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Abstract

Properties of magnetic loop antennas for exciting electron whistler modes have been investigated
in a large laboratory plasma. The parameter regime is that of large plasma frequency compared
to the cyclotron frequency and signal frequency below half the cyclotron frequency. The antenna
diameter is smaller than the wavelength. Different directions of the loop antenna relative to the
background magnetic field have been measured for small amplitude waves. The differences in the
topology of the wave magnetic field is shown from measurements of the three field components in
three spatial directions. The helicity of the wave magnetic field and of the hodogram of the magnetic
vector in space and time are clarified. The superposition of wave fields is used to investigate the
properties of two antennas for small amplitude waves. Standing whistler waves are produced by
propagating two wave packets in opposite directions. Directional radiation is obtained with two
phased loops separated by a quarter wavelength. Rotating antenna fields, produced with phased
orthogonal loops at the same location, do not produce directionality. The concept of superposition
is extended in a companion paper to generate antenna arrays for whistlers. These produce nearly
plane waves, whose propagation angle can be varied by the phase shifting the currents in the array
elements. Focusing of whistlers is possible. These results are important for designing antennas on

spacecraft or diagnosing and heating of laboratory plasmas.

PACS numbers: 52.35.Hr Electromagnetic waves, 52.50.Dg Plasma interactions with antennas, 94.80.+g
Instrumentation for space plasma physics, 94.05.Rx Experimental techniques and laboratory studies , Plasma

sources, 52.40.Fd



I. INTRODUCTION

Antennas are the basic tools for exciting and detecting waves both in free space and in
plasmas. Electromagnetic waves can be excited with electric or magnetic antennas. In the
present work we are studying waves between the lower hybrid frequency wy;, and the electron
cyclotron frequency w.., which are called whistler modes in dense plasmas. These modes
are very important in space plasmas where they were first discovered [1]. Since these modes
carry most of their energy in the wave magnetic field, it is appropriate to excite them with
magnetic loop antennas. These have been studied for a long time but not to the observational
detail as presented here [2, 3, 4, 5, 6, 7, 8, 9]. The present work focuses on the field topology
excited. A fundamental property of finite size antennas is the excitation of spatial wave
packets rather than plane waves, even in unbounded plasmas. The field topology depends
on the antenna configuration, but whistler modes always exhibit magnetic helicity and have
three field components which vary in space and time. In the present work, a loop antenna
is employed whose dipole moment can be oriented at any angle with respect to the ambient
field By. The antenna diameter is smaller than the wavelength and excites monochromatic
waves at w/we =~ 0.357. The radiation pattern is measured for two orientations of the
dipole moment: along and across By. The polarization of the field vector in space and
time is shown for different propagation directions, and is contrasted to the magnetic helicity
of the wave. Using superposition for small amplitude waves, the interference effects of
multiple antennas are studied. Standing waves are produced from counter propagating
whistler mode wavepackets. The standing wave is stationary and helicity-free, and exhibits
no absolute field nulls. Two antennas are spaced along By and properly phased to match a
whistler mode produce directional radiation. An antenna with rotating magnetic field has
no directionality. In a companion paper, the superposition principle is extended to study
phased antenna arrays for whistlers [10]. The results are not only important to antennas on
spacecraft but also for helicon plasma sources [11] and rf heating of laboratory plasmas.

This paper is organized as follows: After describing the experimental setup in Section II,
the observations are shown in Section III for single loops of different orientations and for
two loops by superposition of their individual patterns. The findings are summarized in the

Conclusion, Section IV.



II. EXPERIMENTAL ARRANGEMENT

The experiments are performed in a large (1.5 m diameter, 2.5 m length) dc discharge
plasma with parameters of density n, ~ 10! cm™3, electron temperature k7T, ~ 2 eV, and
Argon gas pressure p ~ 5 x 1074 mTorr. As schematically shown in Fig. 1, the discharge uses
a 1 m diam oxide coated hot cathode which is pulsed (5 ms on, 1 s off). The experiments
are performed in the early afterglow. A uniform axial magnetic field of 5 G confines the
electrons radially. The plasma column is wide compared to the radial wave profile such that
density gradients are not significant.

