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On Conservation of Helicity and Energy of Reflecting Electron Magnetohydrodynamic Vortices
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The reflection of a magnetic vortex from a conducting boundary is studied experimentally in an
electron magnetohydrodynamic plasma. The reflection conserves energy but not helicity, which reverses
sign. Field line slippage occurs in a thin boundary layer, creating a divergence in the ac helicity flow
vector yet negligible dissipation. The change in self-helicity is accounted for by the volume term
—2 [E - B dV which, for Hall electric fields, does not produce dissipation. [S0031-9007(99)09171-1]

PACS numbers: 52.35.Hr, 52.30.Jb, 52.40.Hf

Helicity, defined byH = [A - (V X A)dV,isafun- 9H/ot « —q [J?>dV < 0. No helicity change is pro-
damental quantity which is used to characterize the topolduced by thev X B term, wherev, for EMHD, is the
ogy of a vector field, for example, that of the magneticelectron fluid velocity.
field B =V X A in plasmas [1]. Helicity properties are  In the present work we first show that during reflection
important in space plasma physics (reconnection [2], turthe magnetic self-helicity of the vortex is not a conserved
bulence [3]), magnetic confinement devices (tokamaksjuantity. Second, the larger mutual helicity is also not
[4], spheromaks [5], reverse field pinches [6]), and in eleceonserved. The lack of helicity conservation is connected
tron magnetohydrodynamic (EMHD) plasmas [7—9]. Inwith the presence of a vacuumlike sheath between plasma
ideal (collisionless) plasmas magnetic energy and helicitatnd conductor where the field lines are not tied to a
are conserved quantities [1]. In nonideal plasmas, Tayloconducting medium. Field lines frozen into the plasma
has conjectured that magnetic helicity relaxes at a slowegnd anchored to the conducting boundary cannot be
rate than energy when the dissipation is highly localizecdconnected uniquely. Slippage of field lines allows the
(e.g., in current sheets) [10]. Near conducting boundariegppology to change.
the conservation of magnetic helicity has been questioned The experiments are performed in a large, uniform,
[11]. Likewise, the assumption of line tying at bound- quiescent, magnetized afterglow plasma with parameters
aries [12] is debatable [13]. In this Letter we present exdindicated in Fig. 1a. The plasma is produced by a pulsed
perimental results showing that magnetic helicity changedischarge with a large oxide-coated cathode. A current
drastically while the energy does not, i.e., the oppositgulse (10 At = 0.1 usS, tpuise = 5 uS), applied to a
of Taylor's conjecture [10], whose generality has alsotoroidal antennar,jor = Fminor = 4 cm) excites in the
been questioned theoretically [11]. This situation ariseplasma a magnetic perturbatidB(r, 7). The perturbation
in an EMHD plasma when a propagating magnetic vortexs measured with a triple magnetic proti (B, B, vst),
B(r,7) (a bounded whistler wave packet), superimposednovable in three-dimensional (3D) space, and its spatial
on a uniform background magnetic fieR}, reflects at a evolution is obtained from repeated experiments. The
highly conducting boundary. Reflection preserves energgurrent density is obtained from Ampére’s lajv= V X
but reverses the sign of helicity. The latter is consistenB/uo (>>g¢dE/dr). The topology of the perturbed field
with a property of EMHD vortices that the helicity sign is that of a 3D vortex, consisting of a linked toroidal field
depends on the direction of propagation along a uniforn{B, or B,,B,) and a dipolar or poloidal fieldA,, B,),
background magnetic fielB, [14]. shapshots of which are shown in two orthogonal planes in

One can separate the total magnetic helicity into twdrigs. 1b,c. In time, the vortex propagates in the whistler
terms, Hiy = Heir + Hunuwal = [(Ao + A) - (Bg +  mode guided by the uniform dc fieBl, (By > B), which,
B)dV = [A-BadV + [A, - BdV, where A is the together witho andw,., determines the whistler speed.
vector potential an® is the magnetic induction. The first For propagation againsBy, the field linkage is left-
term describes the topology of the vortex, the latter théhanded, i.e., the helicity is negative. The vortex reflects
linkage of the vortex fields (denoted by a tilde) with the normally from a large conducting plate (30 cm diam,
dc field. Analogous to Poyntings theorem for the energyl mm thick, high conductivity Al).
change, the relaxation of the total magnetic helicity can Figure 2 demonstrates the propagation, reflection,
be accounted for by a flow and a volume teidd] /ot = and field reversal of the vortex. Contours of the field
—f(A X 9A/dt + 2¢B) - da — 2 [E - BdV, where componentB, (= By for x = 0,y < 0) are shown vs
¢ is the scalar potential. If flows through boundaries areaxial position and time. The antenna, centered at 0,
negligible, helicity can change only through the volumelaunches two vortices, one aloly, the other opposite to
term. ForE + v X B = 5J, helicity is dissipated by B,. They have the same sign By, but the opposite sign
resistivity, n, since for H > 0 one hasJ || B; hence for B., hence opposite self-helicity densities, such that
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0 inside the antennal4] < 4 cm) have been extrapolated
(a) = - since the probe cannot scan through the torus.
Actonna Cathode Figure 3 compares the helicity densities of the incident
%ggae’ N N ~ and reflected vortices as they traverse sy plane
B(r.y) Vortex at 12 cm from the reflector plate. The magnetic field
ism B o S y B, {| |, components (Fig. 3a) show that onBy, but not B,
’ 4 )—I reverses sign upon reflection, implying reversal of self,
mutual, and total magnetic helicities. Figure 3b shows
Maggeﬁc ng iaxm” cm3 j contours of the helicity density of the current density,
Probe e Z I1oeV B, and Fig. 3c shows that of the electron fluid vorticity,
/ 25m  \ Py ~ 0.3 mTorr (Ar)| V. - @, = J - (VX J)/n?e?, all of which change sign,
4 i.e., are not conserved. However, the magnetic energy
0 = AN density of the reflected pulse is not changed compared to
(XBy) [ T R (By7BZ)r/////,‘\\\\\\ .
A N TR LA B A S N that of a nonreflected vortex propagating over the same
. ;;‘;\}\\ e ,;;;{;‘,f,’//;‘?\‘““i;;’ distance as the reflected vortex. As pointed out earlier
y i t\f 5‘2 V’!\'\'L‘;;;/f/fjﬂ;gé [9], collisional damping of a propagating vortex decreases
.~ - S /’ _W Vo . .
074 /‘/;/: y wﬁ::%{—i \}',_;'3; energy and helicities at the same rate.

