Study of driven magnetic reconnection in a laboratory plasma
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The magnetic reconnection experiment has been constructed to investigate the fundamental physics
of magnetic reconnection in a well-controlled laboratory setting. This device creates an environment
satisfying the criteria for a magnetohydrodynamic plagg& 1, p; < L). The boundary conditions

can be controlled externally, and experiments with fully three-dimensional reconnection are now
possible. In the initial experiments, the effects of the third vector component of reconnecting fields
have been studied. Two distinctively different shapes of neutral sheet current layers, depending on
the third component, are identified during driven magnetic reconnection. Without the third
component(antiparallel or null-helicity reconnectipna thin double-Y-shaped diffusion region is
identified. A neutral sheet current profile is measured accurately to be as narrow as the order of the
ion gyroradius. In the presence of an appreciable third compdeertelicity reconnection an
O-shaped diffusion region appears and grows into a spheromak configuratioh99®American
Institute of Physicd.S1070-664X97)92905-(

I. INTRODUCTION Fig. 1(i)], the conventional 2-D reconnection is applicable. In
o ] the presence of a third compondd) the field lines recon-
Interplay between plasma and magnetic field is beshgct at an angle when unidirectional toroidal fields ejdst
manifested by magnetic reconnection, a topological rearpejicity case, Fig. (i)] or (2) they reconnect with antiparal-
rangement of magnetic-field lines! Magnetic reconnection | geometry when the toroidal fields are oppositely directed
1S con_sgldered 'to be a key Process in the evol,utlon of SOIa[counter-helicity case, Fig.(ili)]. Note that the reconnecting
flares Ofﬂ‘d in the dynamics of the earth_s Magneto-ie|q lines are antiparallel for both null-helicity and counter-
sphere®~**|t also occurs as one of the relaxation processe%elicity merging. Although casé) and casiii) in Fig. 1(b)

n fu§|on resea_rgh plasmas, _and it often plays a <_jom|nar_1t are similar in local description, they can be quite different in
role in determining the confinement characteristics of high-

temperature fusion plasmas the global MHD picture.
' . . Dayside reconnection in the terrestrial magneto-
The study of solar flares has been intensified due to the y 9

I ! Spheré®~*2is depicted as a series of “flux transfer events”
availability of soft x-ray pictures of the sun recently taken byand has a strona dependence on the meraina anales of field
the Yohkoh satellité. Solar flares provide a paradigm for g dep ging ang

. . . . lines. It has been recognized that the third vector component
physical systems where magnetic energy is stored in a force-

free magnetic equilibrium configuration and then, via slowplalys an important role in the reconnection procéss.it

. i T as also been known that the merging angle of reconnecting
adjustment of an external condition, brought to a situation of. . . g .
ield lines plays an important role in the dayside magneto-

ideal magnetohydrodynami@MHD) instability that forms pause: namely, southward solar winfist interplanetary

intense current sheets and initiates reconnection. The evol\{r-1 netic fieldIMF)] reconnect much faster with th fh
ing solar flare¥ are the best known example of rapid con- agnetc ne econnect much faste € earhs

H : 2,14
version of magnetic energy into heat. Recent theoreticaﬁj'pole fleld(northyvard than nprthward IMF:
Major and minor disruptions of tokamak plasmas for

work has focused on two-dimension@-D) models of the ) . .
evolution of force-free magnetic arcade¥whose field-line magnetic fusion research are caused by reconnection of mag-
etic field lines, resulting in degradation of confinement

feet are advected by flows in the solar photosphere. How" 10625 | i - . _
ever, it has been recognized that in realistic boundary congfroperties. It is rather difficult to monitor precise evolu-

tions the effects of the third magnetic-field component playstion of_field lines in hot .tokama}k plasmas since it takes place
an important rold? in a high-energy-density environment that destroys probes

The most common description of magnetic field-line re_and is unsuitable for local measurement of magnetic fields.

