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Electron demagnetization in a magnetically expanding plasma, a fundamental process for plasma flow
and detachment in magnetic nozzles, is experimentally investigated using a rf plasma source and magnetic
nozzle (MN). Measurements of the plasma potential spatial profile reveal an ion-confining potential
surface, indicative of the edge of a magnetized plasma, that extends along the outermost magnetic flux
surface. The downstream extent of the potential surface scales inversely with a characteristic electron
Larmor radius, which agrees with an existing theory [E. Ahedo and M. Merino, Phys. Plasmas 19, 083501
(2012)] for electron demagnetization via finite electron Larmor radius (FELR) effects. These results
represent the first experimental evidence of FELR demagnetization, and provide an empirical metric for the
significance of FELR effects based on the degree of separation between electron and magnetic flux
surfaces. With this metric, a critical magnetic field strength is found that ensures electrons remain
magnetized through the MN turning point, thus avoiding the rapid plume divergence associated with

premature demagnetization.
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Plasma flow along an expanding magnetic field, in
addition to being a naturally occurring phenomenon in
the solar wind [1] and astrophysical jets [2], also plays
a significant role in plasma processing [3] and propul-
sion technologies [4—6]. The nature by which the plasma
flow decouples (i.e., detaches) from the magnetic field is
fundamentally important as it marks the transition between
magnetized and unmagnetized flow regimes, thus impac-
ting a variety of critical physics such as mass and energy
transport [7], instability growth [8], and wave propagation
[9]. Detachment is especially important for space electric
propulsion concepts that utilize magnetic nozzles (MNs)
[10] because plasma propellant returning along the mag-
netic field degrades performance and represents a hazard to
sensitive spacecraft components.

Theories for MN plasma detachment have been proposed
based on a variety of physical processes, including colli-
sions [11,12], instabilities [13,14], finite Larmor radius
effects [15,16], and magnetic field perturbations [17,18].
Experiments have shown that the ion streamlines and
plasma density profile diverge less than the downstream
magnetic field [13,19-21], in agreement with theoretical
models [22]. Despite its importance, experimental inves-
tigation into electron demagnetization in the downstream
region is notably absent from the literature. In this Letter,
we experimentally examine electron dynamics in a MN
using measurements of the plasma potential profile, and use
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the resulting insight to answer the question: what is the
cause and consequence of electron demagnetization in a
magnetically expanding plasma?

Experiments were performed using an 18.5 cm long,
7.5 cm diameter rf plasma source (PS) mounted inside a
7.6 m long, 2.4 m diameter dielectric vacuum chamber
(Fig. 1). The MN consisted of two electromagnetic coils
(r. =7.51 cm) positioned near the exit of the PS. The field
strength at the center of the MN, B, was controlled with
the coil current, I, such that By[G] ~ 211[A]. Data were
obtained at a fixed rf frequency, delivered power, argon
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FIG. 1. (a) Schematic of the plasma source, electromagnets,
magnetic field lines (dashed), intersecting magnetic field line
(dashed bold), probe range (shaded), and measurement arcs
(solid arcs). (b) Photograph of the operating plasma source
(P =500 W, i = 2 mg/s) and magnetic nozzle (Iz = 20 A).
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FIG. 2. Plume divergence decreases with increasing magnetic
field strength. @5 represents the divergence half-angle calculated
assuming the ion streamtubes and magnetic field lines diverge at
the same rate. 0, represents the prediction from a two-fluid
plasma model [32]. By coincides with ry = ry,.

mass flow rate, and background pressure of 13.56 MHz,
500 W, 0.5 mg/s, and ~20 uTorr, respectively. Detailed
characterizations of the plasma source and downstream
plasma can be found in Refs. [23,24].

Three diagnostics were used for this study: a rf-
compensated Langmuir probe (LP) [25], emissive probe
(EP) [26], and Faraday probe (FP) [27]. The LP provided
the plasma density, n, and electron temperature, 7',. The EP
provided the plasma potential, V,, using the floating point
method [26] and correcting for double sheath effects [28].
Additional details regarding probe construction, operation,
and data analysis may be found in Refs. [24,29]. The
FP, used to measure ion current density, consisted of a
6.0 mm diameter flat electrode surrounded by a 2.5 mm
wide guard ring, both biased to —27 V. A guard ring was
used to ensure the formation of a flat sheath in front of the
collection electrode, thus reducing measurement error [27].

