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Laboratory studies of magnetic vortices. III. Collisions of electron
magnetohydrodynamic vortices

J. M. Urrutia, R. L. Stenzel, and M. C. Griskey
Department of Physics and Astronomy, University of California, Los Angeles, California 90095-1547

~Received 22 March 1999; accepted 18 October 1999!

Magnetic vortices in the parameter regime of electron magnetohydrodynamics are studied in a large
laboratory plasma. The vortices consist of magnetic field perturbations, which propagate in the
whistler mode along a uniform dc magnetic field. The magnetic self-helicity of the spheromak-like
field perturbations depends on the direction of propagation. Vortices with opposite toroidal or
poloidal fields are launched from two antennas and propagated through each other. The vortices
collide and propagate through one another without an exchange of momentum, energy, and helicity.
The absence of nonlinear interactions is explained by the force-free fields of electron
magnetohydrodynamic~EMHD! vortices. © 2000 American Institute of Physics.
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I. INTRODUCTION

Electron magnetohydrodynamics~EMHD! describes the
plasma parameter regime where electrons are fully mag
tized while ions are essentially unmagnetized.1 Typically,
this holds in the frequency regimevci!v!vce , where
vci ,vce are the ion and electron cyclotron frequencies,
spectively, and on spatial scale lengths between the elec
and ion inertial scale lengths,c/vpe,L,c/vpi , where
vpi ,vpe are the ion and electron plasma frequencies, resp
tively. The different response of the electron and ion flu
produces phenomena not present in single-fluid MH
Ohm’s law is dominated by the Hall effect, magnetic fiel
are frozen into the electrons and transported by elec
whistler waves, and field topologies are always three dim
sional ~3-D! and exhibit helicity. These conditions arise
many natural and manmade plasmas. In space, reconne
at magnetic null points involves a transition from MHD
EMHD physics because, asB→0, the ions become unmag
netized before the electrons.2,3 Magnetic fluctuations in the
solar wind beyond the MHD dissipation range also invo
EMHD effects.4,5 In laboratory plasmas, EMHD governs th
physics of helicon plasma sources,6 plasma opening
switches,7 rotamak fusion devices,8 and basic plasma exper
ments on transient currents.9,10 The latter demonstrated th
existence of 3-D EMHD vortices, as suggested by ear
theories.11 These vortices are spheromak-like magnetic fi
perturbations, which propagate in the whistler mode alon
uniform background magnetic field. They have many int
esting properties: The linked toroidal and poloidal fields e
hibit helicity whose sign is uniquely related to the directi
of propagation alongB0 . The perturbed vector potentialA,
magnetic fieldB5¹3A, current densityJ5¹3B/m0 , and
electron vorticity ve5¹3ve52¹3J/ne are approxi-
mately all aligned. The vortices are force-free structures
isfying J3Btot2neE.0 in a uniform plasma. Because i
EMHD the electric and magnetic forces on the electron fl
essentially cancel, two parallel currents donot cause the
electron fluid to attract. This behavior is fundamentally d
5191070-664X/2000/7(2)/519/10/$17.00
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ferent from MHD plasmas or conductors in free space, wh
the J3B force dominates. Indeed, observations confirm t
in EMHD a cylindrical current does not easily pinch12 or a
current sheet does not readily tear.13 Similarly, EMHD
waves~whistler vortices! remain linear up to relatively large
amplitudes (Bwave<B0) or energy densities (Bwave/2m0

.nkTe), which is neither the case for MHD waves or ele
trostatic waves. These properties are thought to explain w
EMHD vortices do not interact as nonlinearly as vortices
fluid and gasdynamics,14 non-neutral plasmas,15 and the for-
mation of MHD turbulence.16,17

In the present work we deal with collisions of 3-D vo
tices in an electron fluid. In contrast to other fluids, the
teraction is found to be entirely linear, i.e., the vortic
propagate through each other without exchange of energ
momentum. The combined field is a linear superposition
the fields of the individual pulses, both for head-on a
glancing collisions. This apparently simple result is surpr
ing since earlier observations on the interaction of MH
plasmoids with force-free fields showed billiard-ball-lik
collisions.18 It is explained by the balance of magnetic a
electric forces in EMHD fields.

