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Critical Condition for Plasma Confinement in the
Source of a Magnetic Nozzle Flow

Justin M. Little and Edgar Y. Choueiri

Abstract—The existence of a theoretically predicted critical
magnetic field strength for efficient plasma confinement in helicon
plasma thrusters is verified experimentally in the source of a
magnetic nozzle (MN) flow. Control of the plasma confinement
is crucial for enhancing the mass utilization efficiency of electric
propulsion systems that employ MNs. Langmuir probe measure-
ments of the density at the MN throat of a helicon plasma
thruster as a function of the applied magnetic field strength
indicate a transition from a low-confinement operation mode,
in which a majority of the plasma diffuses to the solid walls of
the plasma source before emerging from the thruster, to a high-
confinement operation mode, in which the plasma preferentially
exhausts downstream through the MN. This transition is shown
to be governed by the anisotropic Péclet number, Peyy, which is
defined as the ratio of the advective (field aligned) to diffusive
(cross field) mass transport rates. Experimental estimations of
the mass utilization efficiency of the plasma source for various
magnetic field strengths and plasma source lengths are shown to
support an analytically derived scaling law, and suggest Pey, > 1
as a design criterion for MN plasma sources.

Index Terms— Cross-field diffusion, helicon plasma, magnetic
nozzle (MN), radio-frequency (RF) plasma.

I. INTRODUCTION

LECTRODELESS acceleration of plasma generated by
radio-frequency (RF) waves may provide the foundation
for a new class of high-efficiency, long-lifetime electric propul-
sion systems. As an electrothermal thruster, the plasma formed
owing to the absorption of RF power into a propellant gas
is channeled through a convergent—divergent magnetic field,
or magnetic nozzle (MN) [1], [2]. Depending on the system,
ion acceleration is achieved through one or a combination of
the following mechanisms: ion magnetic moment conservation
[31, [4], ambipolar electric fields resulting from electron ther-
mal expansion [5]-[7], and current-free double layers [8]-[11].
Momentum is transferred back to the MN by internal plasma
currents [12], [13].
One such device is the helicon plasma thruster (HPT)
[14]-[20], which is the commonly used nomenclature for an
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electrodeless thruster that uses high-frequency RF radiation
(typically 13.56 MHz) and plasma source (PS) geometries
that favor the propagation of helicon plasma waves [21], [22].
Characteristically, the electron temperature, 7T, is a few orders
of magnitude greater than the ion temperature, 7;, in helicon
plasmas [22], [23]. Expansion of the hot electrons in the MN
results in the formation of an ambipolar electric field that
accelerates the ion population to supersonic velocities [6]. The
neutral particles remain relatively cold because the electron—
neutral collision mean-free path is typically much greater than
the scale length of the thruster. Furthermore, except for a
few cases [7], [24], the solid surfaces of the thruster are not
contoured to efficiently capture the gas dynamic acceleration
of the neutral population. Therefore, the thrust contribution of
the neutral population in the idealized limit is expected to be
much less than that of the ions and electrons, and is often
neglected [25].

Direct thrust measurements of HPTs have shown poor
performance [16]-[20]. The primary reasons for the poor
performance may be understood by considering the separate
processes of ionization and acceleration of the propellant gas.
The specific impulse, Isp, and thrust efficiency, #, may be
written in the following form:
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where F is the thrust, m is the propellant mass flow rate, gg is
the gravitational constant, ¢; = +/T./m; is the ion-acoustic
speed, and Py is the input power. We assume the ions remain
singly charged, and define the mass utilization efficiency as
Nm = m;/m, where m; is the ion mass flow rate. The thrust
coefficient, Cr, is defined as the ratio of the thrust to the
pressure force at the throat of the nozzle [26].

Immediately we notice the importance of both #,, and Cr on
the specific impulse and thrust efficiency. A high-performance
HPT must therefore both efficiently ionize and accelerate a
large percentage of the input propellant. Additionally, the
dependence on ¢s in (1) represents the well-known scaling
of electrothermal thrusters, Isp ~ +/T./m;, while the last term
in (2) can be viewed as a metric for the efficiency of the PS.

Cr is mainly a function of the radial density pro-
file of the plasma entering the MN and the shape of
the MN [12], [26]. #;, depends on the antenna power coupling
efficiency, plasma confinement, and collisional processes [25].
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It has been reported that the poor measured performance of
HPTs is likely due to low #;,,, with values of #,, ~ 0.01-0.2
inferred from the data [17], [20]. Because Cr ~ 2-7 typi-
cally [26], it is critical to raise #,, above the values reported
in the literature to make HPTs competitive with established
thrusters.