A translation stage (TS) was used to take measurements
along an arc centered on the thruster exit. The TS was
physically limited to 6, € [-20,95] degrees. Throughout
this Letter, we will reference the downstream location of
each sweep using the axial distance of the probe tip from
the MN throat, z, [as shown in Fig. 1(b)]. Measurement
sweeps were taken at seven equally spaced downstream
locations within the range z, € [20, 50] cm.

From the FP measurement we calculate the ion stream-
tube locations [13] and plume divergence half-angle (6;,)
[30] as a function of B,. Both the streamtubes [31] and
divergence half-angle (Fig. 2) indicate that the ion beam
divergence decreases as B, increases. For low B, the ion
beam diverges more than the magnetic field (04, > 65p).
With increasing By, a transition occurs to g, < 0p. Ulti-
mately, 64, asymptotes to a value that agrees with pre-
dictions from a two-fluid plasma model [32]. We note that
O4;v 1s predicted to eventually increase with B, when the ion
Larmor radius becomes much smaller than the plasma
radius [16,33]; however, limitations to our magnet pre-
vented us from accessing this regime.

Previous experiments have observed both inward [19,21]
and outward [13] separation of the ion streamtubes with
respect to MN field lines. Our measurements show that a
transition from outward to inward separation exists as the
MN field strength is increased. Theoretical models by
Ahedo and Merino [16] predict that such a transition could
result from finite electron Larmor radius (FELR) effects in
the plume far field. Therefore, we seek to understand the
electron response to changing magnetic field strength in
our MN.

Plasma expansion along a diverging magnetic field
for T,> T, proceeds in the following manner [22].
Electrons created in the PS thermally expand along the
magnetic field lines. To preserve quasineutrality a field-
aligned potential gradient arises that draws ions from the PS
and accelerates them in the downstream direction [34].
Electrons are confined to the magnetic flux tubes by virtue
of their small Larmor radii. Through this confinement the
electron pressure generates an azimuthal electron current
that acts as the primary momentum transfer mechanism
to the MN [35]. Tons are dominated primarily by electro-
static forces due to their large mass, and a potential gra-
dient in the cross-field direction is produced pushing the
ions outward to maintain quasineutrality near the edge of
the plasma. Therefore, a cross-field potential gradient
couples the electron and ion dynamics in a diverging mag-
netic field.

The field-aligned potential gradient in our experiment
was presented along with ion velocity, electron density, and
electron temperature measurements in Ref. [24], where we
characterized electron cooling in a magnetically expanding
plasma. We will now use the cross-field potential gradient
to analyze the role of electron magnetization on MN plume
divergence and plasma detachment. Figure 3(a) shows the
plasma potential, V,, measured from the EP as the probe is
swept along a fixed-z, arc. Across most of the plume V,
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FIG. 3. (a) Plasma potential, V,, measured along the z, =

30 cm arc for Iz = 15.0 A. The shaded region indicates meas-
urement uncertainty. (b) Electric field component along the probe
arc, E,. Highlighted data show the portion of the curve used to
determine the potential wall location, 9,,.
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FIG. 4. Two-dimensional maps of the plasma potential (V) and perpendicular electric field (£ ) in the exhaust plume for increasing
magnet currents, /. Also shown is the magnetic flux surface that intersects the plasma source wall, y,, and outermost electron
streamtube, y,. The potential wall (red circles) is observed to closely follow v .

decreases with increasing 6,,, which agrees with ambipolar
plasma expansion theory [22]. A departure from this theory
exists towards the plume boundary. Specifically, existing
theoretical models predict V', to monotonically decrease in
the cross-field direction; however, our measurements show
an increase in V, near the plume edge. The “potential wall”
formed in this region indicates a reversal in the direction of
the electric field perpendicular to the magnetic field, thus
generating an inward, confining force on the ions.

