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Quasi-two-dimensional coalescence of two parallel cylindrical flux ropes and the development of
three-dimensional merged structures are observed and studied in the reconnection scaling
experimen{Furnoet al, Rev. Sci. Instrum.74, 2324(2003]. These experiments were conducted

in a collisional regime with very strong guide magnetic fi€R},ise> Breconnecioh» Which can be
adjusted independently of plasma density, current density, and temperature. During initial
coalescence, a reconnection current sheet forms between the two flux ropes, and the direction of the
current is opposite to the flux rope currents. The measured current sheet thickness is larger than the
electron skin depth but smaller than the ion skin depth. Furthermore, the thickness does not vary for
three different values of the strong external guide field. It is shown that the geometry of the observed
current sheet is consistent with the Sweet—Parker model using a parallel Spitzer resistivity. The flux
ropes eventually become kink unstable due to increasing current and fast-gated camera images show
the development of three-dimensional merged structure20@ American Institute of Physics

[DOI: 10.1063/1.1894418

I. INTRODUCTION Alamos National Laboratory, we take advantage of recently
developed plasma gun technolé%yo create parallel flux
Magnetic fields are embedded in astrophysical, solafopes and to study their interaction in a linear geometry that
space, and laboratory plasmas. For many of these cases, tgpports fully 3D evolution. The RSX axial guide field
magnetic field is organized in structures called flux tubegp ,=0-2 kG can be adjusted independently of the plasma
and/or flux ropes. In this work, we define a magnetic flux density, temperature, and current density. This independent
rope as a structure in which the magnetic field lines arecajability of the ion gyroradius thus allows parametric scans
twisted, implying that field-aligned currents are present.of plasmag.
When two flux ropes are close enough, they interact. The |n this paper, we study the coalescence of twin flux ropes
dynamics and relaxation of closely interacting flux ropes canp the limit of very large guide field. We show that a current
involve flows, changes in field topology, dissipation of mag-sheet develops between the flux ropes during the coalescence
netic energy, magnetic reconnection, and plasma heatingyrocess. The thickness of the current sheet and the maximum
Nature provides numerous examples of dynamic flux ropeyrrent density do not depend on the guide field, and the
interactions including the evolution of solar flafesynamics thickness is consistent with the Sweet—Parker nf8déLls-
of the Earth’s magnetosphe‘qfé,and possibly evolution of ing a parallel Spitzer plasma resistivity.
astrophysical plasmas, such as galactic jétn magneti- The remainder of the paper is organized as follows. In
cally confined laboratory plasmas for fusion research, fluxsec. |1, the experimental setup and diagnostics are described.
rope interactions can determine the dynamics of relaxatiofy sec. |11, we present and discuss experimental measure-
processes, such as sawtooth oscillations in tokarhakel  ments during the interaction of two flux ropes in the presence

spheromak formatiof. of a strong guide field. Extensions of this work are suggested
Recently, laboratory experiments in both torofd&iand in Sec. IV and a summary follows in Sec. V.

linear geometr}? together with numerical simulatiotts®’

have highlighted the importance of three-dimensiofi)

effects in the dynamics of flux rope evolution. Il. EXPERIMENT AND PLASMA DESCRIPTION

In the reconnection scaling experimjean(RSX) at Los  A. RSX device and plasma properties

Thaper NI2 2, Bull. Am. Phys. S0d9, 249 (2004, A view of the RSX device is shown in Fig(d) together

PInvited speaker. Electronic mail: furno@lanl.gov with a schematic Of_ thg linear geometry of tWO_ﬂUX ropes.
®Electronic mail: intrator@lanl.gov The RSX has a cylindrical vacuum chamber with approxi-
1070-664X/2005/12(5)/055702/7/$22.50 12, 055702-1 © 2005 American Institute of Physics
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Q o (@
inserted from top and bottom as shown in Fig. 1. The radial 3
distance between plasma guns can be modified to adjust the ‘
distance between the interacting flux ropes. Each plasma gur__ 1
contains a miniaturized plasma source, Fig)1with a cir-
cular 0.79 crfi nozzle aperture in which a hydrogen plasma
is produced by an arc discharge between a molybdenum an-"
ode and cathode. The arc plasma is maintained<fd® ms