Global models of helicon plasmas have been used to esti-
mate the plasma density by equating the absorbed RF power
to the power lost by the flux of plasma to the radial walls of
the PS, and axially along the applied magnetic field [22], [27].
HPTs require the power to be preferentially lost through the
exhaust, thus the mass flux in the radial direction due to cross-
field diffusion of the plasma should remain much smaller that
the flux due to the field-aligned advection of the plasma.

A detailed 2-D model of an HPT including the PS and
MN regions has recently been put forth by Ahedo and
Navarro-Cavallé [25]. They analytically solve the two-fluid
plasma equations by separating the axial and radial dynamics
for plasma confined by an axial magnetic field within a
dielectric cylinder that is open at one end. The conditions
at the open end of the PS are matched to the numerical MN
simulations of Ahedo and Merino [12]. Using this model, they
show that #,, increases with the ratio of the length of the
PS to the effective mean-free path for collisional ionization.
Furthermore, they find a sharp rise in 7, at a critical applied
magnetic field strength for a fixed m and 7,, which indicates
a transition from a low-confinement, low-ionization regime to
a high-confinement, high-ionization regime.

Although experiments have generally demonstrated better
performance for HPTs with increasing magnetic field val-
ues [19], [20], [28], to what extent the performance enhance-
ment is unclear due to improved plasma confinement in the PS
(higher #,,) [20], or decreased outward diffusion of the plasma
in the MN expansion region (higher Cr) [28]. The goal of this
paper is to provide experimental verification of the existence
of a critical magnetic field for efficient plasma confinement
in MN PSs, find a dimensionless parameter that governs the
confinement, and determine how the mass utilization efficiency
scales with this parameter.

We provide a detailed description of the experimental setup,
including the PS and diagnostics, in Section II. We present
the main characteristics of the plasma in our experiment in
Section III, with emphasis on the different operating modes
of the PS, the influence of the applied magnetic field strength
on the density at the MN throat, and the effect of increasing
the PS length on the radial structure of the plasma. Finally,
in Section IV, we introduce a dimensionless parameter that
governs the transition from low-to-high-confinement, analyti-
cally derive a scaling law for the mass utilization efficiency
in terms of this parameter, and compare this scaling law with
experimental measurements.

II. EXPERIMENTAL SETUP

The PS (Fig. 1) consists of a 7.5 cm inner diameter,
30.5-cm-long tube of borosilicate glass mounted concentri-
cally inside two electromagnetic coils. The tube is wrapped
with grounded copper mesh to prevent stray RF fields outside
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Fig. 1. Schematic of the flat-spiral antenna RF PS.

of the PS [29]. The entire assembly is mounted on a flat plate
that is attached to the end of a swinging-arm thrust stand,
which will not be used in this paper.

We use a two-turn spiral antenna positioned within the glass
tube to excite the plasma. The antenna is not mechanically
connected to either the PS or any components on the thrust
stand. Using an alumina injection tube, gas is fed through
the center of a Macor backplate, which is used to isolate the
plasma from the antenna. The backplate has a 5.6 cm inner
diameter recession. All of the experiments reported in this
paper were conducted using argon as the working gas.

The RF signal is produced by an Agilent 8648B signal
generator. An ENI 2100L preamplifier steps the signal up
to approximately 20 W, which is fed into an Alpha 9500
linear amplifier capable of producing 1.5 kW. An Alpha 4520
digital wattmeter is used to monitor the standing-wave ratio
(SWR) and determine the power delivered to the matching
network/antenna (Pp). This system is capable of generating
RF power over a range of frequencies, however, we limit our
tests to 13.56 MHz.

The power is transferred to the antenna via the L-type
impedance matching network that is mounted rigidly inside of
the vacuum chamber and mechanically isolated from the thrust
stand. The matching network consists of two Comet vacuum-
variable capacitors with a range of 5-500 pF. Each capacitor
is rated at 5 kV. Depending on the antenna position, the
experiment was performed with a reflected power between 4%
and 20% of the incident power, with higher reflected powers
observed for a longer effective antenna length. Frequency
adjustments on the order of 0.01 MHz were sometimes used
to obtain a better match [30].

We designed the matching network such that the antenna
leads are mounted on two copper rail electrodes that are
aligned parallel to the axis of the device to allow adjustment
of the axial position of the antenna. Furthermore, the Macor
backplate and gas injection tube may be translated axially to
remain next to the antenna. This design allows for adjustment
of the axial position of the antenna and gas injection location
within a 13 cm range.

