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ABSTRACT
The presence of instabilities in a low density, low temperature plasma expanding through an axially symmetric magnetic nozzle is
investigated in the context of non-classical electron cross ﬁeld transport. Electrostatic probes are used to characterize the background plasma
properties and instabilities. The measurements show a primarily azimuthally propagating mode with a broad, incoherent power spectrum
that appears linear at low frequencies. It is demonstrated that the observed dispersion is consistent with the lower hybrid drift instability. The
energy and linear growth rate of this wave are related through quasilinear theory to an effective electron collision frequency that is shown to
be dominant over classical collisions.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0012668

The non-classical transport of charged particles across an
expanding magnetic ﬁeld plays an important role in a number of
plasma physics subﬁelds ranging from large-scale fusion1,2 and astrophysical systems3,4 to compact, low temperature plasmas.5–8 This phenomenon is especially relevant for the magnetic nozzle (MN), an
electric propulsion concept that leverages the expanding ﬁeld geometry to convert thermal energy into directed ﬂow.9–13 In MNs, cross
ﬁeld transport is critically linked to the process of detachment,
whereby the expanded plasma ultimately decouples from the magnetic
ﬁeld. Without a mechanism to detach, plasma will return along the
ﬁeld lines, negating thrust. To date, although there have been a number of proposed theoretical mechanisms for electron detachment in
MNs including classical electron resistivity,14 ﬁnite electron
inertia,8,15,16 and magnetic ﬁeld line stretching,17,18 there is yet to be a
consensus about which, if any, is dominant.9,19 The lack of a clear
mechanism to explain the electron transport suggests that there may
be other as of yet undiscovered processes in the plasma. Given that the
plumes of these low temperature devices are typically characterized by
strong cross ﬁeld gradients in potential and density, there is reason to
believe—as has been seen in similar systems7,20—that drift waves may
play a governing role in enhancing particle transport. However, there
has been no direct experimental evidence of cross ﬁeld, drift instabilities in this plasma conﬁguration, or link to the transport they may
induce. In light of this, the goal of this investigation is to explore
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experimentally the transport-inducing instabilities in the plume of a
low temperature MN and to relate their presence to an effective transport term. To this end, we describe, in this Letter, the use of a twopoint probe technique to measure the wave properties in a canonical
low temperature MN geometry; we interpret the measured dispersion
in the context of the linear theory of the lower hybrid drift instability
(LHDI); and we employ quasilinear theory to relate the energy in the
measured waves to an enhanced, non-classical electron transport term.
Figure 1 shows the microwave-driven MN we used for this study
as well as the magnetic ﬁeld topology and coordinate conventions.
This MN is based on the design of Cannat et al.21 and Wachs and
Jorns22 where a diverging magnetic nozzle is formed by annular permanent magnets, and electron cyclotron resonant heating is employed
to generate the plasma via a coaxial antenna. During testing, the device
was operated at 17 W with 2 sccm of xenon fed radially into the
upstream portion of the 25 mm diameter discharge region. We conducted tests in the Junior vacuum facility at the University of
Michigan, a cylindrical chamber 1 m in diameter and 3 m in length
with an operating backpressure of 4:3  106 Torr measured at the
wall.
We employed two sets of translating probes to measure the timevarying and steady-state plume properties in the MN as shown in
Fig. 1(b). For time-varying measurements, we adopted a two-point
measurement technique where we used orthogonal pairs of cylindrical
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FIG. 1. (a) Magnetic ﬁeld contours, ~
B, and strength B of the MN and (b) Image of
the MN operating on xenon along with notional probe orientations (not to scale) and
coordinate conventions. The probes were operated in two orientations. In the ﬁrst,
their axis of symmetry was in the ^
h direction (out of the page). In the second, it
was in the -^r direction (toward the centerline). The thruster has a diameter of
25 mm at the exit plane (z ¼ 0).