matel/ 4 m length and 0.2 m radius and, for the experiments
presented here, is equipped with two plasma YUreially

by a pulse forming network which is energized by a capaci- 4° S y

tor bank charged up tv,.<1 kV. The arc current, rap- ,¢4 z X

idly increases and reaches a maximum value of about 1 kA ©

just before the external anode is biased. The pulse length is™ 1 ¢m flux ropes formation

limited only by the gas inventory inside the gun volume and N

the pulse forming network. The plasma emitted from the H, F‘pﬂ lp —Top gun

plasma guns is immersed in a constant, uniform, axiathe T - -~ Bottom gun 04 i

z direction background magnetic fielBy,, which can be as Eﬂﬂ ; 8

large as 2 kG. } T T 02 =2
A flux rope is created in the gun plasma by driving a | lare 4] oias L

current between the gun anode and an external anode a — + -l 50 10 20 30

schematically shown in Fig.()). The external anode is a Varc Vbias tus]

1000 cnt SS304 plate which is electrically insulated from . . . o .

. . FIG. 1. RSX experimental configuratiofe) Side view of RSX with(1)
the vaquum vessel. Its axial location along the. RSX Vesse;!lasma guns(2) vacuum vessel(3) external anode(4) external magnet
determines the length of the flux ropes. A fractidg.d of  coils, schematic of two flux ropes with their magnetic fields, and the coor-
the arc current is diverted from each gun, where the electroginate system. Each flux rope current flows in the positivtrection. (b)
current direction is towards the external anode. The bias diégxpanded view of the miniaturized plasma injector with main circuit ele-

N . - ents(not to scalg (c) Time history of gun bias currents during the forma-

charge is initiated approximately 1 ms after the beginning oﬂ:)n of two flux ropes.
the arc discharge, corresponding to the maximuml f
Driven plasma current steadily increases after the bias is

switched on as shown in Fig(d. The applied bias voltage Magnetic field structures are measured using miniatur-
and the inductance of the total circihcluding the plasma  jzed, two-dimensional magnetic probe arrays with ten pickup
determine the slope of the applied current raftypically  cojls (each with a total equivalent area turns ok 3074 m2)
dlpjad/ dt=(10-20 X 10° A/s]. equispaced by 2.5 mm. Two adjacent coils measure magnetic
For the gun generated flux ropes and reconnection refie|ds in orthogonal directions in space. Measurements in the
gions in between them, typical density i%~(0.4-5  third spatial direction can be obtained by rotating the probe.
X 10" cm®, electron temperature ikgT,<7 €V early in  The signals are digitized at 20 MHz. Electron density
time for t<15us andkgT,<12 eV later in time fort  temperatureT,, and pressurg,=n,T, are simultaneously
>15 us (the Boltzman constarkg will be suppressed here- measured using a movable triple electrostatic probe with a 1
aften. The reconnection region scale size &&~2cm, mm tip separation.
Spitzer parallel resistivityy ~ 30-150u( m. The reconnec- Visible light (mostly H,, at 656.3 nm emitted from the
tion magnetic fields are on the order Bf,~2-10 G, the plasma is monitored with a Cooke DiCam Pro intensified
derived Alfvén speeds are approximatelya~(1-6)  charge-coupled device caméf£°The viewing geometry of
X10° cm/s. The Lundquist number defined a$  the camera is schematically shown in Fig. 8 below. The cam-
=Aval (2m/ o) is in the rangeS~0.5-10. The plasma era provides two 12-bit images per shot, each with 1280
downstream of the gun is typically 30%—80% ionized, while x 1024 pixel resolution. In the present setup, Alfvén times
ionization is nearly complete near the gun nozzle. Electrons;,=A/y,~0.7-1us are estimated to be long compared to

neutral collision rates are far less than electron-ion collisioryate times of 40-200 ns, so the images should accurately
rates and thus are neglected in this witk. resolve the plasma dynamits.