The electromagnets were made by wrapping 144 turns
(12 x 12) of AWG 10 square, copper magnet wire wound
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Fig. 2. Axial variation of the magnetic field strength, B, relative to its value
at the throat, Bg. Inset: Dependence of B( on the magnet current, /5. Circles:
Measured quantities. Black line: Theoretical prediction.

around an aluminum mandrel. The effective radius of each coil
was measured to be r. = 7.51 cm, which corresponds closely
to the physical radius of the center of the copper windings. The
magnets are powered using an Amrel SPS32 DC switching
power supply, and are each capable of handling up to 50 A of
current.

The magnets were designed such that they may move inde-
pendently with respect to each other and the glass tube, thus
allowing control over the physical and magnetic geometries of
the PS. A single configuration is used throughout the duration
of this experiment (Fig. 1) whereby the magnets are connected
rigidly together with an axial separation of 4.5 cm between
their effective centers.

Gaussmeter measurements of the relative magnetic field
strength along the nozzle axis are shown in Fig. 2. The
magnitude of the maximum magnetic field as a function of the
coil current, Ip, is also shown in the inset. The solid black
lines in Fig. 2 result from approximating the two magnets
as single loops of current with radius r.. Continuing with
this approximation, the surfaces of constant magnetic flux are
shown in Fig. 3 as dashed lines. The colored lines correspond
to the different injection planes and bounding magnetic flux
surfaces used throughout the experiment.

Plasma from the open end of the PS is exhausted into the
EPPDyL’s large dielectric pulsed propulsion (LDPP) vacuum
chamber. The cylindrical chamber is made out of fiberglass
and measures 8 ft in diameter and 25 ft in length. The
chamber is evacuated using two mechanical Stokes rough-
ing pumps, a roots blower, and a 48 in diameter CVC
diffusion pump rated at 95000 1/s of pumping capacity.
The facility is also equipped with liquid nitrogen baffles,
which are not used in this experiment. Pressure is mea-
sured using a Varian ConvectTorr vacuum gauge and Var-
ian 525 cold cathode gauge connected to a Varian L8350
multigauge controller. The vacuum system has a minimum
base pressure of 2 x 1070 torr; however, vacuum leaks are
restricted the base pressure of the present experiments to
5 x 107 torr. During operation, the tank pressure never
exceeded 1 x 10~ torr.
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Fig. 3.  Magnetic flux contours (dashed) are shown along with the flux

contours corresponding to the plane of the following injection locations:
Lyp = 6.0 cm (red), Ly, = 8.5 cm (orange), Lpp = 11.5 cm (green),
Lpp = 15.0 cm (blue), and Ly, = 18.0 cm (purple).

The primary diagnostic used in this paper is an RF-filtered
Langmuir probe (LP) [31]. RF filtering uses four chip
inductors: two each with a self-resonant frequency of 14 and
28 MHz. The probe tip is made of tungsten wire and has a
0.25 mm diameter and 1.0 mm length. The wire is friction-
fit to a stainless steel tube and inserted in an alumina tube.
A 0.1 mm wide by 0.5 mm deep recess exists between the
probe tip and alumina jacket so that the tip remains electrically
isolated from any conductive coating that could potentially be
sputtered onto the jacket. The error in the calculation of the
probe tip area is estimated as 15%.

The LP bias voltage is produced by a three-stage phase
shift oscillator that drives a Kepco 1000M bipolar operational
power/amplifier (BOP) to produce a 5 Hz, 140 V peak-to-peak
waveform. The BOP is connected to the LP using BNC cables
on each side of a vacuum feedthrough. Current from (to) the
probe is measured across the 1 kQ resistor of a low-pass filter
and displayed on a Tektronix TDS 3034B digital oscilloscope.

Typical current—voltage (IV) curves are obtained by aver-
aging over eight waveform periods. The electron temperature
is found from the inverse of the slope of the linear region of
the In I, — V graph [32]. The error due to this method for our
LP is estimated as 25% [31]. It is possible to decrease this
error using an additional electrode to act as a reference for
the plasma potential, however, this occurs at the cost of added
complexity and intrusiveness.

The plasma density, n;, was found from the ion saturation
region of the IV curve [32]. Sheath expansion effects of cylin-
drical LPs have previously been accounted for in the literature
by linear extrapolation of the ion saturation current to either
the floating potential, V¢ [33], or the plasma potential V), [34].
We obtain n; from the average of these two methods, and
estimate the error as one-half of the difference between these
methods added in quadrature with the electron temperature
and probe tip area uncertainties.