Whistler modes are excited with a 4 cm diam insulated loop antenna which is energized
with a 5 MHz signal generator. The loop axis can be continuously rotated with respect to
Bg. The wave magnetic field is received by a small magnetic probe (6 mm orthogonal loops)
which can be moved in three orthogonal directions. The spatial field distribution is obtained
from repeated pulses, averaged over 10 shots by moving the probe through orthogonal planes.
No data can be taken where the probe would scan through the antenna. The field in vacuum
is also measured and subtracted from the total measured field, so as to obtain only the wave
field produced by plasma currents. The vacuum field drops off rapidly on the scale of the
loop radius (Byae r;jp). Plasma parameters are measured with Langmuir probes. All

signals are acquired with a 4-channel digital oscilloscope.

III. EXPERIMENTAL RESULTS
A. Spatial and temporal wave distributions from a single loop

We start by recalling the wave excitation from a loop antenna whose dipole moment is
aligned with By. Figure 2 shows a snapshot of two orthogonal field components in the y—z
plane on axis (x = 0). In vacuum, the loop antenna field is dipolar and symmetric around
the z-axis. The oscillating antenna field excites a modified field topology in plasma. As seen
in Fig. 2(a), the axial field component develops V-shaped contours which are cuts through
a cone in three dimensions. The most important feature is the self-consistent development
of an orthogonal field component B,, shown in Fig. 2(b). The B, component has a similar
distribution but delayed by a quarter wavelength. By combining both components in the
x—y plane, the orthogonal field forms circular field lines. Thus the dipolar field is linked



by a toroidal field and forms in three dimensions (3D) a spiraling field as in a vortex. It is
similar to the m = 0 mode in helicon devices [12, 13|, except the conical phase fronts cannot
be observed in helicon devices where the plasma radius is that of the antenna which in turn
is small compared to the parallel wavelength.

The formation of conical contours or phase fronts can be explained by the decrease of the
phase velocity with increasing angle of wave propagation with respect to By. The normal
to the observed cone angle indicates a phase velocity which propagates near the angle 6 =
arccos(2w /wee) ~ 44°. This mode is known as the Gendrin mode [14, 15]. Its group velocity
is aligned with By, hence there is almost no energy spread across By.

The reason for the toroidal field is best explained by the frozen-in concept in electron
magnetohydrodynamics (EMHD). The dipolar field is created by a toroidal electron Hall
current. The associated electron drift convects the axial magnetic field in the toroidal
direction. The toroidal field is produced by a dipolar current. Thus the current topology
has also a vortex topology. Since current density J and field B are nearly parallel, the wave
field forms a force-free helical structure. Because B, (z) reverses sign while B,(z) does not,
the field line linkage, or magnetic helicity, is positive when the wave propagates along the
ambient field, and it is negative for propagation against By. Likewise, the helicity of the
current density (J - B) changes sign with propagation direction.

The field decomposition into linked poloidal and toroidal components does not convey
the actual field lines. These are obtained from the vector field in 3D space, an example of
which is given in Fig. 3. It is advantageous to visualize the field as tubes with a constant
cross-section centered on field lines instead of single lines. Magnetic flux, therefore, is not
conserved for these flux ropes. Two such flux ropes are displayed together with an z—y
plane showing B, contours for reference. The flux ropes exhibit a twist around their axis
and writhing in loops. The sum of twist and writhe equals linkage and is a measure for the
helicity of a flux tube [16]. The vortex-like field topology is similar for each half wavelength,
except for a change in field line direction: Near the axis where B, > By the lines have little
twist, but when B, — 0 axially the field lines spiral and move radially outward. Field line
closure is difficult to identify. Magnetic helicity is positive since both twist and writhe are
right handed.

There is no axis of symmetry for the wave field when the loop antenna is rotated such

that the dipole field is perpendicular to By. The observed field components are shown in



Figs. 4(a-c). The distribution of B, and B, are again conical and shifted by a quarter
wavelength. Following the peaks of the field components axially along the dashed white line
one realizes a circular polarization. The B, component vanishes on the z-axis and reverses
sign in both y and z directions.

The 3D field topology is shown in Fig. 5. Contours of B, are displayed in Fig. 5(a) and
field lines are traced in one of the field maxima. Since all field lines rotate in space, the field
line develops a spiral with pitch length of the axial wavelength. A second spiral forms in the
negative peaks of B,, resulting in two nested helices with opposite field line directions as
shown in the full 3D view of Fig. 5(b). The flux ropes have a left-handed writhe and a right-
handed twist. The twist exceeds one turn (twist>1) for one rotation of the spiral (writhing
number = —1) such that the net magnetic helicity of the flux rope becomes positive. The
spiral flux tubes rotate clockwise in time. When a magnetic probe is scanned axially through
the spirals, it observes a highly modulated amplitude |B,| with peaks separated by A\/2 [13].