B. Diagnostics lll. EXPERIMENTAL RESULTS

This experimental plasma has low enough temperature In this section, we show the first laboratory measure-
(Te<20 eV) and short enough pulse lengtii10 m9 to en-  ments of flux rope coalescence in a linear geometry and in
able in situ measurements using internal probes. Providedhe presence of a strong axial guide field. We discovered that
that the plasma dynamics are reproducible, fine spatial resiRSX discharges are highly reproducible during the first
lution in thex-y plane is achieved by moving internal probes 15 us after the drive has started. Magnetic data and particle
between RSX discharges. Probe data from different axigbressure contours are shown in Sec. Ill A that lead to the
ports allows assembly of 3D measurements at varbless ~ conclusion that magnetic reconnection occurs between the
cations. flux ropes. The characterization of Sweet-Parkerfik&?*
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FIG. 2. Time history of plasma parameters during the interaction of two flux 3t
ropes.(a) Bias current driven at each g(top gun, dashed line; bottom gun,
solid line). (b) Distance between flux rope centedg,, (c) Peak current
density driven in the current sheéd) Thickness of the current sheét

ylem]

current sheet in this region is explored in Sec. Il B. For later
times, the magnetic dynamics of flux rope coalescence are
less reproducible from shot-to-shot and in Sec. 11l C multiple
fast images of plasma light are used to gain insight into the
development of helical structures and 3D dynamics. For
these experiments the gun parameters wége=510V,
larc=0.8 KA, Pya=20 psi. Unless otherwise specified, the
background magnetic field wad,,=200 G. The two guns
are spaced approximately 5.5 cm apart along a diameter §{G 3. (Color online Structures of the transverse magnetic fiBld(x,y)

_ . uring the interaction of twin flux ropes at the different times during the
z=0 and the external anode is locatedzat+0.9 m. current ramp up. Magnetic field lines corresponding to lines of constant

vector potentialA, are also shown as continuous lines.

A. Coalescence of flux ropes

In this section, we show evidence that magnetic reconflux rope steadily increases in time, but the external kink
nection occurs in coalescing region between the two fluxnode threshold for stability is not exceeded for this early
ropes, while they are attracted to each othedbyB forces. phasez.5
This is a strong drive that we believe compresses the plasma Early in time, the magnetic fielB ;| acquires arX-point
in between the current channels as well as the embeddéadpology near the geometric center of the two flux ropes, as
magnetic flux. shown in Fig. 3. The separatrix occurs at right angles, satis-

In Fig. 2(a), the time evolution of the bias currents for fying approximately¥vV X B, =0 and no current at th&-point
both guns is shown during the first 1& of the experiment. is driven.

The flux rope formation is initiated at=0 when the arc Later in time, mutually attractivd X B forces decrease
anode is biased 19— +200 V with respect to the external the separation distance as shown in Fi¢c)2where dgg,
anode. Figure 3 shows the projection of the magnetic field irdenotes the distance between positions of maxindyrm

the in thex-y plane(see Fig. 1, B, =B,e,+B,e,. These data each flux rope. The closing velocity is a fraction of the
are assembled over 40 RSX discharge$wits mmspatial ~ Alfvén speed defined usinB,. As the two flux ropes ap-
resolution. The four frames correspond to four differentproach each other, the magnetic flux is compressed, the field
times spaced by @&s during the current ramp up. Color con- lines flatten near the neutral region and a reversed current is
tours indicate axial current densifly, and green continuous induced in the negativedirection. Figures &)—3(d) show a
lines denote constant vector potenti corresponding to local sheet structure of widtlA which evolves fromA
magnetic field linegB , =V X A,). Current density and vec- =1.7 cm att=5.5 us toA=2 cm att=13 us. Here, we de-

tor potential are computed, respectively, fromJ,e,=V fine A as the distance between locations along the line per-
X B, andV?A,= uol,. pendicular to the center-to-center line wheilg=1/4Jg,

The axial current flows in each flux rope is in the posi- where Jg, is the minimum current density in the current
tive z direction(from the external anode to the gurad the  sheet. At these locations, magnetic field lines are approxi-
magnetic fields in between them are antiparallel. Both fluxmately parallel to the center-to-center line. The time evolu-
ropes have the same helicifgohelicity), sinceBy, has the tion of J, along the center-to-center line is shown in FigJA.
same sense relative Jofor each flux rope. The twist of each peaks in each flux rope, and the reversed current sheet has a