probes 5 mm in length and 1 mm in diameter biased to ion saturation.
These pairs were separated by 7 mm in the ^r and ^z directions and
5 mm in the ^h direction. Following the histogram-based approach of
Refs. 23–26, we used the temporal and spatial correlations of the relative ﬂuctuations of ion saturation current ~i sat =i sat to estimate the wave
dispersion and power spectra. For steady-state plasma properties, we
employed a swept Langmuir probe of the same dimensions to characterize the plasma density, plasma potential, and electron temperature.
Given the known non-thermal nature of the electrons in ECR sources,
we followed the approach of Ref. 27 in using the moments of the electron energy distribution to determine the temperature, followed the
industry-standard orbital motion limited procedure28 for the density,
and found potential using the standard ﬁrst-derivative technique.28
We moved both the Langmuir and wave probe sets through the ^r  ^z
plane of the thruster, yielding spatially resolved measurements of the
plasma properties over a domain 30–150 mm downstream from the
thruster exit and 0–130 mm radially from the centerline.
Figure 2 shows the measured plasma potential and plasma density in the MN plume. We do not show the electron temperature Te as
we found it to be approximately isothermal throughout the measurement domain 13 6 2 eV. As shown in Fig. 2, the monotonic

FIG. 2. Two-dimensional maps of (a) plasma density n and (b) plasma potential /
at an operating condition of 17 W power and 2 sccm xenon ﬂow rate. The black
lines represent magnetic ﬁeld lines. The axial origin (z ¼ 0) is deﬁned to be at the
exit of the discharge chamber.
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decrease in density downstream of the source is an indication of the
expansion of the plume. The potential proﬁles follow a similar trend,
decreasing monotonically in magnitude from the source. This potential proﬁle is the consequence of an ambipolar ﬁeld established
between ions and electrons and is responsible for ion acceleration.
Similar plasma property distributions have been observed in previous
work27,29 although in a signiﬁcant departure from the most recent
study by Little and Choueiri,8 we do not observe potential wells (characterized by an off-axis increase in the potential) at the vacuumplasma interface (deﬁned by the outermost magnetic ﬁeld line that
intersects the exit plane). The potential instead decreases smoothly
and monotonically in the radial direction outside of r  20 mm, with
the exception of a small dip that appears closest to the MN exit plane.
The latter feature may be a consequence of the presence of the central
conducting pin obstructing the plasma although we note that similar
potential wells have been noted in ECR plasma sources in previous
work.30 According to this reference text, the formation of the potential
peak-off center may be a response to upstream ions diffusing faster
than the more magnetized electrons due to a ﬁnite ion temperature.
For the purpose of this study, however, the most salient feature is the
existence of strong density and potential gradients off the centerline
and across the conﬁning magnetic ﬁeld topology. These gradients
drive the azimuthal drifts that can serve as the energy source for the
onset of instabilities.
With this in mind, we show in Fig. 3 examples of dispersion measurements in three directions ð^r ; ^z ; ^hÞ at ðr; zÞ ¼ ð25; 50Þ mm. These
results show the intensity of relative ion saturation ﬂuctuations as a
function of wavenumber normalized by the electron Larmor radius,
e vte
(3 mm locally), and frequency normalized by the ion plasma
rL ¼ meB