The LP is mounted on a small fiberglass rod positioned
perpendicular to the thruster axis and located approximately
30 cm from the exit of the PS. The axial location of the LP tip
corresponds to the location of maximum applied magnetic field
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Fig. 4. Langmuir probe measurements of the plasma density at the MN

throat, n;, versus magnet current, /p, measurements indicate the presence of
three distinct modes: wave mode (W), inductive mode (H), and capacitive
mode (E). The operating parameters are Pp = 500 W, m = 2 mg/s, and
Lyp = 11.5 cm. Arrows: Direction of the mode transition to and from the
E mode. A similar hysteresis was not observed for the W—H transition. Note
that the decreasing density of the W mode at low magnetic fields is due to
diffusion of the plasma to the walls prior to reaching the probe [see Fig. 5(b)].

(z = 0), or MN throat. The radial location is controlled with a
single-axis translation stage that is capable of positioning the
probe with an accuracy of ~1 mm.

III. PLASMA CHARACTERIZATION

We found the PS to operate in three distinct modes depend-
ing on the argon mass flow rate, applied magnetic field
strength, injection location, and RF power. For convenience
sake, we refer to these modes according to the commonly
observed modes in RF plasmas [27]: the capacitive mode (E),
inductive mode (H), and helicon wave mode (W). We will
show that the characteristics of each mode agree qualitatively
with those observed in the literature; however, we emphasize
the fact that we did not make wave measurements to discern
the E, H, and W modes [35].

The discharge was most commonly ignited in the E mode,
which was distinguished by a faint glow with electron tem-
peratures and ion densities on the order 7, ~ 10 eV and
n; ~ 1019=10'7 m=3. For fixed Pp and 1, as we decreased
the magnetic field below a certain threshold the plasma would
jump into either the H or W mode, leading to an impedance
mismatch that had to be corrected using the tuning capacitors.
The plasma was observed to be much brighter in the W mode
and demonstrated the blue core characteristic of Helicon
plasmas reported in the literature [21]. The temperature and
density of the W mode were measured to be 7, ~ 5 eV and
n; ~ 10'8—10' m=3, respectively. Finally, we observed a
second impedance mismatch while increasing the magnetic
field, which suggests a W—H mode transition. The H mode
was slightly less bright than the W mode and did not possess
a blue core. We observed T, to be comparable between the
W and H modes, while n; showed a slight decrease upon
transitioning from the W to H mode.

We note that the density in the W mode appears lower than
that of the H mode at low magnetic fields as shown in Fig. 4
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due to diffusion of the plasma to the PS walls prior to reaching
the LP. Indeed, LP measurements near the backplate reveal
that the W mode densities remain a few times larger than
the H mode densities in this region, which is consistent with
previous studies of helicon PSs [21], [36].

Within a given mode, T, increased slightly as m decreased,
which agrees with previous theoretical [27] and experimental
results [37]. The inverse relationship between T, and By,
predicted to be a consequence of improved confinement of the
plasma [38], [39], was not observed in our experiment. Rather,
we found 7, to be insensitive to changes in By within our
experimental uncertainty. We anticipate that this discrepancy
may be due to the open-ended nature of our device. T, is
typically determined by the balance between ionization and
particle losses within the PS [27]. In the limit that the loss of
particles due to advection along the magnetic field dominates
diffusive losses to the PS walls, the particle balance (and
therefore 7,) becomes intensive to changes in By.

Helicon modes in low-magnetic-field RF plasmas have
previously been observed in the literature [40], [41], and have
been recently studied in depth by Lafleur er al. [42]-[45].
A few curious distinctions between the mode transitions
observed in our PS (using a spiral antenna) and those found
in literature (typically with a Boswell-type antenna) are worth
mentioning: 1) the W mode existed for applied magnetic fields
that are an order of magnitude larger than previously observed;
and 2) the density jump between E and W modes was around
two orders of magnitude, compared with less than an order of
magnitude reported in the literature.

Although it appears that the W mode in our experiment was
stable at By = 0 G, theory indicates that the propagation of
helicon waves requires a finite background magnetic field [27].
Therefore, it is possible that a second inductive mode exists
at Bop =0 G [46].

For the remainder of this paper, we operated the PS in the
W and H modes at a fixed delivered power, Pp = 500 W, and
argon mass flow rate, m = 2 mg/s. We performed experiments
for five different backplate locations, which correspond to the
following magnetic flux contour colors as shown in Fig. 2:
Lpp = 6.0 cm (Red), Lpp = 8.5 cm (Orange), Lyp = 11.5 cm
(Green), Lpp = 15.0 cm (Blue), and Lpp = 18.0 cm (Purple).
Here, Lyp = |zppl-

Photographs of the PS operating at various applied magnetic
field strengths for Ly, = 11.5 cm are shown in Fig. 5. At zero
applied magnetic field, much of the plasma remained inside
the glass tube of the PS. As we increased the magnetic field,
the plasma migrated downstream and eventually formed a
plume in the MN divergent field. This behavior indicates that,
without a magnetic field, the majority of plasma is lost to the
glass walls through diffusion. Increasing the applied magnetic
field decreases the radial diffusion of the plasma, allowing the
plasma to advect through the glass tube opening to form a
plume. We verified this notion using thermal infrared camera
measurements, which showed that the rate of heating of the
glass tube near the injection location decreased inversely with
the magnetic field strength.