The current density J = V x B/ is calculated from the 3D B field. Its topology is
very similar to that of the B field, which was also found for the loop with dipole moment
along By. Figure 5(c) displays a flux tube for J which form two twisted spirals with currents
flowing in opposite directions. The current density also exhibits positive helicity since the
twist is stronger than the writhe. The helicity density J - B is shown in Fig. 5(d). It is
positive in the right half-plane where the wave propagates along B, and negative in the left
half-plane for the opposite propagation direction. Since J is parallel to B, the wave field is
force-free, J x B = 0.

It is easy to show for plane parallel whistlers that V x B = +kB, hence J is parallel
to £B. Likewise the magnetic helicity density is A - B = 4uoB?/k. Tt is remarkable that
the helical fields and currents of the oblique whistler mode also satisfies J || (£B) to a high
degree.

The mode excited by the loop dipole moment across By has similarity to the m = 1 helicon
mode [17] in bounded plasma columns. In the present experiment, the perpendicular wave
number is not determined by the column diameter but approximately by the scale length of
the antenna field. In an unbounded plasma, the excited whistler mode is free to evolve to a
self-consistent topology which appears to be a conical Gendrin mode. The phase fronts are
inclined with respect to By unlike those postulated for helicons.

The fields always exhibit right-handed polarization like free space whistlers and there is



no m = —1 mode which has been conjectured for helicons [11]. The reason for the right-
handed polarization goes back to Faraday’s law, V x E = —9B/dt, and Ohm’s law in ideal
electron magnetohydrodynamics (EMHD), E + v x B = 0, which describes the convection
of field lines by an electron drift v, 0B/t =V x (v x B).

Consider in Fig. 6 a wave field B, driven by Hall currents +.J,, all propagating along
By. The associated electron drift Fv, creates an electric field (v x By), which has a curl in
x-direction, hence produces 0B, /0t which rotates the B, vector counter-clockwise. Alter-
natively, the flow v, convects the frozen-in field By out of the y—z plane which creates a B,
field component.

The convection equation also describes wave propagation and the dispersion relation.
Consider B, propagating as a monochromatic wave along By, written as B, = bcos(wt —kz)
where b is the wave amplitude. The linearized wave equation, 0B/dt = V x (V x B x
Bo)/(—pone), yields 0B, /0t = beos(wt — kz)k*By/uone = wB,. After time integration,
one finds B, = bsin(wt — kz)k?By/(wpgne) = bsin(wt — kz). Thus, B, leads spatially over
B, which results from the time derivative in the convection equation. The wave dispersion
is given by Fourier transformation of the wave equation, w = k?By/(une), which can be

further condensed by the refractive index relation n* = w?, /(wwee).

Note that 110J = V x B = kB and the vector potential is A = k~'B. Thus the field has
positive helicity densities A - B and J - B for propagation along By (k > 0) and negative
helicites for propagation opposite to By (k < 0). Although the field lines are straight, their
rotation along By accounts for the helicity. The field is also force-free, J x B = 0. The scale
length of the field is given by the wavelength, A - B/B? = 1/k = \/2m. These results only
hold for the simplest whistler mode, i.e. plane, low frequency, parallel and small amplitude
whistlers.

Finally, we would like to review the sometimes confusing concepts of polarization and
helicity. The former refers to the rotation of a vector in time or space [18], while helicity refers
to the property of a field line, such as its twist, writhe and linkage [16]. Figure 7 describes
the polarization (a) in space and (b) in time both schematically and from observations. From
the measured field components B, and B, in Fig. 4, one can sketch the vector rotation along
the z-axis on both sides of the loop. It shows that the end point of the vector forms a left
handed spiral or hodogram along k for wave propagation along B and a right handed curve

along —z direction for propagation opposite to By. Two measured hodograms confirm the



expected polarization.

The temporal polarization describes the vector rotation in time at a fixed position as
the wave passes through the point of observation. If time was plotted along the z-axis,
the vector tip would trace out a right handed helix, irrespective of the direction of wave
propagation along By. The right handed polarization is explained in Fig. 6. It coincides
with the direction of rotation of electrons around the guide magnetic field By because the
ev x B force determines both the electron rotation and field convection. It also allows
Doppler-shifted cyclotron resonance between the wave electric field and electrons to occur.
Note that the present wave is not a plane wave and that the temporal polarization changes
with position which makes single-point measurements, as made by spacecraft, difficult to
interpret.