Downloaded 12 Nov 2012 to 128.178.125.98. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions
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FIG. 4. Axial current densityl, at z=50 cm evaluated along the line that =
connects the centers of the two flux ropes. Different tirfs@sne as in Fig.
3) are shown during the current ramp up. Positive current is driven in each -1
flux rope, which induces a negative current sheet during the coalescence
process. We define the thickness of the current shest the distance be-
tween points wherd,=0, e.g., pointA andB in frame (d). 3
26 28 26 28
width & we define as the distance betweds0 locations x[cm] x[em]

along the center-to-center line. The time histories of the pea'g . )

. . . . IG. 5. (Color onling Contours of electron pressure at four times that
Jsnin the current sheet anlare shown reSpeCUV?ly In Figs. encompass the creation and merging of two flux ropes. Data were obtained
2(c) and Zd). The current sheet compresses in time to aby a movable triple electrostatic protf#00 RSX discharggsin the x-y
thicknessd= ~ 0.8 cm which corresponds to a value betweenplane perpendicular to the axis of the device 0.5 m from the two plasma
the electron skin deptb/ wye~2 mm and the ion skin depth 9" backgroundy, =200 G.
c/wpe=4 cm. This value ofé represents an upper limit,
since the measured width is broadened by the spatial resolu-
tion of the magnetic prob& mm) array and also by averag-

ing over fluctuations from shot to shot. Figure 6 shows some results from this set of experi-
The plasma electron pressure contours also show thgents. The current sheet widthand the peak current den-
movements of the current channels, and are consistent witdjty in the center of the current sheet are shown for the three
vector potential and current density data shown in Fig. 3gifferent values of axial magnetic field,,=100, 200, 400
Figure 5 shows electron pressupe=ncT, contours in the  G). This corresponds to a ratio of guide field to reconnection
x-y plane atz=0.5 m from thez=0 plane of the two guns. fie|d B,ec Of approximatelyBy,/B,..~ 10—40, whereB,. is
Both for early times as the flux ropes form, and later in timethe magnetic field at the edge of the current sheet evaluated
as the merging and reconnection takes place. The flux ropgs the component &, perpendicular to the center-to-center
profiles indicate a center electron temperaturd@f~7 eV |ine, In the three cases, as a result of magnetic flux annihila-
and center electron density 0f~2.5x10cm®. The tjon, a current sheet forms with a width smaller than the ion
shape has a full width half maximum ef3 cm. In the cur-  skin depthc/ wy;, which for this set of experiments is4 cm.
rent sheet, the profiles indicate a peak electron temperatuggures §a) and Gb) are consistent with each other in this
of Tesn=2-4 eV and density ofi,sp~ (0.5-3 X 10" cm™3, picture. Neither the current sheet width nor the flux rope
speed of approach seem to dependBgpn
B. Current sheet characteristics The two-dimensional Sweet—Parker reconnection

0,21 . . -
This section shows the first experimental evidence of amode? can be easily derived from the plasma continuity

. : equation, the equation of motion, and the induction equation
Sweet—Parker reconnection layer in the presence of a stror\ulg : . ;
quide field. hich can be, respectively, written as

We take advantage of one RSX experimental capability
to continuously adjust the axial guide fiel@8,,=0-2 kG @Jr vV .(nV)=0 (1)
independently of the plasma density, temperature, and cur- ot '
rent density. To test the effect of the background guide field
on the current layer geometry and coalescence dynaiygs,
was varied by g factqr of 4, while the other conditions. were p(ﬁ +V.V )V =- Vp+JXB, 2)
kept constant, includingl,d/ dt, gun current, and density. at
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FIG. 7. Comparison of experimental aspect ratia with predictions from
B,o (Gauss) Eqg. (4) including (circles and neglectingsquaresthe contribution fromrg.
The caserg— = in Eg. (4) corresponds to the original Sweet-Parker model.
FIG. 6. Current sheet width and current density at different values of axialThe gray box indicates our estimated experimental error in determining the
magnetic field, evaluated at the time of peak layer compregsiolB us. current sheet aspect ratio. The inset shows the Sweet-Parker geometry.
(a) Current sheet thickneggircles, left-hand axistogether with the esti-
mated ion gyroradiugsquares, right-hand axish) Reversed peak current