Also shown in Fig. 5 are the approximate magnetic flux
surfaces that intersect the glass tube at the exhaust, y,,, and
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Photographs (f/7.1, 1/30 s exposure) of the (a) PS operating at (b)—(f) various magnet currents, /g. The operating parameters are Pp = 500 W,

m = 2 mg/s, and Lyp = 11.5 cm [note that the backplate location shown in (a) corresponds to Lpp = 8.5 cm]. (b)-(d) Photos depicting the blue core of
the helicon mode, which is absent from the (e)—(f) inductive mode. Dashed white lines: Surfaces of constant magnetic flux corresponding the surfaces that
intersect the glass tube at the exhaust, y,, and the inner radius of the backplate recession at the injection plane, ;.

the inner radius of the backplate at the injection plane, ;.
Fig. 5(c)-(f) shows that the edge of the bright plasma core
corresponded roughly to y;. Furthermore, as we increased Ip,
the boundary of this core became even sharper, especially in
the plume.

We also looked at the effect of moving the backplate on the
plasma structure. The intersecting flux surface (y;) compresses
radially as the backplate is moved upstream (see Fig. 3). This
explains the radial compression observed of the advective core,
as seen in the photographs in Fig. 6. It is clear from these
pictures that, as the core was compressed, the divergence of
the plume decreased dramatically: a result that qualitatively
agrees with MN performance models [12], [26], and suggests
higher performance for larger Lyy.

Using the LP, we measured the plasma density and electron
temperature at the MN throat as a function of the applied

magnetic field. The results for four different backplate loca-
tions are shown in Fig. 7. Here, the colors of the data points
correspond to the colored contours shown in Fig. 3. Further-
more, the solid data points denote W mode plasmas, while
the open data points denote H mode plasmas. The W-—H mode
transition was assumed to occur when both the impedance
match and visible emission changed abruptly as described
earlier in this section. We note that the shaded region shown
in Fig. 7 corresponds to an /p-range in which the plasma was
unable to remain impedance matched at Pp = 500 W.

In general, the plasma density at the MN throat increased
with the applied magnetic field in the W mode. As Ip
increased beyond a certain threshold, the plasma transitioned
to the H mode and was marked by a slight decrease in n;
for both Lpp = 8.5 cm and Ly, = 11.5 cm. We suspect that
this decrease indicates diminished power coupling between the
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Fig. 6. Photographs (f/7.1, 1/30 s exposure) of the PS operating with (a)—(d) different injection locations, Lyy,. The operating parameters are Pp = 500 W,
m = 2 mg/s. Dashed white lines: Surfaces of constant magnetic flux corresponding the wall radius at the exhaust, y,, and the radius of the backplate recession

at the injection plane, y;.

antenna and plasma [27]. We observed neither a W-H nor a
H-C mode transition for Ly, = 18.5 cm in the magnet current
range considered, Ip < 32 A.

The plasma density as Ip — 0 decreased drastically (by
nearly three orders of magnitude) as the distance between
the injection plane and throat increased. This trend supports
the notion that plasma was being lost to the walls through
radial diffusion prior to reaching to probe, which was located
at a distance Lpp from the injection region. Furthermore,
we found a sharp rise in n; with the increasing magnetic
field, which is indicative of the low-confinement to high-
confinement transition observed analytically by Ahedo and
Navarro-Cavallé [25].

We also measured the radial dependence of the plasma
density at the MN throat. These results are shown in Fig. 8(a)
for various Lpp. The radial location of each measurement is
normalized by the radius of the PS wall, r,,, and the densities
are normalized by n,, which will be defined later. In general,
the plasma density remained uniform near the axis of the PS
to a certain radial distance, after which the density fell off
exponentially.

The visible structure of the plasma and radial density
measurements support the following scenario: plasma formed
in the injection region (z = —Lyp) with a radially uniform
density profile advects along the converging magnetic field
toward the throat plane (z = 0). The density profile at the
throat remains uniform in the limit that transport is governed
purely by advection along the magnetic field. However, the
plasma density spreads out radially due to cross-field diffusion.