In order to demonstrate the wave propagation, the space-time dependence of the fields is
measured. Figure 8 shows time-of-flight diagrams of the transverse field component B, (z, )
in the central y—z plane (z = 0) in (a) the early afterglow and (b) the late afterglow. It
includes the turn-on phase and the steady-state phase of the wave so as to compare group and
phase velocities. The inclination of the phase fronts (contours of B, = 0 or By max) yields
the parallel phase velocity, v. ~ 8 x 10" ecm/s. The transient turn-on oscillations, which
should travel at the group velocity, have the same velocity, Vgroup = Uphase,| = CWee/ (2wWpe),
which is the property of the oblique Gendrin mode [14]. This mode propagates at an angle
0 = arccos(2w/we.) with respect to By at a phase velocity Upnase = Uphase,|| €080 = cw/Wpe.
This mode evolves self-consistently right after wave injection. The frequency-independent
group velocity yields a simple measure for the plasma density which is indicated in Figs. 8(a)
and (b).

The parallel phase velocity is comparable to the electron thermal speed which has
consequences on wave damping. In general, the axial amplitude decay can arise from
collisional damping, wave-particle interactions and radial wave spread. Coulomb colli-
sions (g ~ 10° s71) cannot account for the observed amplitude decay, k;/k, ~ 0.2 >
(Uphase/Vgroup) (¥/w) =~ 0.03. Wave spread is small since the group velocity angle is within
+5° of By. But since the oblique whistler mode has a parallel electric field, Landau damping
(w/k = v.) by bulk electrons is important. Cyclotron damping [(w — wee)/k = ve] involves
fast tail electrons which are absent since the experiment is done in a Maxwellian afterglow

plasma. Nonlinear effects and mode conversions at gradients are also absent.



B. Wave interference from two loop antennas: Whistler standing waves

The applied signal to the antenna produces small amplitude whistlers which is confirmed
by a linear scaling between waves and antenna currents. Thus, linear superposition of wave
fields is permissible. Instead of using two physical antennas, the data of one antenna can
be shifted in space and superimposed to obtain the wave packet propagation of two or more
antennas. The first example will show the interference of whistler modes excited by two
loops at opposite ends of the measurement plane, z = 0 and z = 35 cm.

Figure 9 shows a comparison between the fields excited by a single loop and by two loops.
The latter is obtained by adding the left propagating wave of the single loop [see Fig. 2(a)]
to the right propagating wave. Therefore only the plane between the antennas is shown.
The loop axis is oriented along the dc magnetic field but similar results are obtained for the
orthogonal loop orientation.

Figures 9(a,b) show that, although the wave is damped, the amplitudes of the counter-
propagating waves are comparable in the center region and form nearly perfect standing
waves for B,. Since the B, components of both antennas have the same sign, they add at
the geometric center forming a maximum or antinode. Nodes in B, (nulls) are formed at
A/4 adjacent to the maxima.

The dipolar field is linked by a toroidal field. Figures 9(c,d) show the interference of the
transverse field component B,. B, has similar properties since both form the toroidal field.
Since the toroidal field direction depends on the propagation direction with respect to By,
the two opposing toroidal fields cancel at the center where the axial fields add. The toroidal
fields add where B, has nulls and vice versa (see dashed lines). Thus, the standing wave
has no field line linkage or helicity in contrast to the propagating wave. Standing waves do
not satisfy the force-free condition of traveling whistler modes, hence the J x B term may
produce nonlinear wave-wave interactions. For wave amplitudes exceeding the ambient field,
the wave fields merge forming a field-reversed configuration (FRC) for the total magnetic
field which has been studied earlier [19].

The whistler standing wave produces no complete field cancelation because the nodes in
B, and By occur at different locations. The interference is also complicated by the conical
phase fronts which prevent total constructive or destructive interference off-axis. Wave

reflection from conducting boundaries produces even less amplitude modulation since the



reflected wave is usually smaller than the incident wave.

