendence can be seen between My and 1/4/§* (zero off-
sct), but the magnitude is off by a factor of 2. Equation (1)
is satisfied since the effective resistivity is uscd and the
stcady state assumption (8B/adt =~ 0) holds. Thercfore,
the discrepancy must reside in the continuity [Eq. (2)] and/
or momentum [Eq. (3)] equations.

The incompressibility assumption does not hold since
the V - V (or an/ar) term is not negligible compared to
the other terms [17] in the continuity equation as seen in
Fig. 2, which shows increasing density in the current sheet
during reconnection. Retaining this term in the continuity
cquation lcads to an increased inflow, Vg = (8/L) (Vz +
Ln/n), due to an accumulation of density at the center,

Examination of cach term in the momentum cqua-
tion [Eg. (3)] reveals that all assumptions made in the
Swecet-Parker model hold approximately true, except that
Puaown > pyp (dominated hy differences in density), as
measured by spatial scans of a Ldngmu:r prohc Thus the
momentum cquation is modified to V2 = V(1 + «) -
2(Pdovn — pup)/ p. where the outflow is substantially re-
duced by the higher paown ~ po. The relative importance
of the downstream tension foree is represented by x =

(2/B%) fo Br(0Bz/aR)dZ which has been measured to
be 0.2-0.3, lcading to a slight (~0.1} increase in the
outflow,

As a result, the rcconnection rate My is modi-
fied 10 (1/JF)J1 + Ln/nVz) (V2 /V4) = 1//Sur,
where the cffective Lundquist number is defined as
Sett = (oL Va/m*)/[(1 + Lr/nVz) (Vz/VA)]. The
clfects of compressibility and downstream pressure can
be measured by Ln/nVz and Vz/Vy, respectively. As
§ incrcases, Vz/V, decreases to 0.1 ~ 0.2 duc 1o the
downstream pressure, while La/nVz incrcases to ~0.4,
indicating an increasingly important compressibility efTect
in a narrower current sheet.  Compressibility, which
allows local density buildup, cxplains why higher central
density is observed in discharges with higher ficld even
though the initial density is the same.

The observed reconnection rate is plotted against 1/
Sers in Fig. 5. As expected, they are in good agreement.
The classical Sweet-Parker model needs to be gencralized
to incorporate the compressibility, the downstream pres-
sure, and the effective resistivity. Effects of the compress-
ibility must be transient (as in MRX) since the density
accumulation cannot be sustained indefinitely. However,
occurrences of magnetic reconnection in nature do not have
to be steady state, They can be impulsive locally while
global structures are maintained in a quasi (slowly evolv-
ing) steady state, as supported by a recent computer simu-
lation using compressible MHI) equations [18].

The effect of downstrcam pressure is easy to under-
stand. As observed in MRX, higher plasma pressure in
the downstream region slows the outflow, thus reducing
the reconnection rate. One can envision another case in
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FIG. 5. The observed reconnection rates are compared 1o
the prediction by a generalized Sweet-Parker model, 1/ Sers
which incorporates finite compressibility, downstream pressure,
and the elfcctive resistivity.

which lower pressure in the downstrcam region can re-
sult in super-Alfvénic outflow, leading o an frcrease in
the reconncction rate, a situation which can exist in solar
flares and other cosmic cnvironments.

One relevant question might be whether Petschek-
type models can explain the same observations.  Direct
comparisons, however, arc not possible since these shock-
based models do not predict definite reconncction rates,
only their maxima {1]. Shock structurcs, a characteristic
feaiure of Petschek-type models, would appear as mul-
tiple jumps in Bz(R) profiles in the downstrcam region.
Howcver, these jumps have not been observed yet within
the sensitivity limits of the measurcments.  We nole
that the present work ncither verifies nor disproves the
Petschek-type model.  Further tests of these models
include searching for shock structures in larger § regimes
and investigating the cffects of a finite third component
[13} and viscosity [19].

In summary we have performed for the first time, to
the best of our knowledge, an experimental test of the
Sweet-Parker model of magnetic reconnection in a labo-
ratory plasma. It is found that the obscrved reconnection
rate can be explained by a generalized Sweet-Parker model
which incorporates compressibility, downstream pressure,
and the effective resistivity. A significant implication of
this result is that the Swecet-Parker model with gencraliza-
tions is valid in certain 2D cascs. The guestion of how
the resistivity is enhanced in the collisionless limit can be
answered only by including fluctuations [20] since all non-
fluctuating terms (cxcept Er and 74 jr) in the generalized
Ohm's law including the Hall and clectron pressure terms
arc estimated to be negligible. Indeed, it is not surpris-

ing if current-carrying clectrons are scattered by microin-
stabilitics destabilized in the diffusion region, where high
current density (therefore large drift parameter) and large
inhomogencity (in plasma pressure and magnctic ficld)
exist. In fact, the drift parameter v/ vine (va/vini), where
vg = jr/en and vy (vi) = clectron (ion) thermal ve-
locity, is found to be a constant ~0.1 (3 o 4) in MRX,
indcpendent of the reconnection rate.  This suggests that
instabilitics driven by relative drift between ions and ¢lee-
trons provide a mechanism to limit current density, thus
controlling the reconnection rate. However, a complete
sclf-consisient picture for the resistivity enhancement re-
quires finc scale, fully 3D dynamic mcasurcments, which
will be a subject of further pursuit in MRX [21].
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