We infer the radial uniformity of the density profile at the
injection region from the LP probe measurements, which
became increasingly more uniform as Lyp decreased (i.e., the
probe moved closer to the injection region). Furthermore,
the exponential radial dependence of the plasma density in the
diffusive region is expected from the diffusion equation [47].
Guided by this physical picture, we found the following
model to be appropriate to describe the plasma density profile
at the MN throat:
g r<rg
ni(r) = ngexpl—@r —rg)/0] :r >rqg S
where r, is the boundary between the advective (r < r,) and
diffusive (r > r,) regions of the plasma, n, is the average
plasma density in the advective region, and ¢ is the diffusive
length scale. The solid lines in Fig. 8(a) represent a least-
squares fit of (3) to the radial LP data.
It is seen from Fig. 8(a) that r, increased inversely with
Lypp. In the limit of zero cross-field diffusion, the radius of the
plasma at z = 0 is expected to scale according to

ra ~ri/v/1p “)

where we have assumed B, >> B,. Here, r; is the radius of
the injection region and I1p = Bgy/B; is the magnetic mirror
ratio between the MN throat and injection region.

We compare in Fig. 8(b) the values of r, found from a
least-squares fit of (3) to the radial LP data to the theoretical
prediction of (4). Here, we normalize r, by the radius of the PS
wall, r,,. The agreement between the calculated and predicted
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Fig. 7. Langmuir probe density measurements at the center of the MN throat
for Pp = 500 W, m = 2 mg/s, and (a)—~(d) different injection locations, Lpp.
The solid and open data points correspond to the W and H modes, respectively.
The plasma was not stable at Pp = 500 W in the shaded blue region
for Lpp = 15.0 cm. The letters next to the data points in (b) represent the
photographs shown in Fig. 5. Dashed vertical lines: Magnet current required
to generate the characteristic magnetic field described in Section IV.

values of r, agrees well with the qualitative observations
drawn from the photographs shown in Fig. 6.

We take a moment to explain a contradiction between
the radial density profiles measured in our experiment and
the Bessel function density profile commonly used in MN
performance models [12], [26]. The Bessel function profile
was adopted from the work of Ahedo [48], who showed that
the radial density profile of an infinitely long cylinder of
plasma was given by the zeroth-order Bessel function for both
unmagnetized plasmas and magnetized plasmas in the large
Hall parameter limit. We suspect that the finite length of our
PS prevents the emergence of the Bessel function profile for
all but the lowest applied magnetic fields. In fact, for magnetic
fields below a critical value (see Section IV), we found that the
radial density profile was indeed more appropriately described
by a Bessel function than the model presented in (3).

Finally, it is necessary to examine the role of azimuthal
currents in the transfer of momentum [12], [13] from the
plasma to the MN for the density profiles shown in Fig. 8(a).
The density plateau near the axis implies that azimuthal
currents are negligible within the advective core of the plasma.

Norm. Density, n;/7,

~00 0.6 0.8 T0

0.2
Norm. Radius, r/r,,

0.8 T T T T3
£ (b)
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=
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Fig. 8. Radial Langmuir probe measurements of the (a) radial plasma density
profile and (b) scaling of the radius of the boundary between the advective
and diffusive regions normalized by the wall radius, r4/ry, . Solid lines in (a)
come from (3). Dashed lines: Location of r,/ry predicted from (4). Solid
line in (b) comes from (4). Note that the letters in (b) correspond to the
photographs in Fig. 6.

Therefore, we anticipate that momentum is transferred by the
azimuthal current density created by the pressure gradient
within the diffusive layer [12], [49]. The fact that the diffusive
layer transfers momentum does not imply that the advective
core of the plasma does not produce thrust. Rather, the strength
of the azimuthal current density in the diffusive layer is
proportional to the local plasma density, which is globally
influenced by the expansion of both the advective and diffusive
regions of the plasma [12].

IV. CRITICAL CONDITION FOR PLASMA CONFINEMENT

The relative importance of field-aligned advection with
respect to cross-field diffusion may be analyzed using a
dimensionless, anisotropic Péclet number, which we define as

Pey, = (5)
where c; is the ion acoustic speed, L is the PS length, R is
the PS radius, and D is the cross-field diffusion coefficient.
Effectively, Pea, is the ratio of the cross-field diffusion
timescale to the field-aligned advection timescale.

We can use the LP measurements shown in Fig. 7 to relate
Peyn to the critical magnetic field predicted by Ahedo and
Navarro-Cavall€é [25]. The cross-field diffusion coefficient can
be written as D, = n1p./B? [22]. Here, p, = n.T, is
the electron pressure and 7, ~ (1007.,) 3/?[Q - m] is the
cross-field resistivity of the plasma assuming singly charged
ions [47]. We can express the anisotropic Péclet number in the
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injection region as Pel, = (Bo/B*)?, where

_ 1y [peln
" R Cs

B*

(6)

is a characteristic magnetic field. We consider the injection
region because it represents the location of minimum Pey,
for our convergent-field MN geometry.