Figures 9(e,f) show the total wave amplitude |B| = (B2+ B2+ B2)"/? on axis (z = y = 0)
vs time. For a single antenna located at z = 0, the field propagates away and damps before
reaching the ends of the chamber such that standing waves due to end wall reflections do
not arise. For two antennas at z = 0 and z = 35 cm, the fields from both sources propagate
toward the center (z = 17 cm) where they repeatedly form amplitude maxima and minima.

The modulation depth is largest on axis where the toroidal field vanishes.

C. Directional radiation from two loop antennas

When two antennas are placed close to each other, the interference can produce different
amplitudes on the two sides of the antenna, i.e. produce asymmetric radiation with respect
to By.

The most effective method to produce high directionality is by assembling an antenna
configuration resembling the topology of the wave inside the plasma. This can be accom-
plished by placing two antennas spaced axially apart by A/4, one exciting a B, component,
the other a B, component. The antennas can be rotated by 90° and fed in phase or by
two antennas without rotation but fed by currents with a 90° phase shift. The phase shift
between B, and B, determines the preferred direction of wave propagation. The antenna
should be smaller than the wavelength, otherwise the antennas overlap and couple. The
present antenna diameter is about A/3.

Figure 10 shows the superposition of fields from two loop antennas with the same direction
of the dipole moment (L By) and a 90° phase lag between the antenna currents. Both the
axial field B, [Fig. 10(a)] and the transverse field B, [Fig. 10(b)] as well as the total field
strength |B| [Fig. 10(c)] show a high asymmetry in +z-direction. This phased antenna
radiates preferentially in +z-direction with an amplitude ratio Bpax/Bmin = 8, i.€., a power
ratio of 64 or 18 dB. Phase reversal switches the preferred radiation into the —z direction.
The same directionality is obtained when the two antennas are fed in phase, separated axially
by A/4 but one loop is rotated by 90°.

Earlier experiments have reported antenna directionality [20, 21]. The antennas consisted
of a current knot or a torus with a linked loop through the center. Such antennas produced

helical fields matching the helicity of whistler waves. It was argued that helicity injection and



conservation creates the antenna directionality. The present experiments show that antennas
without current linkage also produce directionality. Figure 11 compares two phased loops
with different directions of dipole moments. For orthogonal dipole moments [Fig. 11(a)l,
it could be argued that two phased loops still inject helicity since their combined field is
twisted. But for dipole moments parallel to By [Fig. 11(b)], the resultant antenna field
has no helicity, yet the phase shift produces directionality. The simplest explanation for
producing directionality is that the antenna has to produce a traveling field which matches
that of the whistler mode. The latter has both B, and B, fields and the antenna can match
to either or both of them.

In principle, several loops can be stacked as an end-fire array like Yagi antennas [22] , but
observations show that even a third antenna does not significantly improve the directionality.
The antennas must be spaced A\/4 apart. Two antennas spaced \/2 apart and phase shifted
by 180° do not produce directionality since they do not distinguish between the sense of
rotation of the spatial polarization.

Many helicon antennas are A\/2 long [17]. Magnetic antennas with helicity are also em-
ployed for helicon sources [11]. Strong coupling, hence efficient ionization, is observed when
the antenna field topology matches that of the m = 1 helicon mode in a plasma column.
Since the antenna is usually placed at the end of the plasma column, the property of antenna
directionality has apparently escaped attention.

It should be pointed out that the same loop arrays can also be used as receiving anten-
nas. They possess directionality, but reciprocity does not hold. For example, a directional
antenna which transmits along By produces a large received signal in an identical antenna
at some distance along By. But when the receiving antenna is chosen as an exciter and
the original exciter as a receiving antenna, no transmission is possible since the direction of
wave propagation is reversed. Both antennas would have to reverse their phasing to permit

transmission in the opposite direction.

D. Rotating antenna fields

Circularly polarized waves are excited in free space with either crossed electric dipoles or
crossed magnetic loops. The dipole signals are phase shifted by 90° and produce a rotating

field. Since the whistler mode is a circularly polarized electromagnetic wave, it is natural to
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use right-hand rotating magnetic fields for efficient wave excitation [8], plasma production
[17], and confinement [23]. We can easily evaluate here the properties of a rotating-field
antenna by superimposing the fields of two loop antennas at the same location, rotated by
90° and phase shifted by 90°. The present focus is on the antenna coupling to whistler
modes in a uniform plasma. The dipole moments of the loops are orthogonal to By.