connection is shown in Fig.(4), on which the 2-D theory Recently, evolutiorj of the safety fact(ly profile) has bgen
has been baséd-2In actual reconnection phenomena, suchMéasured by motional Stark effect diagnosficassuming

as in solar flares, the magnetosphere, and most laboratofyiSymmetry. During a sawtooth crash, magnetic reconnec-
experiments, the magnetic field lines have three vector corfiOn has been verified as partial mixing of field lines, and the

ponents as illustrated in Fig(l). When the third component resultinﬁg small changes of tlgprofile are documented. It is
(toroidal field vanishes in both plasméaaull-helicity case, sh_owr} that theq values stay substantially below unity, de-
spite the fact that the electron temperature contour evolution
. from electron cyclotron emission diagnostics apparently
Tg;rggggi'ﬁ’;‘ggk/g?" Phys. Sodl, 1587(1996. show Kadomtsev-type full reconnection patterns. A simulta-
apresent address: University of Tokyo, Tokyo 113, Japan. neous analysis of the electron temperature profile and
PPresent address: ITER Headquarters, La Jolla, California 92037. g-profile evolutions has lead to the proposal of a m&tiel
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FIG. 1. Two-dimensiona[case(a)] and three-dimensiondkase (b)] views of magnetic reconnection. When the third vector component is zero, the
reconnecting field lines are exactly antiparallelll—helicity, caseg(i)]. With the same or opposite third field component, field lines reconnect obliquely in
co-helicity [case(ii)] and the reconnecting field lines are again antiparallel in counter-helaase iii.

which a nonaxisymmetric, three-dimension@D) MHD addressed in our initial experiments and in the TS-3 experi-
mode plays an essential role in driving field-line reconnecments at the University of Toky®3'In all these areas, we
tion. This mode forces reconnection to occur at the point obelieve the inter-relationship between the global magnetic
the weakest magnetic field. Fast parallel transport along theonfiguration and the resistive reconnection region will play
newly connected field lines can cause a rapid efflux of intera key role in determining the reconnection features.
nal energy through the X-point region and, thus, create a fast
crash of the central plasma pressure.

The MRX (Magnetic Reconnection Experimént @)
devicé” has been constructed to investigate the fundamental Case 1. Double annular plasma configuration
physics of magnetic reconnection in a well-controlled labo-
ratory setting. This device creates an environment satisfying X
the criteria for MHD plasmas, and the boundary conditions
can be controlled externally. The primary objective of MRX
is the fundamental study of reconnection utilizing a very
flexible merging toroidal plasma configuration as portrayed
in Figs. 2 and 3. The overall initial geometry is axisymmetric
(and, hence, 2-p but nonaxisymmetric configurations can
also be formed to study 3-D characteristics of merging. X
These plasmas have high conductivity with a large Lundquist
numberS of approximately 18 and ion gyroradii smaller
than the plasma scale length, permitting true MHD flows to  (b)

X .

X

develop. Case 2. Double spheromak configuration
Initial experiments on the merging of two annular plas-
mas have been carried out successfully on MRX. The goal of X <

our experimental work is to create a number of different
initial states and to study(l) whether we can create the
familiar axisymmetric 2-D reconnection layer and whether
reconnection processes remain axisymmetric or spontane-
ously lead to 3-D phenomen&) how the reconnection rate
depends on the third component of merging fiel@, the
dependence of the reconnection rate on global MHD forces ¢
that can be controlled by external boundary conditions, and

(4) the MHD plasma flows associated with reconnection angg. 2. schematic views d#) double annular plasma configuration aii
their conversion to heat. Some of the above issues have beébuble spheromak configuration in the MRX.

X
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ronment in which the global boundary condition can be ex-
ternally controlled, despite the fact that magnetic reconnec-
tion always occurs during plasma formation and/or
configuration change and is regarded as the most important
self-organization phenomenon in plasmas. A series of ex-
periments were carried out by Stenzel and Gekelman using a
linear plasma device in which reconnection was induced by
driving currents in parallel plate conductdfs®® The effects
200 cm of the third field components were not studied in their ex-
periments. Although the ion gyroradius was too large 8nd
was too small for their plasmas to be fully in the MHD
regime, thorough local measurements were made. The local
force on the plasmpxB — Vp was compared with the mea-
sured particle acceleration. It was found that the ion accel-
eration was strongly modified by the scattering of wave tur-

FIG. 3. Schematic view of the MRX device. bulence. Current sheet formation was also demonstrated

experimentally in a linear devicg.
In recent years, theorists have shown that the flux-

Il. PHYSICS ISSUES OF MAGNETIC RECONNECTION conserving sequence of ideal MHD equilibria must develop