(em){ -1 0 55?@? 1102E Before addressing the physics of helicity reversal it
o 2 7S NN A . . . . )
O MG is useful to review briefly the relation between fields
@By YNNI 2GE and currents in a vortex propagating in a uniform

ol z=-10cm NN NN x=0
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FIG. 1. (a) Experimental setup and basic plasma parameters .

(b) Toroidal @.,B,) and (c) poloidal 8,, B.) magnetic field

components of a 3D vortex propagating in the whistler mode

along a background magnetic fieRj.

the total self-helicity is zero, consistent with no injection
of helical fields. (Note that the applied fiel, links
with the dc field By, hence injects mutual helicity, and
both vortices have positive mutual helicity consistent with

helicity conservation.) As the pulses propagate, their am-
plitudes slowly decrease due to (i) slow expansion of the (b)

vortex acrossB, and (ii) weak collisional damping. At
t = 0.35 us, the left-traveling vortex reflects at the metal

plate. No fields are detected at the backside of the meta

plate. No currents flow from the metal plate to ground,
implying no potential changes of the plate. The fields

0.8 2
t -
By
0.4 (G)
(us) 0
~0.75

0
Platet -20 -10  |«—Antenna— 10 z (cm)
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FIG. 3. Helicity properties of incident and reflected vortex for

axial position and time, demonstrating the propagation anda) the perturbed magnetic fiel, (b) the current density,

reflection of a vortex at a conducting plate.
reversal ofB, upon reflection.

Note the signand (c) the electron fluid vorticity, = V X ¥,. All helicities
reverse sign upon reflection.
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magnetoplasma. In a stationary plane=f const) the B.(r) of the approaching/receding vortex creates a sign
propagating vortex produces a rising and decreasing fielceversal inE,, hence also in the poloidal current.( J.),

B., hence an inductive field, of opposite polarity in and toroidal fieldB,, and thereby in the helicity. The
the first and second~ half ot the vortexE, produces time dependencd, —aBPol/at occurs only because
radial Hall currentsJ, = neEy/By, which close via of the stagnation of the vortex in front of the plate where
field-aligned currents/, to form the poloidal current the front of the incident vortex turns into the tail of the
system and the toroidal fiel#,. The time variation reflected vortex, and vice versa. Helicity reversal is a
of By creates a radial electric fielff,, which produces self-consistent outcome of the electrodynamics of vortex
a toroidal Hall currentJy = nekE,/B, and poloidal reflection. Also, continuity of the toroidal electron drift
magnetic field 8,, B.). satisfies angular momentum conservation, while reversal

As the vortex interacts with the conducting boundaryof the axial drift is consistent with linear momentum
the field topology changes. Figure 4a shows the field&change during a reflection.
components in arx-y plane atAz = 1 cm in front of We now analyze the change in self-helicity in terms
the plate. Throughout the pulse, the transverse fieldf flows and volume terms. The vortex lies within a
B, = (B,,B,) points essentially radially outward. This volume bounded by the conducting plate and other distant
is different from the predominantly toroidal field inside surfaces on which the vortex fields are negligibly small.
a propagating vortex (see Fig. 1b). The axial fieBd,  Helicity injection from the conducting plate can be ruled
is weaker than without the plate because the boundargut since both the normal magnetic field and the tangential
condition impliesB, — 0 at the conductor surface. This electric field vanish at its surfacéA X Ej,q) - da = 0,
is due to induced surface currents in the plaée= B - da = 0. However, the volume term;2 [E - BdV,