density in the center of the current sheet. Eq. (4) retaining the contribution fromg whereB, is evalu-
ated at the edge of the current sheet. During this phase, the
physics appears to be primarily 2D, and scales like a Sweet—
B Parker current sheet.
P =V X (VX B)+ -V, (3 It is interesting to note that for this narrow current sheet,
Ko the electron drift velocity for a Maxwellian distribution with
whereV is the magnetohydrodynamics flow velocity,is  T.~3-4 eV would need to b¥yx/ve~0.1, which appears
plasma density, ang is the mass density. to exceed the estimated ion acoustic speed for hydrogen ions
In our set of experiments, the following assumptionsalthough the effect of current driven microinstabilities may
hold: plasma incompressibility(dn/dt=0), steady state be small in this collisional regime.
plasma flow(éV/dt=0), uniform pressure outside the cur- We remark that in a more collisionless regimes and
rent sheet. Negligible quantities a,w /2 in the inflow re- plasmaB= 1, previous experiments have shown that the cur-
gion, B2/ 2u, in the outflow region, and tension forces. Equa-rent sheet width is determined by the ion gyroradfi.In
tions (1) and (2) can be easily reduced @, ,=V,, where  collisionless regimes and loy plasmas, this dependence
Va=B/Vugp is the Alfvén speed, and,=v.,6/A (see inset has not been observéd.
in Fig. 7). The current sheet aspect ra#dA can be esti-
mated from Eq.(3) using the previous results. Compared C. Kink dynamics and 3D flux rope merging
with the original Sweet—Parker model, the assumption
dB/at=0 is not strictly satisfied in our experiment. Retaining
this term in Eq.(3) leads to the following expression:

In this section, we show evidence for the coalescence of
flux ropes during a fully 3D process in which the coales-
cence dynamics coexists with the kink mode dynamics. Late

5 1 Tp 0 in time, the flux rope dynamics become less reproducible
A \_5 1+ - ZAS (4)  from shot to shot, so that single shot data acquisition be-

comes a more useful way to diagnose the plasma behavior.

where 7,=6/V,, 15=[(dB,/at)/B,]™, and the Lundquist Here we use images of visible light emission, such as in Fig.
numberS is evaluated using the parallel Spitzer resistivity 8, which shows a time sequence of false color ima@é€s-
since the current is mainly parallel the background field200 ns gate timeof two flux ropes. The viewing perspective
B,o>B,. In the caserg>0, this equation leads to an in- is end-on through a window at the chamber end, so that the
crease of the current sheet aspect ratio with respect to th@dasma guns appear silhouetted in the foreground in Fig.
Sweet—Parker scalingy/A ~S?). 8(a). In Fig. 8a), straight flux ropes are visible. A detailed

In Fig. 7, we compare predictions from E@) with the  study of the early phad¢<15 us) has been reported in Ref.
experimental aspect ratié/A measured during the phase 22 showing that the dynamics extracted from visible light
8 us<t<<13 us in which the current sheet is clearly formed. images is in excellent agreement with measurements from in
The gray box indicates our estimated experimental error irsitu diagnostics.
determining the current sheet aspect ratio. The squares show Later, asl;,s continues to increase, each rope begins to
the Sweet—Parker predictiaitA=S"2 using the experimen- twist into a helical structure, Fig.(8). The time value does
tal value ofS. The Lundquist numbe®< 10 puts these data not represent the onset of this particular mode, but rather a
in a collisional regime. The circles show values®f\ from  period where such distinct structure is clearly visible. The
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INE :ﬂ&eview—‘ - g
1=

fast camera %
. o _192
a—_ ¢

FIG. 8. (Color onling False color images of two magnetic flux ropes in hydrogen plasma reveal helically twisted strdofgjréEmes are given from the

start of the applied current drivé=0). The silhouetted plasma guns in the foreground are outlined for early {emebhe viewing perspective of the fast
camerarepresented by an eyis schematically shown by a continuous line in the side and top views of the RSX device. For clarity, the viewing perspective
is artifically exaggerated in the figure. In the actual setyps 1.5, 6,~8".