To describe the motion of magnetic field lines in a Singular 2-D current sheets. Specific examples have been cal-

plasma, Eq(1), for the evolution of the magnetic fiel, can culated for reconnection in tokamak plasmasplar arcade

i L. K 17,18 :
be derived by combining Maxwell equations and Ohm’s lawmodels, "~ and forced reconnection. Double plasma recon-

nection geometry is expected to satisfy similar flux conser-
(1) vation constraints and, within the context of ideal MHD

equilibria, develop singular current sheets. Thus, MRX will
}nvestigate how these 2-D theoretical singular current sheets
are manifested in a real experiment, and it will investigate

field lines frozen-in to the plasnfaThe second term de- h lationship b he f fh h d
scribes diffusion of magnetic fields with the diffusion coef- € re_at|ons Ip between the eatl_Jres o t _ecurrent sheetan
the third component of the merging field lines, global forc-

ficient proportional to the plasma resistivity. The representa:

tive time scale for the second termy= uoL?/ 7, is called mg,_ﬁ?d tr;]e r-econfn;ahctmn rate. ¢ i .
the diffusion time, wheré is the scale of the plasma, and € physics of three component magnetic reconnection

P .has been investigated by axially merging two sphero-
andug are the plasma resistivity and the vacuum permeabil- 8-31: ) . . .
ity, respectively. If the Lundquist number is defined By maks®~*in TS-3, a sister device of MRX at the University

= rp/74, Wherer, = LIV, (V, is the Alfven speed}, it must of Tokyo in Japan. In these experiments, two toroidal plasma

be significantly larger than unity in order for the plasma to berings, with equal or opposite helicity, are formed and brought

treated as an MHD fluid. For typical MHD plasmas such astogether. The MRX devicé has been built to analyze com-

solar flaresS > 10 for tokamaksS > 10, and for the prehensively magnetic reconnection by extending the study
MRX2” and TS-§8‘31éxperiments$~ 10— 10’3 of this phenomena with larger sizes, higl&number, and
: more versatile configurations.

JB 7 _,
=V x(VXB)+ — V2B,
gt Mo

The first term on the right-hand side represents motion o

Ideal MHD deals with the physics of highly conducting
(»=0) fluids, where the approximatids, = E - B/B =0 is
valid. Physically, this approxima‘Fior} means that finit_e paral-lll_ APPARATUS OF THE MRX EXPERIMENT
lel currents can be drawn by vanishingly small electric fields.

WhenE, = 0, one can provethat magnetic field lines move Figure 2 presents a schematic of two typical operational
with the fluid and remain intact. This corresponds to puttingmodes of MRX which has been designed with much flexibil-
7=0 in Eq. (1). But ideal hydromagnetic flows can lead to ity and uses two flux cores to form plasmas by inductive
singular current density she&ts>>whereE, becomes suffi- discharges® For example, when the external fieldnd,
ciently large so that a magnetic field line can lose its originahence, the inward xB force) is weak, the plasma is not
identity and reconnect to another field line. The topology offorced away from the flux cores. Figuréa? shows that, in

the magnetic configuration changes and lajgd3 hydro- this case, the plasma assumes an annular configuration sur-
magnetic forces often result. rounding the flux cores, and the reconnection driving forces

Research on the fundamental physics processes of recoare controlled by the rate at which toroidal current is induced
nection and their hydromagnetic consequences has beamto the annular plasmas. Thus, the reconnection rate can be
largely theoretical. Most theories of magnetic reconnectiorstudied with a variety of external driving forces. An alterna-
are based on steady-state, 2-D models with magnetic Xve method to induce reconnection is to merge two sphero-
points and laminar flows. The Sweet—ParkKet: Petsche?  maks formed separately, as shown in Figh)2This configu-
and Sonnerufd models are well known. The extensive litera- ration can be converted to yet another configuration wherein
ture of 2-D theoretical research has remained unchallengetho spheromaks contact each other at a point by tilting, in-
by a decisive MHD plasma experiment. Only a few recentstead of along an axisymmetric ring. Therefore, one should
laboratory experiments have created an MHD plasma envienvision the double spheromak not as a single-reconnection
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experiment but as a facility capable of magnetic reconnec- . Toroldal s oops
tion and turbulence studies under a variety of external driv- <
ing forces. X =i i \‘ = X