The paper is organized as follows: After describing
Sec. II the plasma device and measurement techniques
experimental results are presented in Sec. III, divided i
various subsections. In the conclusion, Sec. IV, we point
the relevance of the present findings to related observat
and applications.

II. EXPERIMENTAL ARRANGEMENT

The experiments are performed in a large laborat
plasma device schematically shown in Fig. 1.
1 m diam32.5 m long plasma column of densityne.6
31011cm23 and electron temperaturekTe.1.5 eV (pn

.0.26 mTorr, Ar!, is produced in a uniform axial magneti
field B0.5 – 10 G with a pulsed dc discharge~Vdis.50 V,
I dis.600 A, tpulse.5 ms, t rep.1 s! using a large oxide-coate
cathode.19 In the quiescent, uniform, current-free afterglo
© 2000 American Institute of Physics
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plasma, pulsed currents are applied to two identical magn
loop antennas~;10 cm diam, 1 turn! separated axially by
Dz550 cm. The time-varying magnetic fields associa
with the plasma currents are measured with a triple magn
probe, recording (Bx ,By ,Bz) versus time at a given position
By repeating the highly reproducible discharges and mov
the probe to many positions in a volume, the vector fi
B(r ,t) is obtained with high resolution~Dr .1 cm, Dt
.10 ns!. The spatial field distribution at any instant of tim
can be constructed from the digitally stored temporal trac
Plasma parameters are obtained from a small Langm
probe (pr 2.2.6 mm2) which is also movable in three di
mensions.

III. EXPERIMENTAL RESULTS

A. Excitation of whistler vortices from a loop antenna

We start with a brief review of the penetration of tra
sient magnetic fields into a uniform magnetoplasma. Co
bining Faraday’s law and the force-free condition in an id
plasma yields]B/]t5¹3(v3B). The equation describe
magnetic fields frozen into the fluid of velocityv, which, in
EMHD,1 is the electron fluid velocity, ve52J/ne
52¹3B/nem0 . For small field perturbations@B(r ,t)
!B0#, propagating with wave velocityv i56]z/]t along
the dc magnetic fieldB0 , the linearized solution of]B/]t
52¹3(J3B)/ne yields J/ne56v iB/B0 . Here, the wave
velocity is that of low-frequency whistlers since Fouri
transformation of the differential equation yields the whist
dispersion relation, v5k2(B0 /nem0)5(kc/vpe)

2vce .
Bounded wave packets consisting of a spectrum~Dk, Dv! of
oblique whistlers can form 3-D vortices11 consisting of
linked toroidal and poloidal fields like those in a Hill’
vortex20 or a spheromak.21 Vortices with J i 6 B i 6A
have positive helicity densities for propagation along the
magnetic fieldB0 and negative helicities for propagation o
posite to B0 . The total magnetic helicity, an invariant i
ideal fluids, can be decomposed into mutual and s
helicities, H tot5Hself1Hmutual5*(A01A)–(B01B) dV
5*A–B dV1*A0–B dV, the first term describing the topo
ogy of the perturbed fieldB(r ,t), and the second the linkag
of B(r ,t) with B0 . For small perturbations the vortex topo
ogy exists only in the perturbed magnetic field and the e

FIG. 1. Experimental setup and basic plasma parameters.
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tron fluid velocity. The total magnetic field lines exhibit
propagating twist and bulge or pinch depending on vor
polarity. However, if the vortex field exceeds the ambie
field magnetic null points or lines can be formed.

Fourier analysis of the experimental data22 reveals that
the electromagnetic perturbation consists of oblique whis
modes, which form 3-D vortices, as predicted by theory11

Physically, the spheromak-like vortex can be thought of
produced by the linkage between a toroidal fieldBu formed
by axial currents, and an axially oriented poloidal~dipolar!
field (Br ,Bz) formed by toroidal Hall currents. The curren
are driven by both inductive and space-charge elec
fields.10,22 Vortices are excited by pulsed currents applied
a simple loop antenna with its dipole axis along a uniform
magnetic fieldB0 . A current step excites one vortex in tim
a current pulse excites a sequence of two vortices of oppo
polarity, an ac current produces oscillating vortices. The
loidal or dipolar vortex field is induced by a loop antenn
The toroidal field develops self-consistently, as follows23