FIG. 3. Measured dispersion relation in the (a) radial, (b) axial, and (c) azimuthal
directions at the location z ¼ 50 mm and r ¼ 25 mm where the plot color scale has
been saturated to illustrate the trends. (d) The power spectral density at the same
point as (a)–(c); (e) the power spectral density at z ¼ 110 m and r ¼ 50 mm. The
white and yellow lines in (c) are the theoretical real solution and 10 the growth
rate, respectively, of Eq. (1), with conﬁdence bars represented by dashed lines.
Each plot presents frequencies and wavenumbers normalized to the plasma frequency and Larmor radius, respectively (left, bottom axes) as well as physical values (right, top axes).
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frequency (4.4 MHz). Here, we have corrected for an aliasing in the
wavenumber that stems from the ﬁnite distance between probe tips by
following the procedure in Ref. 31 and concatenating the measured
datasets. This correction is the reason for the duplicate structures, such
as the traces in the upper left and lower right of Fig. 3(b). The dispersion plots show that while there is little dispersion in the radial direction, there is an evident relationship between frequency and the wave
number in both the azimuthal and axial directions. This suggests the
waves are propagating in both directions with frequencies extending
up to the local ion plasma frequency. These characteristics are consistent with the physical interpretation that instabilities can be driven
unstable by gradient-driven electron drift in these devices.
Figure 3(d) shows the power spectral density corresponding to
the dispersion plots in Figs. 3(a)–3(c). These results indicate that these
oscillations are broadband and turbulent in nature characterized by an
inverse power law decay with frequency. We note that although we
found that these azimuthal broadband modes persisted throughout
the measurement domain, at the downstream edge (z > 70mm), we
also observed a more coherent oscillation superimposed on the
power spectrum at approximately 13 kHz and a harmonic at 26 kHz
[c.f. Fig. 3(e)]. There were no unambiguous trends in dispersion for
these modes although similar low-frequency oscillations have been
observed before in MNs and attributed to longitudinal ion acoustic or
ionization waves.32,33 As the low frequency modes we measured did
not appear everywhere and were not unambiguously azimuthal, we
focus instead on a more detailed analysis of the broadband oscillations
in the drift direction.
To this end, we can interpret the dispersion measurements in the
context of the linear theory for drift-driven waves in low temperature
plasmas. There are several salient features of the dispersion that guide
us. First, we consider the potential energy sources for wave growth.
There are two possible electron drifts in the plasma that may contribBÞ=ðenj~
Bj2 Þ, and
ute to growth, the diamagnetic, ~
v D ¼ ðTe rn  ~
2
~
E ~
BÞ=ðj~
Bj Þ, where ~
E ¼ r/ is the electric
E ~
B drift, ~
v E ¼ ð~
ﬁeld. Using these expressions and the results in Fig. 2, we have found
that the diamagnetic drift is on average an order of magnitude higher
than the ~
E ~
B drift. Furthermore, it is universally in the same direction as the wave propagation. The E  B drift, however, switches sign
at approximately r ¼ 20 mm, as evidenced by the potential peak implying a reversal of the electric ﬁeld direction. This suggests at least by
correlation that the diamagnetic drift is the dominant energy source.
Second, Fig. 3(a)–3(c) show that the perpendicular wavelength is comparable to the electron Larmor radius. This implies that the wave is
characterized by ﬁnite Larmor radius (FLR) effects and is, therefore,
likely kinetic in nature. Finally, we measure ﬁnite propagation parallel
to the magnetic ﬁeld.
Taken together, these features of the dispersion suggest that the
observed mode may be a lower hybrid drift instability (LHDI) with
ﬁnite parallel propagation.34,35 Indeed, the LHDI with parallel propagation is driven unstable by an electron pressure gradient; it propagates in
the direction of the electron diamagnetic drift velocity34,36; it is characterized by FLR effects; and in low temperature, partially magnetized
plasmas, it has been observed to exhibit a broadband power spectrum.36
Moreover, the LHDI previously has been proposed as a dominant instability in higher power, fully magnetized nozzles37,38 and appears prominently in magnetic reconnection transport studies.35,36,39–43
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To analyze the LHDI in our MN, we consider a dispersion relation adapted from the form derived by Carter et al.36 in which they
assumed a Maxwellian distribution of electron speeds in Cartesian
coordinates, allowed for ﬁnite propagation parallel to the magnetic
ﬁeld and FLR,
x2pi
1
þ
0¼1
ðx þ k? vE Þ2 k2 k2D
"

 
#
x  k? vD k2 rL2 =2
k2? rL2
x
 1þ
e ? I0
Z
;
kk vte
kk vte
2

(1)