Figure 3 shows the present MRX device. The 1.5 m wide ~ '*m== Flux cores
and 1.5 m long vacuum vessel contains two flux cores, each
with a 37.5 cm major radius and a 9.4 cm minor radius. The } symmetry
surface of each flux core is covered by a thin coatidd /_“is
mm) of Inconel-625, which prevents direct interaction of ,:’;;";j,f;,'si -6
plasma discharges with the epoxy-based core. The Inconel 7
surface coat was electroarc spray deposited on an alumina-
filled epoxy substrate, which was applied directly onto the m
core overwrap. Just underneath the core overwrap is an alu-
minum shell conductor, which has two toroidal and two po- _
loidal cuts and is present to help smooth flux surfaces around g VE
the core. The interior of the core consists of a bolted stack of Equilbrium ol pldchamez0
three solid 6 cm thick sheets of Gi€poxy—glass laminate field coils fluxtoop
The _GlO was premaChined with both toroidal and helical IG. 4. Cross-sectional view of the MRX diagnostics. Two flux cores are
poloidal groove_s sized to_ accept the j_"3 Cm_ fl?XIble Ca_bl{)cated parallel to each other along a common axis. The magnetic field in
conductors, which comprise the core field windings. Insidene reconnection area is measured by two 2-D pickup coil arrays. Also
the core, there is a four-turn poloidal-figleF) coil that car- illustrated are toroidal and poloidal flux loops and Rogowskii coils to mea-
ries a toroidal current and a helical 36-turn toroidal solenoigure total plasma flux and current.

(toroidal field or TF coi), which can be split into two 18-turn
segments. The self-inductances of the four-turn PF coil an
the 36-turn TF coil are 262 uH and 20-1 uH, respec-
tively. The distance between the flux cores can be adjusted
an optimum length for each reconnection experiment.
mirror-shaped, steady-state equilibrium fiéitF) is added to
keep the reconnection regime arouReF37.5 cm (Figs. 2
and 4.

MRX uses up to eight 6QF, 20 kV capacitors to ener-
gize each of the TF and PF coils. We have available thre
sets of capacitor banks, each with up to 96 kJ of store
energy. By connecting the TF and PF_ coils. with various tgp Both one-dimensional and 2-D arrays of magnetic
configurations, pulsed currents pf various rise times rangm%robes have been used in MRX research. By integrating lo-
from 20 FO 100us can be drawn into b.Oth coils. By propgrly cal magnetic-field values at a specific time and in a certain
programing these currents, the gas is broken down via roidal plane, one can deduce a poloidal flux plot. Fine-

indu_ctive _electric field and plasma current, and the inte_rna cale probe arrays have been inserted into the current sheet
tormdalj f:jeld can 1be2g;:;l%r1%rz_arté?i.'frhe r:/acuum vessel IS region to monitor 2-D sheet current profiles. The grid size of
pumpel own r:O a he fill orr. Olilt € present experl- ¢ internal probes varies frodR=5 mm to 4 cm(Fig. 4).
mental research, and the fill gas is. More than 20 LeCroy Model 2264 MHz) digitizers are

it - 4 -3
_ 150r:gosta\;ldal\r/ldR;or?I(Ijlﬁonine—. Ot'.1_2>:101 Icm ’ Tt‘? d available to document evolution of the magnetic-field con-
= 10-30eV), will have resistive, strongly magnetize figuration during reconnection and one Transiac Model

plasmas. BOth the ellectron. a}nd lon gyrofrequenmes will bel'ZOOl(lOO MHz2) digitizer is available to explore the band-
above their respective collision frequencies.7. ~ 130, width of the turbulence spectrum

w¢iTi ~ 3. The mean-free path against Coulomb collisions is Langmuir probes with triple pins can provide electron

approximately 1-5 cm, justifying a resistive, hyOIrOdynam'Cdensity and temperature data simultaneously. A fast sweep-

model. Resistivity and ion viscosity will enter the energying techniqué” has also been applied to obtdiaV double-

balance equations. MRX can alsq be °pefated at higher terTE)'robe characteristics with better than &8 time resolution.
peraturesT;~T,~30 eV, by lowering the fill pressure.