i X B/ug, shown in Fig. 4b. Thus, since the normal is positive throughout the reflection process siBge> 0
dipolar field of the vortexj - B, cannot penetrate the (see Fig. 4a) and, < 0. The latter drives toroidal Hall
conductor, the field lines flare out tangentially to thecurrents Jy = neE,/By < 0, which produce the axial
surface as shown in the schematic picture of Fig. 4cfield B, < 0. The contribution from—2E.B. > 0 is
The absence of, near the surface implies that no negligibly small, |E.B./E.B,| = |B./By| < 1. Note
current flows in or out of the plate. The axial plasmathat £, > 0 is necessary to balance the magnetic force
current closes radially in front of the plate. This radialJ] X B = J,B,2 since at the moment of reflection
Hall current is driven by a toroidal inductive electric J. — 0. With aH;/dt > 0, the initially negative self-
field E, « —9B./otr. The temporal rise and fall of helicity can reverse sign as demonstrated quantitatively in
Fig. 5. Contours ofd’Hy.;/dz0t = — [ E.B.27r dr,
displayed in az-r diagram (Fig. 5a), show that the
traveling incident vortex has alternating signs in its
first and second half; hence axial integration produces
no helicity change. HereE, is calculated from the
Hall current J,. However, in the stagnation region
in front of the plate the volume term is large and
positive throughout the reflection process. After inte-
grating the helicity change over and ¢+ one obtains
Hgei¢(t) — Hye1(0) = =2 [odt’ [E,B,2mwrdrdz, dis-
played in Fig. 5b. The initial helicity is that of the inci-
dent vortex which is found to bH;(0) = 2P, Ppo1 =

2 [Bydrdz [ B.2mrdr = —300 G>cm*. The volume
term changes the helicity bfH = +550 G? cnt* during

the reflection process, which reasonably accounts for
the final positive self-helicity of the reflected pulse,
Hyi¢(t > te)) = +250 GZcmt.  Energy dissipation is
negligible becaus&, L J, and{E,J.(t)) = 0 due to the
sign reversal of,.

The reversal of the larger mutual helicity can be
explained by the divergence of the ac helicity flow
vector,Ag X aB/dt = —Ag - (V X Ejng) = V - (Ag X
Eina) — Eing - Bg. The last term integrates to zero
Az = 1cm in front of the reflector plate. The field is and_the .ﬂrSt ~term, which accou_nts for the_ change in
tangential to the plate and lost its helicity. (b) Induced surfacetoro'dal field By, leads to a radial and axial outflow

current in the conducting plate. (c) Schematic picture of fieldof mutual helicity,dHinu /91 = $(Ag X Eing) - da <0,
components during vortex reflection. near the plate, hence a decrease of the incident positive

FIG. 4. (a) Magnetic field components in any plane at
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plasma are obviously not tied to the boundary. They are
swept azimuthally by the electron dritiy which does
not reverse whileB, does. Thus, helicity reversal in
10.25 the plasma is consistent with the frozen-in concept which
10.13 holds up to a boundary layer. If the field line was tied to
0.06 the conductor, a twist opposite to that in the vortex would
0.03 have to remain which is unphysical for a propagating
perturbation and not observed.

—JEB, 2rrdr

ﬂf&\“ §

0.5

g 3.01 Slippage can occur (i) in the electron-depleted Debye
_— & 10° sheath §Ap = 0.1 mm) where field lines cannot be
Antenna? G?cm?/s) associated with a moving conductor, (i) by magnetic
diffusion on a scale lengthL where the magnetic
Hioon Reynolds numberR,, = uovjo L is of order unity,
oo which for the present parameters) (= 7 X 10’ cm/s,
p o =10 Q 'cm™!) yields L = 1.1 mm, and (iii) by

2(jEBav inertial effects on a scale length af/w,, = 7 mm.
(G*cm?) Diffusion would produce energy losses, which are not
observed. Inertial effects should conserve the generalized
1 l vorticity, which is not the case. Thus, field line tying and
0.5 tfus) 1O ko helicity conservation breaks down due to the vacuumlike
FIG. 5. (a) Change of the magnetic self-helicityH.;;/dzo:  Sheath at the plasma-conductor boundary.
vs z, t. While propagating the positive and negative changes In summary, it is an observed fact that the reflection
%V:Fr's}gfetgaluifgé ?1%1:23 ffg\?g:iscgll th(eb )|a|\r/|9: ﬁgzgi\gg |?rr]1aer|]i(g;ﬁ n\?@'f an EMHD vortex changes the magnetic helicity while
timeF.) The initial value);s that of the incidgnt vortex, the ﬁ%’alspreservmg energy. He“CIty can change since magnetic
value that of the reflected vortex. lines are not continuous in a boundary layer. These
observations are of interest to basic helicity conservation
laws and wave reflection processes in plamas.

helicity and the creation of a negative helicity for the The authors gratefully acknowledge support for this

reflected vortex. If one reverses the applied antenn?ﬁ'Ork from NSF Grant No. PHY 9713240.
field, the incident vortex would have a negative mutual
helicity, dHmu /3t > 0, and the reflected pulse would
have positive mutual, self, and total magnetic helicity. o o )
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