where vte is the electron thermal velocity, I indicates a modiﬁed Bessel
function of the ﬁrst kind, and Z is the plasma dispersion function. In
departure from Ref. 36, which derived their result in the frame of reference of zero electric ﬁeld, we instead show the form in the ion frame of
reference. We have also made the assumption that ions are much
colder than electrons, Ti  Te , and that the phase velocity component
in the parallel direction is larger than the parallel electron drift,
x=kjj  vejj . The latter criterion is valid, provided that the electron
drift speed is ambipolar (i.e., comparable to the ion drift speed).15,44
In order to compare the theoretical result with our measurements, we use the probe results to estimate the terms in Eq. (1). The
electron drift speeds are informed by the gradients in Fig. 2, and we
determine the local experimental values of kk by projecting the propagation vector (kr, kz) onto the local magnetic ﬁeld. With these estimates, we then solve Eq. (1) numerically for both real and imaginary
components of the frequency as a function of perpendicular wavenumber, xðk? Þ. Figure 3 shows the result along with estimated conﬁdence intervals. We generated these trends by assuming that the
uncertainty in the plasma measurements (according to Ref. 28) is normally distributed, randomly sampling from these distributions, and recalculating the dispersion. The indicated results reveal that the real
component of the solution matches the measured dispersion within
uncertainty. It is particularly notable that the change in the slope with
the wavenumber is also reﬂected by the theoretical result. Moreover,
the imaginary component of the frequency is positive for all wavenumbers, indicating that LHDI waves are unstable and can spontaneously onset for these plasma conditions. Coupled with the marked
agreement with the real dispersion, this fact suggests that the wave is
likely LHDI.
Indeed, while we only show the comparison for one location
in the plume, we found that the LHDI was unstable at all locations
in the plasma and that the real component of the predicted relation
matched the shape and direction of the measured dispersion everywhere. With that said, there were some regions where the magnitude of the predicted frequency differed by up to a factor of four
from measurements. These areas were concentrated off center
and upstream (r ⲏ 20 mm; z ⱗ 70 mm). This is not unexpected;
however, given the number of simplifying assumptions, we
employed Eq. (1). For example, these periphery regions near the
vacuum interface have been shown to be characterized by
effects not included in this derivation such as departures from
quasineutrality.8 The fact that we see marked agreement over the
majority of plumes is quite notable considering the simpliﬁcations
made in deriving Eq. (1).
Given the evidence that the observed modes are LHDI, we ﬁnally
can turn to the central question regarding its role in electron transport
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in the MN plume. Indeed, the growth of the LHDI has already been
linked to enhanced cross ﬁeld motion in a number of other plasma
conﬁgurations.36,45,46 To evaluate its potential impact for our system,
we adopt a quasilinear approach in which we introduce a transport
coefﬁcient, an effective collision frequency, attributed to the LHDI.
Physically, this coefﬁcient represents the rate at which the wave grows
at the expense of the electron momentum. As the electrons lose energy
to the wave growth, they slow down in a manner that manifests as a
resistive drag force. This drag coupled with the background magnetic
^ motion of the electrons. Following
ﬁeld facilitates a cross ﬁeld (?)
Refs. 36 and 47, the quasilinear form for the effective collision frequency from the LHDI can be expressed as  eff ¼ ne mqe ve hdEh dni,
h
where d indicates an oscillating property and angle brackets imply a
phase average. We use the theoretical expressions for these perturbed
quantities from Ref. 36 to write
(

 "
X dnx 2
vte2
Im
k 1 þ ðx  k? vD Þ
 eff ¼
2vD
n
x
#1 )


1
x
2
ðkrL Þ2 =2
e
Z
I0 ððkrL Þ =2Þ
;
(2)

kk vth;e
kk vt;e
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
where k ¼ k2? þ k2k is the total wavenumber, dnx denotes the density ﬂuctuation for the component of the LHDI spectrum oscillating at
frequency x, and the summation is over all frequencies in the spectrum. To evaluate Eq. (2), we use the measured values of the plasma
properties inferred from Fig. 2 and the linear dispersion to relate x
and k? . For the density ﬂuctuations at each frequency, we make the
approximation that the measured ion saturation current scales with
~ =n.31,48 Following this approach,
the density ﬂuctuations, ~i sat =i sat ¼ n
we show the inverse calculated collision frequency in Fig. 4, where we
have normalized at each location by the local cyclotron frequency.
This plot, thus, shows the electron Hall parameter, Xe ¼ meBe , which is
a relative measure of the magnetization of the electrons. For comparison, we also show the Hall parameter due to the classical electron-ion
collision frequency (Ref. 49), deﬁned in this situation to be 2:18
1011 nTe3=2 for singly charged xenon ions.
The resulting spatial plots illustrate that the Hall parameter
attributed to the LHDI is several orders of magnitude lower than its
classical equivalent, indicating that it has a non-negligible impact on
electron transport. Indeed, in the downstream region (z > 100 mm),
the Hall parameter drops below 100, whereas classically, the Hall
parameter is over 10 000. While this decrease in the Hall parameter is