Maps of V,, and E, are presented in Fig. 4 for six

different /. Here, E| = E - (&4 x &p) is the electric field
component perpendicular to the magnetic field vector. Also
shown is the magnetic flux surface that intersects the PS
wall at the exit plane, labeled v, and the location of the
potential wall along each probe arc, found by fitting a
quadratic function to data in the ion-confining region
[Fig. 3(b)]. These observations suggest that the potential
wall in Fig. 3 is indicative of an ion-confining potential
surface (E; < 0) that forms along v, and extends a dis-
tance that increases with /5.

Similar potential surfaces have previously been reported
in the literature [36,37]. Our measurements are the first to
show the finite extent of the surface, including how this
extent increases with magnetic field strength. Our findings
are unique insofar as the potential surface along vy, does
not coincide with a region of elevated plasma density [31].
This distinction can likely be attributed to differences in
antenna geometry, background pressure, and wall proxim-
ity. Theoretical models predict inward electric fields can
also manifest in expanding plasmas when 7; ~ T, [38].
Although T; measurements were not taken in our experi-
ment, comparable experiments find 7;~0.1-0.5eV
[39,40]. This is further supported by our previous obser-
vation [24] that centerline measurements of 7', V,, and u;
in our experiment agree with expansion laws for 7, > T;.

The potential surface we observe is consistent with
charge separation at the plasma-vacuum (PV) interface
[41,42]. The Larmor radius of the electrons and ions in the
near-field expansion region satisfies r; , < fyp < 1,
where £yp = B/|VB| is the magnetic field gradient scale
length. In this regime, the magnetic field prevents electron
cross-field motion whereas the ion motion is largely
unaffected. As a result, ions with a significant cross-field
velocity at the plasma edge can overshoot the PV interface,
leading to a positive buildup of space charge and producing
a region of E, < 0. Therefore, existence of the ion-
confining potential surface requires electrons to be mag-
netized near the edge of the plume, suggesting that its
disappearance coincides with the point where electrons
demagnetize. We now turn to an existing theoretical model
to test this hypothesis and examine its scaling.

Ahedo and Merino use a two-fluid plasma model to
show that FELR effects drive an outward separation of
electron streamtubes relative to magnetic flux tubes in
a magnetically expanding plasma [16]. We apply their
analysis and examine the separation of the outermost
electron streamtube, y,. Conservation of angular momen-
tum and isorotation along y, can be expressed as m,ruy, —
ew = D(y,) and uy,/r = wy,(y,), respectively. The com-
bination of these conserved quantities yields the following
transcendental equation for the location of ,:

_ Merolgep | (Te 2 1
e ro ’

Here, (r,,z,) represent the spatial coordinates of y,,
Ug.o is the electron azimuthal velocity at (rg,0), and
w(ro,0) = y,. To calculate u, o, we employ a subsequent
analysis by Merino and Ahedo that incorporates an
isotropic scaling law for 7, [38]. Electron momentum

(1)

w(re.z.) =w,
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conservation yields ug, o = —roH,(y,)/e, where H,(y) =
vekpTo/(ye — 1) — eV ,. Because dV,/dy =~ 0 at z = 0 in
our experiment, we can calculate (r,,z,) using y, and
measurements of T,,(r) =T,(r,0). The electron poly-
tropic index was found in a previous study [24] to be
7. = 1.15 £ 0.03. LP measurements determined that the
shape of the T, profile satisfies T, , = exp[—#2/(26%)],
where T, =T, ,(r)/T.q, # = r/r., and 67 = 0.19 + 0.04.
Here, the uncertainties in y, and 6; also account for their
variation with /.