The toroidal inductive electric field (Eu}]Bz /]t) gives rise
to a radial electron drift,v r.Eu /B0 . Since the electrons ar
essentially incompressible (¹–J.0), the diverging radial
current is closed by axial currents6Jz driven by a parallel
electric field due to a small space-charge imbalanceni

2ne@ni) at the center of the antenna/vortex. Radial a
axial currents form a poloidal current loop. The axial cu
rents produce toroidal fields6Bu , which link the poloidal
field (Br ,Bz) to form two vortices propagating in opposit
directions with opposite helicity. In the propagating vortice
the poloidal field is generated by toroidal Hall currentsJu

.neEr /B0 associated with the space-charge imbalance
side the vortex. In the absence of collisions the adiab
compression/expansion of electrons does not create en
losses or net electron heating.

Figure 2 presents a measurement example of such vo
properties. Figure 2~a! shows a snapshot of the toroidal fie
components~Bx , By! in an x2y plane in the middle of the
vortex, while Fig. 2~b! shows the poloidal field~By , Bz! in
an x2z plane on axis. The poloidal vector field is enhanc
by tracing a few field lines that clarify the right-handed lin
age between the toroidal and poloidal field components.
magnetic self-helicity is positive for wave propagation alo
B0 . The V-shaped poloidal field arises from the fact th
oblique whistler modes propagate slower than parallel wh
tlers inside the slowly expanding vortex.

B. Head-on collisions of vortices

Two identical loop antennas with dipole momen
m i B0 are placed on the axis (x5y50) and separated by
Dz550 cm, as schematically shown in Fig. 1. When en
gized by the same current pulses, two vortices of ident
poloidal but opposite toroidal fields propagate against o
another@Fig. 3~a!#. When the currents in the two antenn
flow in opposite directions, two vortices with opposite polo
dal and identical toroidal fields are made to collide@Fig.
3~b!#. As the two vortices of opposite helicity collide, th
opposing field components are expected to cancel while
identical fields add, leaving either a purely poloidal fie
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@Fig. 3~a!# or a purely toroidal field@Fig. 3~b!# at the moment
of collision. In the former case, a toroidal null line is forme
at the midplane between the antennas; in the latter, a c
type null point is generated. Total zero helicity is conserv
at all times.

Experimental observations corresponding to Fig. 3~a!
have been performed for two cases:~i! a small-amplitude
single vortex generated by a fast-rising (t rise.100 ns) current
step ~7 A!, and ~ii ! a large-amplitude vortex (Bz,max<B0)
generated by a stronger~85 A! but slower (tpulse.5 ms) cur-
rent pulse through the antenna. For the small-amplitude
tex (Bmax/B0,1%), Fig. 4 displays contours of the toroid
field Bu ~5Bx for x50, y,0! versus axial positionz and
time t for each vortex separately~first two frames!, for both
vortices together~third frame!, and for the linear superpos
tion of the two individual vortices~fourth frame!, i.e., the
additions of the first two frames in Fig. 4. Dashed lines alo
the crests indicate the vortex propagation at the whis
speed (v i.68.83107 cm/s). The third and fourth frames o
Fig. 4 are identical to within experimental accuracy. In t
symmetry plane (z50), the opposing fields6Bu cancel at
all times during the penetration of the oppositely propagat
vortices. At the time of collision (t.0.4ms), the toroidal

FIG. 2. Topology of a magnetic vortex in the perturbed magnetic fi

B̃(r ,t) propagating in the whistler mode along a uniform fieldB0 . ~a! Vec-
tor field of the toroidal field component in the transversex2y plane in the

center of the vortex.~b! Poloidal field~B̃x , B̃z! in anx2z plane aty50. It
is produced by a toroidal current induced by the exciter loop antenna.
propagation alongB0 the vortex fields have right-handed linkage or positi
magnetic self-helicity.
p-
d

r-
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field vanishes at all axial positions, i.e., it is completely a
nihilated. After the collision, both vortices continue to trav
in opposite directions with amplitudes and velocities com
rable to those of the individual vortices. Thus, the collisi
has caused no change in momentum, energy, or magn
helicity. These results may not be surprising since the w
field is very small compared to the ambient field and t
wave energy density is small compared to the particle ene
density.