FIG. 4. Spatial dependence of the Hall parameter for assuming (a) classical and (b)
wave-driven collision frequencies. The axial origin (z ¼ 0) is deﬁned to be at the
exit of the discharge chamber.
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substantial, values of 100 may still seem to imply conﬁnement.
However, we note that similar values have been determined to be sufﬁcient to alter electron streamlines substantially in other crossed-ﬁeld
low temperature plasmas.50 Moreover, if we assume an electron velocity in the r – z plane that is comparable to the ion velocity51 (around
10 km/s, estimated from a previous experiment on this thruster52), we
can calculate a mean free path corresponding to the effective collision
frequency. This value is around a centimeter, which is less than the
thruster diameter and much less than the transit length through the
plume, implying that electrons are affected by these effective collisions.
Furthermore, relating these results back to previous MNs, we remark
that Little and Choueiri concluded that the effective electron collision
rate would need to be two orders of magnitude higher than the classical value to yield transport effects comparable to the FLR effect they
studied.8 Our results show that, at least for our MN, the role of instabilities may account for this two order of magnitude shortfall (Fig. 4).
In light of these previous observations, our results in Fig. 4 suggest that
the role of wave-driven resistive effects in electron detachment cannot
be ignored.8,9
With this in mind, this non-classical resistivity will have a direct
impact on the electron trajectories and thruster performance. As the
LHDI grows at the expense of the diamagnetic drift, the effective azimuthal drag on the electrons combined with the magnetic ﬁeld will
push the electron trajectories radially outward and down the pressure
gradient. This notably is in the same direction as predicted from FLR
detachment.8,53 As discussed in these previous works, the increased
divergence of the electrons drives a radially directed ambipolar ﬁeld
that pulls the ions away from the thruster centerline. Even the ions
close to the centerline that are conﬁned by the off-axis potential peak
[Fig. 2(b)] are likely affected, as increased radial transport of electrons
would lower this barrier, allowing ions to expand as well. Although the
effect is likely smaller for this population, the net effect qualitatively is
an increased divergence and lower thrust. However, we cannot quantify the degree to which this effect will adversely impact thrust as we
do not have a direct measurement of the ion and electron trajectories.
We also note that while the LHDI will drive divergent electron detachment, it cannot be the only detachment mechanism for the electrons.
Indeed, for the MN ultimately to produce thrust, the electrons must
detach inward to follow the more convergent ions and maintain quasineutrality. This is in the opposite direction of motion that we anticipate based on the non-classical, wave-driven effect. Thus, while we
anticipate based on our results that non-classical effects cannot be
ignored in addressing the electron dynamics of our MN, the problem
of global detachment and subsequent recombination of the species
downstream remains an open question.
In summary, we have observed in this study azimuthally propagating waves in a low temperature, partially magnetized MN subject to
an expanding magnetic ﬁeld. We have determined based on linear dispersion relations that the observed instability is likely an LHDI, and
we have discussed the implications of this mode on the macroscopic
transport properties of the nozzle. While we have only considered the
LHDI dispersion relation under the simplifying assumption of a uniform magnetic ﬁeld, we show here that this linear relation still appears
to be valid–agreeing quantitatively with wave measurements—in our
expanding geometry. We have further explored the effect that the
LHDI has on electron transport and concluded that it can enhance the
effect of resistive transport by two orders of magnitude and, in turn,
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may lead to divergence. The discovery of non-classical transport in
this class of low temperature plasmas has broad implications in the
ﬁeld. Indeed, while turbulence-driven cross ﬁeld transport is a wellestablished phenomenon in large scale, higher energy plasmas such as
those encountered in energy research54 and astrophysical systems, we
have shown here that this effect is dominant in a lower temperature
device. This suggests that classical theory for transport may need to be
revisited in a wider range of low temperature plasma systems such as
in probe analysis techniques55,56 and conﬁned plasmas employed for
plasma material interactions.57 For MNs in particular, our ﬁnding that
non-classical transport may dominate the electron dynamics is a paradigm shifting result for the understanding of electron detachment
where historically such resistive effects have been neglected.
This work was funded under NASA Space Technology and
Research Fellowship Grant No. 80NSSC17K0156.
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