Langmuir probegwhich contain double and triple pinsan
map out density profiles on a single and/or multishot opera-
tion basis, and they can identify rapid fluctuations in density
MRX diagnostics consist of internal probes and nonin-in the 1-10 MHz frequency range near the current sheet
vasive optical systems. Nonaxisymmetric structures assocregion.
ated with reconnection must be located and the intensity of Flux loops and Rogowskii coils are used to measure glo-
the turbulence measured. Flows in the poloidal and azibal magnetic parameters, such as total plasma current and
muthal directions are expected and these also must be mepeloidal and toroidal flux. The global magnetic helicities can
sured. The low-temperatufez50 eV) and short-pulsed<1  be deduced from these quantities with help from internal
ms) MRX plasma has the advantage that internal probes camagnetic probe data.
be used routinely. Langmuir probes with triple pins can pro- ~ The Mach prob&3°is a common plasma diagnostic and

£y~

] -—n

60 channel 2-D
magnetic probe array

X

gide electron density and temperature data simultaneously.
The plasma density measurement has been calibrated by a
tr(?ewly developed laser interferometer that measures the line-
Aintegrated density of the plasmAll three components of

the magnetic field can be measured during the reconnection
process. To document the internal magnetic structure of the
reconnection in a single shot, a 2-D magnetic probe array
with a grid size of 4 cm is placed on &Z plane(toroidal

ross sectionas shown in Fig. 4. The following diagnostics
ave been installed already.

IV. MRX DIAGNOSTICS
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TF and PF Coil Currents
25T P T ]

No reconnection
when dlpe /dt =0

Formation
—_

“Push" reconnection
when dl.: /dt >0

Currents (kA)

"Pull" reconnection
when dl./dt <0

FIG. 6. Typical current wave forms for both TF and PF coils energized by

capacitor banks with charged voltages of 10 and 8 kV, respectively. The PF

coil current starts at=120 us, generating a vacuum quadrupole-field con-

_——— ——6 figuration untilt = 200 us when a plasma is created by initiation of TF coll

current with 6 mTorr fill pressure of Hgas. The added EF field is 146 G at
the center of the machine. The “pulling” reconnection is driven during

FIG. 5. lllustration of “push” and “pull” reconnection in the double an- =260-320us by decreasing the PF coil current.

nular plasma configuration.

is based on the same principles as a Langmuir probe. lopleted in the fall of 1995. A Lundquist numb&>700 has
saturation current is collected on back-to-back negatively bibeen achieved already in 50-60 kA discharges, and for
ased collectors, and the difference between the two tracdsgher current(100 kA) S>1500 is expected. The start-up
yields a net local ion flow velocity. Both fluidand kinetié®  diagnostics include magnetic and Langmuir probes, spectros-
theories on the interpretation of the probe traces have beeropy, flux loops, and Rogowskii coils. The initial experi-
formulated, and we plan to adapt aspects of these theories toents have been carried out in the double annular plasma
MRX parameters. setup in which two toroidal plasmas with annular cross sec-

A retarding field energy analyz¢tRFEA), or Faraday tion are formed independently around two flux cotéand
cup] has been built and installed to measure local ion temimagnetic reconnection is driven in the quadrupole field as
perature and plasma flows in the reconnection region. Thehown in Fig. 5. By pulsing currents in the TF coils after a
RFEA is designed to selectively collect ion current as a funcquadrupole poloidal magnetic field has been established by
tion of ion energy by changing the bias electric potential,the PF coil currents, plasmas are created around each flux
thus, providing information on the ion velocity distribution core due to poloidal electric fields induced around the cores
function. Fast sweeping of the bias potential will also pro-by inductive formation. At the same time, a common annular
vide excellent temporal resolution of ion temperature in aplasma forms outside the two inner plasmas that surround the
single plasma shot. Measurements of Doppler shifts by &wo flux cores. Thus, the magnetic-field domain can be di-
spectrometer will provide information on global ion dynam- vided into three sections: one public section and two private
ics. sections. The two toroidal plasmas that carry identical toroi-

The line density is measured with a double pass secondial current with the same or the opposite toroidal field are
harmonic interferometét** operating at 1.064 and 0.532 made to merge to induce reconnection by controlling exter-
um with a sensitivity of 5 10 cm™2. This interferometer nal coil currents. After the annular plasmas are created, the
has a 2 mmdiameter beam and is aligned toroidally to the PF coil current can be increased or decreased. In the case of
MRX plasma approximately tangent to the major radius. Thehe increasing PF coil current, the poloidal flux in each
line density is measured at a single time point on each displasma is “pushed” toward the X poirfpush modg In the
charge. The fractional fringe shift is measured absolutelycase of the decreasing PF coil current, the poloidal flux in the
but the results are also calibrated with respect to the pressus@mmon plasma is “pulled” back toward the X poifjull
in a gas cell in the beam path. mode, as illustrated in Fig. 5.