Figures 5 and 6 display field components for the larg
amplitude case, where the applied antenna field exceeds
ambient field (Bant,max.2B0). Since we are interested in th
collision of the vortices, the vacuum field of the dipole h
been subtracted from the time-dependent field in the pla
~B0 not included!. However, due to coupling losses, wav
spread, and damping, the ratio of the actual fiel
Bpl,max/B0, during collision is about 20%. Nevertheless, ele
trostatic waves of comparable normalized wave densi
would produce strong nonlinearities, as evidenced in soli
collisions.24–26 The observed toroidal field componentsBu

~Fig. 5! and poloidal field componentsBz ~Fig. 6! are dis-
played iny2z planes (x50) for four cases, i.e., each vorte
propagating separately, both vortices launched together,
a linear superposition of the two individual vortices. Th
data are shown prior to (t51.25ms), during (t52.15ms),
and after the collision (t53.75ms). As expected, the toroi
dal fields cancel and the poloidal~axial! fields add during the
collision. The observations show that even for these lar
amplitude vortices there is no significant differences betw
the actual fields of the two colliding vortices and the line
superposition of the two individual vortices propagating
opposite directions. Thus, force-free vortices do not inter
with one another.

Figure 7 supports the same conclusions from comp
mentary field measurements in the transversex2y plane
where the collision occurs (z50). The toroidal fields
(Bx ,By).Bu are shown as vector fields at the top, the p
loidal fieldsBz as contour plots at the bottom at the time
collision (t52.15ms) for the same four cases as in Figs.
and 6. The poloidal fieldsBz of the two vortices add during

or

FIG. 3. Schematic figure explaining the expected fields during the hea
collision of vortices of opposite helicity. Either toroidal~a! or poloidal fields
~b! may cancel during the collision.
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FIG. 4. Toroidal field componentB̃u versus axial positionz ~x50, y523 cm! and timet for the head-on collision of small-amplitude vortices with opposi

B̃u (B0510 G). Four cases are shown horizontally, i.e., each vortex propagating separately, both together, and a linear superposition of the two
vortices. The vortices propagate through one another without nonlinear interactions.
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the collision, while the toroidal fieldsBu nearly cancel, the
difference arising from a small offset in the vertical anten
alignment. Zero helicity is conserved, the ‘‘loss’’ of toroid
field energy is balanced by the gain in poloidal energy. E
ergy is conserved in the interaction since after the collis
the vortices emerge with the same fields as noncolliding v
tices.
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-
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During the propagation and collision of the two vortic
the net magnetic field lines behave as schematically show
Fig. 8. The vortices create an azimuthal twist and rad
pinch, which, for the purpose of clarity, are discussed se
rately but occur together. Figure 8~a! shows the azimutha
displacement of a typical off-axial field line due to the o
ces
FIG. 5. Toroidal field componentB̃u56B̃x in y2z planes (x50) for the head-on collision of two large-amplitude vortices with opposingB̃u (B055 G).
Four cases are shown horizontally, i.e., each vortex propagating separately, both together, and a linear superposition of the two individual vortices. Vertically,
the data are shown prior to (t51.25ms), during (t52.15ms), and after the collision (t53.75ms). The observations demonstrate that force-free vorti
interact linearly.
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FIG. 6. Poloidal field componentB̃z in y2z planes (x50) for the head-on collision of two large-amplitude vortices with opposing helicity. As in Fig. 5,
cases are shown horizontally: Each vortex propagating separately, both together, and a linear superposition of the two individual vortices. The data are shown
prior to (t51.25ms), during (t52.15ms), and after the collision (t53.75ms) and demonstrate the lack of any nonlinear interactions.