The location of y, is shown in Fig. 4 along with the
outermost magnetic flux tube, y,, and potential wall
locations. In agreement with Ahedo and Merino [16],
we observe y, to follow y, in the near-field region,
followed by an eventual outward separation of y, with
respect to y,. We quantify the electron streamtube sepa-
ration by introducing the parameter €, = (y —y,)/w .
where y is evaluated along y,. We assume for the moment
that electron demagnetization occurs when the streamtube
separation exceeds a critical value, ¢€;,. To understand the
scaling of FELR demagnetization, we define a demagneti-
zation radius, r;, which describes the radius of the outer-
most electron streamtube at the point where ¢, = €,. From
Eq. (1), it is straightforward to show that

€rrol -1
Q _ 1 + 4 02 vT (7/6 ) (2)
ro 2pL_0 Ve

Here’ l’ﬂVT = |dTe,t/dr|;=lrp and PLo = \V4 mekae,O/(eBO)
represent the electron temperature gradient length scale
and characteristic Larmor radius, respectively. In the limit
where (r;/ry)? > 1, Eq. (2) predicts that the demagneti-
zation radius scales inversely with the characteristic elec-
tron Larmor radius.

Experimentally, we define r; as the radius at which the
ion confining potential wall disappears. We apply a linear
regression to the ®,, vs z, dataset and extrapolate the
resulting line to ®,, = 0 [43]. The value of z, correspond-
ing to @, = 0 is then used along with the arc geometry
to calculate r,;. The measured values of r, versus p; ( are
shown in Fig. 5(a) along with the scaling law predicted
from Eq. (2). The measured trend generally agrees with
the predictions of FELR demagnetization theory to within
the experimental uncertainty. Regression analysis yields
€, ~ 0.04, which provides a metric for how much stream-
tube separation can occur before electron FELR effects
become significant. Disagreement between the theory and
experiment is observed at high p; o, which can partly be
explained by uncertainties in 67 and y, [see the shaded
region in Fig. 5(a)]. It is possible that reduced ionization in
the PS at lower magnetic field strengths [23] produces
effects not accounted for in the derivation of Eq. (2), such
as ionization in the downstream region and collisional
effects [44].
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FIG. 5. (a) Demagnetization radius, r,, versus characteristic
electron Larmor radius, p; o. Solid line represents the predicted
scaling of FELR demagnetization [Eq. (2)] with €, = 0.04.
(b) Calculated detachment parameters for FELR effects
(r4), induced magnetic fields (f,), and electron collisional
diffusion ().

The physical meaning of €}, can be explained by noting
that e, ~ ¢,/ r,, where r), is the local plasma radius and £,
is the distance between vy, and y,. For (r,/rg)* > 1,
¢, ~pL. the local electron Larmor radius. Electron
detachment via FELR effects can be examined using the
ratio y = p; ./¢vp [10]. We show in Fig. 5(b) the value of y
calculated along v, at ry, x4 ~ €,,74/¢vg. For comparison,
we also show dimensionless quantities that describe the
significance of induced magnetic fields, = 2nk,T,/
(B*/up), and electron collisional transport, Q = v,/w,. .,
with o, , = eB/m,. Because induced fields create nonlocal
effects [45,46], we use centerline measurements to calcu-
late the maximum value of 3, defined as f3;. The value of Q
at the detachment point, €, is estimated using the sum of
both electron-ion and electron-neutral collision frequen-
cies, v, = v,; + v,,. Itis clear from Fig. 5(b) that y, is both
the most significant and most consistent detachment
parameter, supporting our hypothesis that the potential
wall disappears due to electron demagnetization via FELR
effects. Furthermore, our calculations find y,; = 0.10 +
0.01 to mark the transition into the FELR regime.

Our results provide the first experimental evidence
of electron demagnetization via FELR effects in an expand-
ing magnetized plasma. Returning to Fig. 2, we see that
demagnetization prior to sufficient thermal-to-kinetic
energy conversion can produce rapid plume expansion in
MN thrusters, degrading trust efficiency and posing a
risk to sensitive satellite equipment. Plume divergence
decreases with magnetic field strength because the demag-
netization point is pushed further downstream. Setting r;, =
ryp yields a value of By~ 230 G, where ry, is the turning-
point radius of y,. Notably, Bj coincides with the field
strength at which 6, approaches its asymptotic value
(Fig. 2), which suggests MNs should be operated above a
critical value of B, defined by the inequality r; > ry,
Finally, we emphasize that the results contained here
correlate electron demagnetization to the point where
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FELR effects become dominant. Further experimental and
theoretical investigation is required to better understand
electron dynamics beyond the point of demagnetization.
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