Typical wave forms are shown in Fig. 6 for both TF and

V. INITIAL EXPERIMENTAL RESULTS PF coil currents. The plasma is formed around the flux cores

A large amount of quality magnetic reconnection databy induction due to TF coil current froh=200 us after a
has been obtained since MRX device construction was comsacuum quadrupole field configuration is established by the
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(a) Null-helicity reconnection

R (cm)

FETTIFTTTRRTIN FIAT

%6505 10-10 6 0 5 10-10 -5 0
Z (cm) Z (cm) Z (cm)

(b) Co-helicity reconnection

t=290 ps

N

5 1010 -5 0 5 10

Z (cm)

70 LRAARE WAL AR LAARM MARA
t=260 us =270 us

R (cm)

/""'\‘\\

Hin
A
e

‘\Q\‘“ /// y
""L\“““"///’/!//// "“I
#

NN

.
'h.f

FIG. 8. Profile of neutral sheet current in the reconnection region for null—
helicity merging att =300 us with the same conditions shown in Fig. 6.

the pitch of the field lines changes abruptly at the reconnec-
tion point. We expect strong plasma acceleration in the po-
loidal plane as the field lines contract after merging. This

acceleration mechanism has been conjectured in the typical
2-D models.

To document the internal magnetic structure of recon-
nection on a single shot, a 2-D magnetic probe array is
placed in arR—Z plane or toroidal cross section, as shown in
Fig. 4. Plasma parameters are as folloBs: 0.3—0.6 kG,
T.=10-30eV, and n,=0.5-2x10"cm 3. Figure 7

................

%5 0 "5 10-10 5
Z (cm) Z (cm)

5 10

Z (cm) Z (cm)

shows time evolution of the poloidal flux contours obtained
by simply interpolating internal probe signals, assuming axi-
symmetry(assured by a center conductor placed in the major
axis). Two distinctively different shapes of neutral sheet cur-

rent layers are identified, depending on the third components

FIG. 7. Time evolution of poloidal flux measured by internal magnetic

of the reconnecting magnetic fields. Other operational condi-

probes with the conditions shown in Fig. 6. The contours are shown only fortionS are held constant for each discharge. When no mag-

positive values of the poloidal flux in 0.5 mWhb intervals. By 290 us,
double-Y-shaped and O-shaped diffusion regions are formed itaxmeill—
helicity case andb) co-helicity case, respectively.

PF coil current. After the plasma diffuses into the public
region of the quadrupole fiel@Fig. 5), the “pulling” recon-
nection is driven during=260-320us by decreasing the
PF coil current. The reconnecting poloidal field is accompa-
nied by a toroidal fieldB (the third component which is
generated by a poloidal current in the public domain when
the TF coils are connected with the same polafitp-
helicity). With the opposite polaritynull-helicity), no po-
loidal current is generated in the public domain, resulting in
negligible toroidal field. The rise time of the TF and PF coil
currents can be varied from 20 to 1@& by changing the
coil connections and number of capacitors in each bank.

In the initial experiments the “pull” modes have been
intensively studied with and without the third vector compo-
nent (toroidal or azimuthal direction in Fig.)%f the mag-
netic field. In both cases, identical amounts of toroidal cur-
rents are flowing parallel to each other. While similar 2-D
pictures of the reconnection are expected for both cases, th
are quite different in the 3-D picture, as seen in Figs. dnd

B (kG)

jr (MA/m?)