FIG. 7. Field measurements in the transversex2y plane where the collision occurs (z50). The toroidal fieldsB̃'.B̃u are shown as vector fields at the to

the poloidal fieldsB̃z as contour plots at the bottom at the time of collision (t52.15ms) for the same four cases as in Figs. 5 and 6. During the collision,

poloidal fieldsB̃z of the two vortices add, while the toroidal fieldsB̃u nearly cancel, the difference arising from a small offset in the vertical antenna alignm
The interaction is linear and conserves magnetic helicity and energy.
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posing toroidal fields6B̃u of the two vortices. Prior to the
collision the field lineB in the upstream section between t
two approaching vortices coincides with the unperturb
field B0 ~dashed line!, while the field lines downstream of th
vortices have been rotated due to the toroidal fluid rotation
of each vortex. During the collision the twist vanishes,
though the field line remains rotated from the initial fieldB0 .
The fluid rotation in both vortices is in the same directi
before, during, and after the collision. After the collision, t
field line between the receding vortices is further rotated
the same angle as the upstream field lines was rotated
respect toB0 . Figure 8~b! shows the constriction of field
lines in the region of each vortex, which is due to the ide
tical poloidal fields. Fields and electron fluid flows are co
sistent with the frozen-in concept: The radial constricti
arises from radial inflows and outflows at the front and e
of each vortex. The toroidal drift twists the originally straig
field line, which requires a toroidal field. Flows and pe
turbed fields are parallel for the vortex 2 with negative h
licity and antiparallel for vortex 1 with positive helicity
Thus, the toroidal flows are the same in each vortex and
during the collision. The added toroidal current produces
enhanced poloidal field. The opposing poloidal drifts of t
two vortices cancel during the collision, consistent with t
vanishing of the toroidal field. At the moment of collision th
toroidal currents form a virtual loop antenna. The subsequ
separation of the two vortices can also be viewed as a r
diation of two vortices from a loop antenna. Note that, unl

FIG. 8. Schematic pictures of magnetic field lines before, during, and a
the head-on collision of two vortices of opposite toroidal and equal polo

fields. ~a! The addition ofB01B̃tor creates twisted field lines.~b! The addi-

tion of B01B̃pol creates radially bulged field lines. The total field lineB0

1B̃tor1B̃pol is the superposition of both effects.
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in MHD, the two parallel toroidal currents~or dipolar mag-
netic fields! produce no attractive force between the vortic
In EMHD the fields are force-free (J3B̃2neE50) and the
vortices pass through each other at a constant velocity.

Although the vortex collision has some aspects of cl
sical reconnection models there are also fundamental dif
ences. In steady-state two-dimensional~2-D! reconnection
models,27 opposing magnetic fields are pushed against e
other by opposing fluid flows. The electrodynamics acce
ates a charge–neutral fluid whereby magnetic energy is c
verted into kinetic energy. In the present case the oppos
toroidal field components are pushed against each othe
wave propagation in opposite directions. The wave veloc
is larger and independent of the fluid velocity, which is p
marily transverse to the propagation direction. However,
in the physics of reconnection, the toroidal magnetic fie
energy is lost and the electron fluid is accelerated via Fa
day’s law. Specifically, the flux change resulting fro
]B̃u /]t produces a radial inductive electric field, which,
EMHD, produces a toroidalEr3B̃z drift along the opposing
toroidal field lines. This drift of a charged fluid produces
current and a magnetic field, which in this case enhances
poloidal field. Thus, toroidal magnetic field energy is co
verted into poloidal field energy and not into kinetic ener
of the electrons unlessb5nkTe /(B2/2m0)@1, in which case
the energy increase is insignificant. The conversion is rev
ible and occurs when the two vortices re-emerge after
collision.

The observations of vortex collisions with equal toroid
and opposing poloidal fields@Fig. 3~b!# are presented in Fig
9. A short, small current pulse~500 ns, 12 A! has been ap-
plied. For comparison, the left two columns show the fie
of one vortex, the right two columns the fields of both vo
tices excited together. The field componentsBu , Bz are
shown as contour plots in they2z plane at three times dur
ing the collision process. During the collision (t.0.5ms),
the poloidal fields cancel and the toroidal fields add, and
above, energy remains conserved, total self-helicity rema
zero, and the positive mutual helicity remains conserved.
interesting to note that at the center of the midplane (x5y
5z50) the vortex field exhibits a 3-D spiral null point,28