Setting R = ry, L = Lpp, ne = 2 X 10" m=3 and T, =
5 eV in (6) we can calculate the characteristic magnetic field
for the data in Fig. 7. As shown in Fig. 2, the magnet current
corresponding to B* for our experiment is approximately
I5[A] ~ B*[G]/21. The value of I} is shown for different
values of Lpp in Fig. 7 using a colored dashed line. From
this figure we see that B* corresponds to the magnetic field
near which the elbow in the density measurements occur.
In other words, B* represents the critical magnetic field
predicted in [25], which suggests that the transition from a
low-confinement regime to a high-confinement regime occurs
as the magnetic field increases to the point when Pe,, ~ 1 in
the injection region.

It is clear that plasma confinement within the source region
influences the performance of an MN. As a result, the mass
utilization efficiency, #,,, should depend strongly upon Peyy.
It is important to understand this relationship, thus we seek a
simple scaling law between 7,,, and Peay. To this end, we adopt
and extend in an approximate manner the analytical model of
Fruchtman [50].

We consider a cylindrical PS of radius R and length L with
a uniform magnetic field directed along the axis of symmetry.
We assume that some ionization occurs upstream in a region
much smaller than L, which produces an initial ion mass flow
rate denoted by 71; ¢. For simplicity, we ignore the axial forces
on the plasma, and assume the ions flow through the PS at the
ion acoustic speed, c;.

In Fruchtman’s model [50], particle balance along the length
of the PS is governed by collisional ionization and charge
exchange processes. Furthermore, a population of fast ions is
created during charge exchange collisions, which are assumed
to leave the PS before undergoing further collisions. We extend
this model by introducing a term that accounts for the flux of
ions to the radial PS walls, which acts as an addition source
of fast neutrals.

The 1-D mass conservation equations may be written as

dm; .
L = —m; Ty + mg/Lion @)
dz
dm .
= _ms(l/Lion + l/Lcex) ()
dz
dri s ,
—= =m; 'y +my/Leex 9)
dz

where n;, m, and my are the mass flow rates of the ions,
slow neutrals, and fast neutrals, respectively, and are subject
to the constrain nit = m; + g + .

Additionally, I',, represents the ion flux to the wall, and
Lion = vs/niRion and Leex = vg/niReex are the effective
mean-free path for ionization and charge exchange collisions,
respectively. Here, n; is the ion density, vy is the speed of
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the slow neutrals, Rjo, is the ionization rate, and R.ex is the
charge—exchange collision rate.

The ion flux to the wall may be written as 'y, =
hyDin;,—o, where n;, —o is the ion density along the
axis [48]. We note that h, depends on the shape of the
radial density profile, and is constant along z if the density
profile remains self-similar. We rewrite n;, —¢ in terms of
the local ion mass flow rate, n;, —=o = m;/(h,m;csA). Here,
fu = n/nj,—o and h, = ff,,dA/A are the normalized
density profile and its cross-sectional average, respectively.

The first term on the right-hand side of (7) and (9) may
then be written as

}’il'
miTy = Tl(b/Pean) (10)

where b = h,,/(zhy) is a constant depending only on f;,.

To gain insight into the fundamental physics governing
the PS performance, we simplify the problem by seeking a
solution for (7)—(9) assuming that Lion, Lcex, and Pey, remain
constant throughout the flow. We further assume self-similarity
of the density profile, or df;,,/dz = 0. The solution to (7)—(9)
under these assumptions yields

|:1+7’]m,0(n_\{l):| —PL*
m=|———"1e

1+11—-Y¥
o L=1mo o~ (IFIDL* (11)
1+11—-Y¥
where #,0 = m;o/m and u, = m;/m are the mass

utilization efficiency at the PS entrance and exit, respectively.

The solution in (11) is governed by the following dimen-
sionless parameters: L* = L/Lion, I = Lijon/Lcex, and
Y = (b/Pesy)/L*. A value of L* > 1 is desirable to ensure
that ionization occurs on a length scale much shorter than the
length of the PS [25]. IT is the ratio of the rate at which slow
neutrals are lost to charge—exchange in the rate at which they
are lost to ionization [50], with IT <« 1 required for high #y,.
Finally, ¥ « 1 ensures that the ion wall loss rate remains
small compared with the ionization rate.