dominant azimuthal mode number of the helixns=1 as V. FUTURE DIRECTIONS

determined from an external array of four equally spaced P | . ‘qating th ducti f hiah
azimuthal magnetic coils. Preliminary magnetic measure- resently, we are investigating the production of higher

ments on a single flux rope suggest that the onset of thbundquist ngmber plasmas to access collisionless regimes.
mode is consistent with the Kruskal—Shafraffolimit for The Lundquist number depends strongly on the electron tem-
the external kink zaBy,/[LB,(r=a)]=1, whereL is the peraturg(Sng/z). A shorter column allows a longer kink |
length of the flux rope and is the radius where the self- stable time perloq and higher electron temperature. Radio
generated azimuthal magnetic figd is maximum. frequency(rf) hgatmg can also gr(.eaFIy increase the electron
As a consistency check, we note that the onset of helicatlemperatgre. F!gure 9 shows preliminary results from an ex-
structures corresponds to an increase in the overall indu@€riment in which the flux rope goes through the aperture in
tance of the plasma/switching circuit. This should be generf’1 it antenna. The electron_ tempgrature can be |r_1(_:reased
ally true for fluxd® conserving motions in magnetic circuits manyfold. _For L mode Sca“nﬁ)’ which balances auxiliary
with dissipated inductive energW=%LI2=CI>2/2L.28 Figure heating with loss flows, the increase 6_@ _scales as the
8(c), shows that at=43 us the two flux ropes remain dis- square root of rf power. Therefore our existing 10 kW trans-

tinct near the plasma guns but have merged into one singlren'tte;hShgggwcreasaﬁ shoyvn|:|p Fég'T?] byl a f?c(tjotr 56
flux rope further down the axis of the RSX device. Densityover € case shown In Fig. 9. 1he elevated tempera-

and temperature measurements at two different axial Iocityre lingers during an afterglow, when there is no rf to con-

tions (not shown heresuggest that the coalescence proces use the experimental interpretation.

starts at the external anode and proceeds towards the gun like In a collisionless regime a”““”.‘e’mi: Ricci et al,
a zipper effect. ave shown that magnetic reconnection signat(sesh as

A quantitative analysis of the complex 3D physics of thethe patterns of the electron density and of the out-of-plane

coalescence process will require single-shot 3D diag;;nostic'g“jlgnetlc field are strongly influenced by the plasigaOne

which are presently under construction, and will be the subkey atiribute of RSX s the ability to continuously adjust

ject of future investigations. plasmag from B<1 up toB=1 by varying the axial mag-
netic field, independent of the plasma and current density. In

future experiments, we will investigate the signatures of
magnetic reconnection by varying the axial guide field in a
collisionless regime. Moreover, experiments will be per-
formed at guide fieldy,=1.5-2 kG, which would allow data
at B=m./m;=5x 104, where theoretical predictions indi-
cate that qualitatively different physics dominate the recon-
nection dynamicé?

A comprehensive understanding of the dynamics of flux
rope coalescence requires detailed 3D measurements at dif-
ferent axial positions along the device. These experiments
are presently ongoing and preliminary measurements at two
axial locations suggest that axial pressure gradient terms can
be significant in the generalized Ohm’s law.

124 — — NoRF Heating
— With RF heating

RF Heating turn on

04 06 08 1 1.2 1.4
time (ms) V. SUMMARY

FIG. 9. Electron heating during a 300 W pul&nall fraction of this was We presented first evidence of coalescence of magnetic
actually coupled to the plasmaf rf power. The afterglow lasts over 20s, . .. .

which allows a long rf free time interval with elevatdd and Lundquist ~ 11UX ropes In a 00”'3'0na|.p|asmfi and.m the presence of a
number S. strong guide field. Quasi-two-dimensional coalescence of
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