whose spine is along thez axis (x5y50), with the spiral
fan in the x2y plane. In the symmetry plane, the plasm
current is purely toroidal, forming a virtual loop antenn
Thus, the outgoing vortices may be thought of as being
cited by the toroidal current, much in the same way as
wire loop antenna excites the original vortices. This idea
been used to analyze the reflection of a vortex from a c
ducting boundary: During the approach of the vortex, a t
oidal surface current is induced that prevents the penetra
of the magnetic field into the conductor (B'.0). The toroi-
dal current reradiates the reflected vortex. However, in c
trast to the collision case, magnetic helicity isnot conserved
in the reflection process.29

C. Glancing collisions of vortices

A second collision experiment has been perform
where the counterpropagating vortices are offset acrossB0 so
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FIG. 9. Vortex collision with opposing poloidal field componentsB̃z and equal toroidal fieldsB̃u (B0510 G). Contour plots show bothB̃x andB̃z in they2z
plane (x50) for a single vortex~left two columns! and both vortices~right two columns! at three different times prior to and during the collision process. T

collision produces a solenoidal fieldBu (B̃z.0) and is a linear superposition of the fields of two force-free vortices. The initial vortices induced by the tu
of the antenna currents are followed by vortices of opposite sign induced by the current turn-off.
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as to perform a glancing collision. Of particular intere
would be a deflection from their original straight paths due
forces and torques between their dipolar fields or merg
due to parallel axial currents. Of the two possible configu
tions we chose vortices with equal toroidal and opposite
loidal fields@Fig. 10~a!#. We first discuss the interaction wit
the help of schematic field line plots, then show the exp
mental observations.

The net field lines,B5B01B̃, exhibit a left-handed
twist in both of the counterpropagating vortices~B̃u,1,0,
B̃u,2,0!, which is superimposed on a bulge by vortex
(B̃z i 2B0) and a pinch by vortex 2 (B̃z i B0). Note that
vortex 1 has a positive self-helicity,Hself.0 sinceB̃u,0,
B̃z,0, but a larger negative mutual helicity~B̃u,0, B0.0!,
hence its total magnetic helicity is negative as for vortex
Figure 10~b! shows, for a model vortex, a set of typical fie
lines launched from thex-axis in the midplane (y5z50)
prior to the vortex collision. The model vortex fields close
resemble the experimental ones but are stronger (B̃<B0) so
as to clearly show the field line deformation. Prior to t
collision, the field lineB in the upstream section between t
two approaching vortices coincides with the unperturb
field B0 . Due to the right-handed fluid rotation in vortex 1~

vu,1.0, B̃u,1,0!, the field line well downstream of vortex
t
o
g
-
-

i-

.

d

(z!0) has been rotated by an angleu relative to its unper-
turbed upstream position. Similarly, field lines downstrea
of vortex 2 (z@0) also experienced a rotation due tovu,2

,0, B̃u,2,0. The twists add during the collision, while th
bulge and pinch are in juxtaposition. After the collision th
field lines between the receding vortices are further rota
relative to the upstream lines.

In order to describe the electrodynamic processes i
helpful to consider only the time-varying vortex field

B̃(B05const). Figure 11~a! presents selected field lines fo

the poloidal field componentsB̃x , B̃z in an x2z plane (y
50) as the propagating vortices begin to overlap. On thz

axis the opposing field componentsB̃x of the two vortices

cancel to form a 2-D X-type null point (B̃x5B̃z50). As the
vortices continue to penetrate one another, the X-type
point merges with the two O-point nulls on axis to form
single island at the origin at the moment of the collision@Fig.
11~b!#. The field topology is that of two antiparallel dipole
in juxtaposition. This field is produced by toroidal curren
Ju , which, at the moment of collision, form two loops th
are offset in thex direction by approximately one vorte
radius and carry currents in opposite directions.