The exponential dependence on Pe,, and L* in (11) reflect
in a generalized form in the observation by Ahedo and
Navarro-Cavallé on the existence of a minimum value of
Bop and m required to transition to high 7, ([25], Fig. 8).
Furthermore, we find that #,, = 1 —e ™" in the limit ¥ > 1,
Il « 1, and #p,,0 < 1, which, for L* > 1.5, is a good
approximation for the implicit relation between #,, and L*
derived by Ahedo and Navarro-Cavallé.

A simple scaling relation between 7, and Pe,, emerges if
we consider the limit L* > 1 and ¥ « 1, which is valid
over most operating conditions of our PS. Equation (11) then

becomes
1 IT
Nm ~ 74_ 1m0 e~b/Pean
14+ 11

Again, the exponential dependence on Pe,, emphasizes the
importance of proper plasma confinement in the PS. Indeed, it
is clear that #,, — 0 for Pe,, < 1. For Pey, > 1, however,
the plasma is well confined and 7, — #nc, Where #pc is the
mass utilization efficiency at high confinement. We note that
nme depends on both the efficiency of the ionization region,

12)
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Fig. 9. Scaling of the estimated mass utilization efficiency, 7, with the
injection region anisotropic Péclet number, Pej,, for Pp =500 W and m =
2 mg/s. The solid and open data points correspond to the W and H modes,
respectively. Solid black line: (12) with #p. = 0.55 and b = 0.5 chosen for
the best fit. The transition between diffusive and advective modes is marked
with a dashed line at Pe, = 1.

nm,0, and balance between ionization and charge exchange
collisions, II.

We can examine the scaling of 7,, with Pe!, from our
experimental data by estimating the mass utilization efficiency
as N, ~ ngm;Aefrcs/m, where A is the effective cross-
sectional area that results from integrating the density profile
of (3) over the cross-sectional area of the throat plane. We
have assumed the ions remain singly charged and satisfy the
sonic condition at the MN throat [1].

We show in Fig. 9 the experimentally estimated mass
utilization efficiency, #,,, versus the anisotropic Péclet number
calculated at the injection plane, Pez’;n. Data is shown for the
four backplate locations that correspond to the LP data shown
in Figs. 7 and 8. Also shown is a solid line that represent the
scaling of 7, with Pe,, that we derived in (12). The data
clearly shows the transition between a low-confinement and
high-confinement mode near Pe! = 1 (dashed, vertical line).
Furthermore, the scaling law derived in (12) appropriately
describes this transition.

The mass utilization efficiency measured in the high-
confinement limit, npc ~ 0.55, implies that #,0 ~ 0.17.
Here, we have used 7T, &~ 5 eV to calculate IT & 1.2 using the
approximate forms for Rjon and Rcex given by Fruchtman [50].
Measurements at different mass flow rates and powers indicate
that #pc increases with P and inversely with m. For example,
we measured #pe ~ 0.75 for m = 2 mg/s and P = 700 W, and
fhe & 0.85 for m = 1 mg/s and P = 700 W. This suggests
that the operational regime studied in this paper (m = 2 mg/s
and P = 500 W) is power-limited near the ionization region
of the antenna. In other words, 7,0 increases as P increases.
Additionally, the inverse relationship between 7, and m lowers
the value of II, thus increasing #p.. Thus, while the data in
Fig. 9 show a relatively low 7y, the ability to increase #nc by
varying m and P is encouraging from a propulsion standpoint.
Optimization of #p. is a complex problem that requires deeper
understanding of the antenna—plasma coupling, and is a topic
that merits further investigation.

Finally, we note that the H mode data does not match
the predicted scaling as well as the W mode data owing to
the decrease in density that occurs during the W-H mode
transition, which is especially true for the case of Ly, =
8.5 cm. We suspect that this is the result of diminished power
coupling between the antenna and plasma as evidenced by the
impedance mismatch observed during this transition. The scal-
ing for the H mode may be recovered by introducing a different
value for #,, 0 that is less than that of the W mode, which
is consistent with the lower ionization fractions observed for
H mode plasmas [27].

V. CONCLUSION

We have experimentally verified the analytical prediction by
Ahedo and Navarro-Cavallé [25] of the existence of a critical
magnetic field above which high-confinement operation of an
HPT is achieved. Furthermore, we showed that this transition
occurs as the anisotropic Péclet number of the flow, Peyy,
increases above unity, where Pe,, was defined as the ratio of
field-aligned advective to cross-field diffusive transport rates.
This transition suggests a new design criteria for HPTs, namely
Pean > 1. Experimental estimations of the mass utilization
efficiency for various magnetic fields and backplate locations
support this argument.
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