(a) Null=helicity

netic reconnection is induced, a typical X-shape separatrix

(b) Co—helicity

t=290us |

t=290us ]

30

40
R (cm)

50 20 30 40 50
R {(cm)

e
FYG. 9. Radial profiles of measuré&j, (denoted by diamonglsB+ (denoted
by squarek field line angle(®) with respect to theZ axis, and toroidal

A(ii). EOr co-helicity merging, the tr_anSition Of' the mergjng current density across the current sheeZ a0 in (a) null-helicity and(b)
angle is gradual and smooth. But in null—helicity merging,co-helicity cases with the same conditions shown in Fig. 6.
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FIG. 10. Time evolution of measurd}, profiles(a) and their correspondinjg; profiles(b) during null-helicity reconnection with the same conditions shown
in Fig. 6, except the charging voltages are raised to 12 and 10 kV for TF and PF coils, respectively, and accordingly the EF field at the center of the machine
is raised to 182 G.

region is observed, as seentat 260 us in both Figs. {a) ing experiments on TS28-3L The local features of counter-
and 1b). As the poloidal flux is driven toward the diffusion helicity merging in TS-3 are equivalent to null-helicity re-
region, a neutral sheet is formed. Without the third compoconnection in MRX. A cause of the observed faster
nent (null—helicity reconnection a thin double Y-shaped reconnection for null-helicity merging has been attributed to
diffusion region is clearly identifiefFig. 7(a)]. In the pres-  he effects of the toroidal magnetic-field pressure. When two

ence of an appreciable third compongoo-helicity recon-  1agmas of parallel toroidal fields are brought together, a new
nection), an O-shaped sheet current appé&ig. 7(b)]. This equilibrium is formed among the toroidal-field press(wat-

O-point current channel grows into a spheromak configura- I :
tion. To the best of our knowledge, this is the clearest ex-Ward)’ poloidal-field pressureattracting forc and the

perimental documentation of different current sheets, thglasma pressur@utwarg. For the merging of plasmas with

shapes of which depend on the third component of the mergzgntiparallel field; without the thirdtoroidal f'ield compo-
ing fields. The neutral current sheet in the null—helicity "€Nt the attracting force becomes so dominant that recon-

merging case is much narrower than in the co-helicity mergPection is accelerated, while the toroidal-field pressure slows
ing case. down reconnection in the case of co-helicity merging. We
It is found that merging of null-helicity plasmas occurs note that the existence of the toroidal field makes the plasma
much faster than merging of the co-helicity plasmas, whicHess compressible leading to a slower reconnection rate.
confirms the earlier data obtained in the global plasma mergwithout toroidal-field pressure in the null-helicity case, the
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plasma is seen to be compressed by a measured density pgime, is identified when there is no axial magnetic field
file that sharpens during reconnection. (third vector component The thickness of this current layer

The current density deduced from the measured profiles found to be on the order of the ion gyro-radids-2 cm
of the magnetic field for the same sequence of shots providesnd decreases as we increase the magnetic field. In cohelicity
the profile of a neutral sheet currep,. Figure 8 presents a merging with sizable axial field, an O-shaped diffusion re-
nearly symmetrical profile of the neutral sheet current in-gion appears growing to 20—30 cm and the reconnection rate
duced in null-helicity reconnection, which is always muchdecreases substantially, which is attributed to the toroidal-
narrower than that of the cohelicity merging case. field pressure and the incompressibility of plasma. The typi-

To measure accurately the width of the neutral sheet, @al speed of reconnecting flux surfaces for null-helicity
very fine scale internal probe array in which microscale Magmerging (6—8x% 10° cm/s) is about three times faster than
netic probes are placed with 5 mm spacing fraR  that for co-helicity merging (2—3< 10° cm/s). However,
=32-42 cm s inserted into the MRX plasma. The time evo+oty speeds are still substantially smaller than the Afve
lution of B, gives the_ radial profile gvolution of the neutral speed of 4—6x 10° cm/s. A plausible explanation for the
sheet current, based pp~ 9Bz/dR sincedBr/dZ~0 atthe  gheerved difference in the shapes of the diffusion regions is
plane of symmetryZ=0) for the null-helicity case. Figure 55 fo|10ws. A toroidal current channel is formed in the neu-
9 presents the radial profiles &, Br, jr, and pitch-0f- 5| sheet region during the reconnection process. Closed flux
field lines for co-helicity and null-helicity reconnection. In surfaces are expected to exist in the co-helicity case due to
the nuII—heI_igity caseBT_ Is almpst Zero, resulting in an the existence oB;. WhenB{/B; exceeds a certain value,
abrupt transition of the pitch-of-field ling®) at the recon- plasma confined in the closed flux surfaces is stable due
nection point, Wh.”e in the co-helicity casy is on the ‘_”d?r to an absolute minimurB configuration. On the other hand,
2;25’ i:]es:ilélsn'g Glt? i)a grrlzdL]J(%I_iic)ha:\egs%gts/\gla;ll?l,natshéndclé)_ flux surfaces do npt e.xisf[ ip the nullfhelicity case due to -the
helicit th fle is b ’d ith a width on the ord absence oBr, which inhibits stable island growth. Even in