Figure 12 shows vectors of the transverse field (B,, B,) and contours for the total field
strength |B| in z—y planes at a fixed time for different conditions. Figure 12(a) shows,
for a right-handed rotation of the antenna field, a strong dipole field, predominantly in x-
direction, and an azimuthally uniform distribution of the total field strength at Az = 18 cm
from the antenna. For a left-handed rotation of the antenna field, Fig. 12(b) shows a weak
wave field because the applied field rotation is opposite to the polarization of the whistler
mode.

There is no phase shift in Fig. 12(c) between the two orthogonal loops, hence the antenna
field is linearly polarized at 45° with respect to either loop. The received wave amplitude
is almost as strong as that excited by the rotating antenna. A rotating antenna offers little
improvement over a linearly polarized one.

Figure 12(d) shows once more the wave field from the rotating antenna but now in an
x—y plane on the opposite side of the antenna (Az ~ —12 cm). The strong signal shows
that the rotating antenna excites waves in both directions along By, i.e. is not directional.
The vector rotation and slight increase in field strength are due to the closer distance to the

antenna. In conclusion, the largest waves are excited by directional antennas.

IV. CONCLUSION

Basic properties of magnetic loop antennas have been presented for exciting low frequency
whistler modes. The wave field topology is shown for different directions of the antenna
dipole moment with respect to Bg. Spatial wave packets are launched whose fields have
three components that vary in space and time. When the antenna dipole moment is along
By, the induced field resembles a vortex with linked poloidal (dipolar) and toroidal fields.
When the dipole is aligned across By, a transverse field is excited which rotates with circular
polarization. The transverse and axial field components combine in 3D to form two opposing

flux tubes which spiral around Bg. The field lines exhibit right-handed twist and left-handed
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writhe. The two modes resemble the m = 0 and m = 1 bounded helicon modes but are not
caused by boundary effects.

As the waves propagate away from the antenna, the phase fronts assume a conical shape
since oblique propagation is slower than parallel propagation. The cone angle suggests
oblique wave propagation in the Gendrin mode whose group velocity is field aligned. The
wave is axially damped predominantly by Landau damping and Coulomb collisions. Whistler
modes possess magnetic helicity whose sign is positive (negative) for propagation along
(opposite to) By. The spatial polarization of the rotating field vector along By also changes
sign, but the temporal polarization is always right-handed.

The field of two or more antennas is obtained by superposition of linear waves excited
at different antenna locations. Whistler standing waves have been produced with counter-
propagating whistler modes which is a different approach than by wave reflection from
conducting boundaries [24]. The transverse and axial field components interfere construc-
tively and destructively at different locations such that no absolute field nulls arise. The
standing wave has no helicity and assumes an FRC topology for large amplitudes [19].

A whistler Yagi-type (end-fire array) array antenna is investigated, using a minimum of
two phased loops spaced a quarter wavelength apart along By. When the antenna field
matches that of a whistler mode, a strong wave is excited in one direction but not in the
opposite direction. The directionality is not due to helicity injection. Directional whistler
antennas are not reciprocal for transmitting and receiving [20, 21]. An antenna with rotating
field produces no directionality.

The main conclusion is the importance of measuring three field components in 3D space to
assess the antenna or wave properties correctly. Single point measurements as, for example,
on spacecraft cannot establish whether the wave is a plane wave or a wave packet. Single
component measurements cannot identify the field topology. For wave packets, plane wave
theory is hardly applicable when the gradient scales of the plasma or magnetic field are
comparable to the wavelength. Interference of whistler modes yields wave packets with
locally varying polarizations.

In most laboratory experiments reported so far only single antennas have been used. The
present work shows that interference effects between multiple antennas can produce useful
applications. We will show in the companion paper [10] that antenna arrays can produce

nearly plane whistler waves, whose angle of propagation can be varied by phasing. Also,

12



different directions of group and phase velocities can be produced, suggesting that wave

focusing is possible.
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FIG. 1: Schematic diagram of the experimental setup with basic plasma parameters.
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FIG. 2: Fields of a whistler mode excited by a loop antenna whose dipole moment is aligned
with the uniform guide field By. (a) Snapshot of the axial field component B, (0,y,z). Black
lines indicate the poloidal (dipolar) field similar to the loop field. (b) Snapshot of the transverse
field component B, (0,y, z). The third component B, (0,y, z) is as in (b) but shifted by A/4. The
perpendicular field forms a toroidal field, indicated by black lines, which links with the toroidal
field so as to produce positive magnetic helicity for z > 0 and negative helicity for z < 0. Scale