The poloidal fields are linked by toroidal fieldsB̃x , B̃y ,
whose field lines are sketched in the centralx2y plane (z
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50) at the moment of collision in Fig. 11~c!. At the origin,
the toroidal field also vanishes such that the vortex fi
forms a 3-D null point (B̃x5B̃y5B̃z50). The toroidal field
is produced by poloidal currents with the sameJz compo-
nents. At the moment of collision, the poloidal currents fo
two separate loops closing on the outer side of each vor
such thatJx5Jz50 on axis. However, the opposing toroid
current loops superimpose at the origin to form a strong c
rent Jy,0. This Hall current is driven by an electric fiel
Ex,0, which is produced by the toroidal flux change of t
propagating vortices. The latter creates loops of induc
electric fieldsEx , Ez (y50) whose parallel componentEz is
reduced by space-charge fields to values consistent
Ohm’s law, which enhances the perpendicular fieldEx,0
near the origin. The flux change due to the poloidal fieldB̃z

of the propagating vortices produces an inductive elec
field Ey , which changes sign during the collision. It drive
cross-field currentsJx , which connect the poloidal current
of the advancing/receding vortices, but at the moment
collision Ey5Jx50. Thus, poloidal and toroidal fields ar
coupled via induction and Hall effects. In this glancing co
lision some poloidal field energy is transferred to toroid

FIG. 10. Schematic figure describing the glancing collision of two coun
propagating vortices.~a! These are radially offset by about one vortex r
dius, have equal toroidal and opposite poloidal fields, and propagating
ally at the whistler velocityv along the uniform dc fieldB0 . ~b! Schematic

picture of typical lines of the total magnetic fieldB01B̃ in the presence of
two oppositely propagating vortices. The field lines are launched from tx
axis in the midplane (y5z50) and show the twist and pinch/bulge creat
by the vortices prior to their glancing collision.
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field energy. The transfer would be complete for a head
collision.

The measured vortex fields and currents during the c
lision in the midx2y plane are shown in Fig. 12. Contou

of the poloidal field componentB̃z @Fig. 12~a!# and vector

fields of the transverse componentsB̃'5(B̃x ,B̃y) @Fig.
12~b!# show the right-handed field linkage or positive ma
netic self-helicity for vortex 1 which propagates alongB0

and negative helicity for the oppositely propagating vortex

The axial current densityJz5(¹3B̃)z /m0 @Fig. 12~c!# has
the same sign for both vortices. The transverse current d
sity J'5(Jx ,Jy) @Fig. 12~d!# shows two offset loops of op
posite toroidal currents, which are consistent with Ampe`re’s

law and the required opposite current helicity densityJ–B̃ in
both vortices. Zero net current helicity is conserved dur
the vortex interaction.

The observed fields are again a linear superposition
those of the individual vortices. Thus, glancing collisions
force-free EMHD vortices produce no interactions betwe
them.

-

xi-
FIG. 11. Schematic picture of typical lines of the vortex magnetic fie

B̃(r ,t). ~a! Poloidal field lines in planey50 as the radially offset vortices
begin to collide. An X-type null point is formed at the origin.~b! Poloidal
field lines at the moment of collision, forming an O-type null point at t
origin. ~c! Toroidal field lines in the planez50 at the moment of collision,
forming an X-type null point at the origin.
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FIG. 12. Observed fields and currents in thex2y plane in the middle between the two antennas (z50) at the moment when two radially offset vortice

collide ~a! Contours of the axial~poloidal! field componentB̃z . ~b! Vector field of the transverse~toroidal! field B̃' forming an X-type null point at the center
Vortex 1 with v i B0 has right-handed field linkage or positive self-helicity, vortex 2 withv i 2B0 has negative helicity.~c! Contours of axial~poloidal!

current densityJz5(¹3B̃)z /m0 . ~d! Field lines ofJ' , which createsB̃z , exhibiting a large valueJy,0 at the center whereB̃50.
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IV. CONCLUSIONS

Experimental observations have shown that EMHD v
tices collide without nonlinear interactions. This result m
break down when the whistler vortex field exceeds the a
bient dc field,30 but it holds for normalized wave amplitude
where Alfvén waves or sound waves would interact high
nonlinearly. These results should be of interest in the und
standing of whistler turbulence, possibly the inertial range
solar wind fluctuations,31,32 3-D EMHD reconnection, vorti-
ces in laser–plasma interactions,33 and rf heating with whis-
tlers.
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