y case, thg profile is broad with a width on the order - o X .
of 10 cm. In the null-helicity case, one observes a steepeﬁhe co-helicity case, By is small B1/Bz =< 1), the island is
unstable resulting in a thin sheet current which is driven by

ing of the magnetic-field slope at the diffusion region and,, X q itelv directed tic fields. Int "
therefore, a sharp neutral sheet current. The thickness of thjgcoming and oppositely directed magnetic Tields. interest-
this result is consistent with previous results obtained

current sheet is seen to be as narrow as 1 cm, which is tH89Y: ,
same order as the ion gyro-radips, assuming’; = T.. Itis in an electron MHD plasma where ions were not

H 2
observed that the thickness is inversely proportionaBjo magnetized: . _ _
which can be explained by the dependence,ain B, . It is The experiments have found that magnetic reconnection

also interesting to note thad, data fit very well, if not ~depends on the merging angle of the field lines, even if the
uniquely, toB, « arctafi(R — Ry)/R,] + b(R— Ry), leading to a poloidal-field components are kept constant. In co-helicity
Lorentzian profile of ; « 1[ (R — Ry)2 + a2] + c. Figure 10 ~ merging, the merging angle changes gradually through the
shows a typical high current discharge in the null-helicity'€connection region, while it changes abruptly in null-
case in which the steepening of tBe profile and the sharp- helicity merging. The quantitative dependence of the recon-
ening of the neutral current sheet profile is clearly observediection rate on the merging angle of the field lines will be
A highly peaked density profile with a maximum value of investigated in the immediate future.
~1 x 10 cm~2 and a moderately peakdd profile with a The results from MRX and TS-3 experiments)
maximum value of~15 eV have been measured by Lang-namely that counter-helicity reconnection proceeds faster
muir probes. In the co-helicity case relatively flat densitythan co-helicity reconnection, are consistent with the general
(~0.5 % 103 cm 3) andT, (~10 eV) profiles are observed. observation in the dayside magnetopause, in which south-
Since classical 2-D reconnection models do not explicward IMF reconnect much faster with the earth’s dipole field
itly take into account the effects of the third magnetic-field (northward than northward IMF?14 Patchy reconnection
component nor plasma compressibility, a quantitative comgeometry, where plasmas initially contact at a point instead
parison of the observed reconnection rate with theoreticabf along a line, has yet to be studied in a laboratory plasma.
values is not straightforward. It is observed that in the cohewe are planning to install experimental visualization tech-
licity case, the reconnection velocity is three times slowemiques aided by local 3-D probe arrays to investigate 3-D
than that in the null-helicity case. Quantitative comparisormagnetic reconnection phenomena.
of experimental results to the leading theories will be carried  Although we have observed similarly structured current
out in the next few years of intensive research on MRX.  sheets in four toroidal locationglong the third field com-
ponenj in the MRX, a more detailed study is yet to be car-
VI. SUMMARY AND DISCUSSIONS ried out to determine under what conditions symmetry break-
In summary, we have constructed the MRX device toing occurs in the structurdparticularly in the toroidal
investigate the fundamental physics of magnetic reconnedlirection. This study would lead to the next stage of our
tion in a well-controlled laboratory setting. In the initial ex- research: study of the dependence of the reconnection rate on
periments, we have identified two distinctively different global boundary conditions. In upcoming MRX research, we
shapes of the diffusion region, which includes the currenglso plan to investigatél) how global MHD forces deter-
sheet, during co-helicity and null-helicity merging. The fa- mine the profiles of neutral current sheets and/or reconnec-
miliar 2-D feature, a sharp double-Y-shaped diffusion re-tion dynamics, and2) how magnetic energy, initially re-
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leased as hydromagnetic flows, is transformed into plasm#Bs. C. Low, Astron. Astrophys253 311(1992.

kinetic energy.
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