varies by a factor 2 per contour.
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FIG. 3: Magnetic field topology of wave fields excited by a loop antenna with dipole moment along
By. (a) 3D view of two field lines intersecting a plane with contours of B,. The field lines exhibit
both twist and writhe which is better seen by a 3D flux rope displayed in (b). The flux ropes have
a constant triangular cross section which shows a right-handed twist around the guiding center.
The two ropes also twist around each other. The writhe is also right-handed, indicating positive

magnetic helicity for the wave which propagates along By.
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FIG. 4: Fields of a whistler mode excited by a loop antenna whose dipole moment is aligned
perpendicular to the uniform guide field By. (a-c) Three field components are shown at a fixed
time in the central y—z plane (z = 0). The phase fronts are conical and the phase velocity angle is

close to the Gendrin angle, arccos(2w/we.) ~ 44°.
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(a) B, contours B flux rope (b) 3D B flux rope

(c) 3D J rope (d) J*B contours
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FIG. 5: Field topology of whistler modes excited by a loop antenna with dipole moment orthogonal
to By. (a) Contours of B,(y, z) and a 3D flux rope penetrating the x = 0 plane. (b) The same flux
rope without the contour plane showing that it consists of two left-handed helices with field lines
in opposite directions. Note that the flux ropes have a right-handed twist. (c) 3D ropes of the
current density J =V x B/pug, also forming two opposing left-handed helices. (d) Contour plot of

J - B showing a positive sign, i.e. J || B or the helicity of the current density is positive.
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FIG. 6: Schematic figure explaining the rotation of B in EMHD plasmas by convection of frozen-
in field lines. The field vector B, is associated with electron drifts v, which produces a motional
electric field with a curl in z-direction. This creates a field in —z-direction which rotates B,

counterclockwise.
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FIG. 7: Spatial and temporal polarization of whistler modes. (a) Schematic display of the field
vectors along the z-axis as derived from Fig. 2(a,b). The axial hodogram of (B, B,) forms a
left-handed spiral in the direction of wave propagation along By and a right handed spiral along
k for propagation against By. The measured hodograms are in agreement with the schematic
picture. (b) The temporal polarization is always clockwise or right-handed with respect to By at

a fixed position, irrespective of direction of wave propagation, as demonstrated by the measured

hodograms.
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FIG. 8: Time-of-flight diagram of the wave field B,(z,t) for x = y = 0 for two different densities,
(a) in the early afterglow and (b) late afterglow. The initial velocity at turn-on yields the group
velocity which is identical to the parallel phase velocity for Gendrin modes. The plasma frequency

is obtained from vgroup = cWee/(2wpe)-
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(a B, Single antenna (b) B, Two opposing antennas

FIG. 9: Generation of standing whistler waves between two antennas with dipole axis along By.
Axial field component B, for (a) a single loop antenna and (b) for two loops located at z = 0
and z = 35 cm. (c), (d) The transverse components B,(y, z) for both cases. (e), (f) The total
wave amplitudes in the z—¢ plane (z ~ y ~ 0) showing wave propagation for one antenna and
standing waves for two antennas. The vertical dashed lines indicate that at the maximum of B,

the transverse field assumes a minimum and vice-versa, hence no absolute field nulls arise.
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FIG. 10: Directional radiation from two loop antennas separated by A\/4 and delayed by 7/2w =
50 ns. (a) Axial field component B, (y, z), (b) transverse field By(y, z), and (c) the total field

strength |B|(y, z). The antenna radiates preferentially along By.
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FIG. 11: Directional radiation from two phased loops with dipole moments (a) across and (b)
along Bg. Both cases exhibit directionality, although they have different field topologies as seen in

B, (y, 2).
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FIG. 12: Whistler modes excited by an antenna with a rotating magnetic field. Displayed are
vectors of (B, By) and contours of |B| in z—y planes at a distance Az = 18 cm from the antenna.
(a) Right-handed field rotation excites a strong wave field while (b) a left-handed field rotation
does not couple well to whistlers with right-handed polarization. (c) Field excited by both loops in
phase which produces a linear polarization at 45° with respect to either loop. it is almost as efficient
as a rotating field antenna. (d) A strong field is also excited on the opposite side of the antenna
with right-hand rotating field (Az ~ —13 c¢m). Thus rotating antennas exhibit no directionality

with respect to By.
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