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The low-magnetic-field mode transition in a spiral-antenna helicon thruster is examined
using experiment and theory. Helicon plasma sustainment in low-magnetic fields (< 100 G)
is desirable for electric propulsion because it could provide improved power coupling and
mass utilization to a variety of thruster concepts without the use of heavy electromagnets.
However, operation in the low-field helicon mode balances reduced magnet mass with
increased wall losses – a tradeoff that largely depends on the maximum magnetic field that
can sustain the mode. To understand the nature of the mode transition, an analytical
model is derived that couples 0D mass and power conservation equations with the m=0
wave dispersion relation. The model predicts that the low-field mode transition occurs
when the wave phase velocity exceeds the point where sufficient wave energy is absorbed
by the plasma electrons via Landau damping. From this result, a general scaling law
for the mode transition field strength is derived in terms of thruster power, mass flow
rate, geometry, and propellant properties. Finally, the predicted scaling is validated using
experimental data from a spiral antenna helicon thruster.

I. Introduction

Radio frequency (RF) plasma sources have been proposed for electric propulsion applications due to their
ability to efficiently ionize propellant gas without the use of lifetime-limiting, plasma-facing electrodes. RF
plasmas play a key role in a variety of thruster architectures currently in development, including RF gridded-
ion thrusters,1–3 helicon plasma thrusters,4 two-stage Hall thrusters,5 and VASMIR.6 One characteristic of
RF plasma sources that is particularly important to a number of thruster concepts is the mode by which
power from the RF antenna couples to the propellant plasma. Capacitive (E), inductive (H), and helicon (W)
modes have been observed and studied for different source geometries,7–9 antenna types,8,10–12 pressures,13

and power levels.14 Of these, the helicon mode produces the highest power transfer efficiencies and ionization
fractions due to the ability of helicon waves to propagate and deposit power into regions of the plasma beyond
the plasma skin depth. For this reason, it is typically desired that RF plasma sources for electric propulsion
operate in the helicon mode for effective utilization of onboard power and propellant mass.

Helicons refer to a specific class of right-handed polarized (RHP) electromagnetic waves that propagate
in a magnetized plasma at wave frequencies between the ion and electron cyclotron frequencies (ωci �
ω � ωce).15 For helicon-sustained plasma sources, wave energy is deposited into plasma electrons by virtue
of collisional and collisionless damping mechanisms.16 Starting with the cold-plasma dispersion relation
(CPDR),17 it can be shown that helicon wave propagation requires the presence of a background magnetic
field, B0, which is linearly related to the plasma density, ne ∼ B0, for a fixed wavelength (often determined by
the antenna geometry). Constraints associated with wave propagation manifest in E-H-W mode transitions,
marked by sudden changes in plasma density following small changes in either pressure, power, or magnetic
field strength. A direct E-W mode transition has been observed in a number of experiments operating at low
magnetic fields (< 50 Gauss).18–23 Despite being particularly attractive for electric propulsion applications
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due to the favorable scaling of magnet mass and power with decreased field strength, the low-field helicon
mode has received much less attention that its high-field counterpart. Early work by Chen et al identified
the low-field helicon mode and characterized its behavior for uniform magnetic fields18 . Chen later showed
that the low-field density peak results from wave reflection at the plasma axial boundary.19 Seminal work by
Lafleur, Charles, and Boswell characterized the behavior,21 power balance,22 ion beam formation,20 and wave
propagation21 for a low-field mode in the presence of diverging magnetic fields. Notably, most experimental
studies have used finite length antennas that produce an m=1 helicon mode. Chen observed that the low-
field mode is more pronounced for an m=0 loop antenna.19 Although not identified as such, results from
Steven’s et al using a spiral antenna also suggest the existence of a low-field m=0 helicon mode.11

In this paper, we use experimental observations to characterize the behavior and scaling of the low-field
mode transitions for a spiral antenna plasma source and converging magnetic field topology. Combining
helicon wave theory with a global plasma model for mass and energy conservation, the following questions
are examined: For the m=0 mode, what is the effect of removing the constraint on the axial wavelength of
the helicon wave? How does wave energy couple into the plasma? Finally, the results of this analysis are
used to examine the scaling of m=0 low-field helicon modes for electric propulsion applications.

II. Experimental Setup

Data was obtained from the magnetic nozzle experiment at Princeton University.24,25 The plasma source
(PS) consists of a 7.5 cm inner diameter, 30.5 cm long tube of borosillicate glass mounted concentrically
inside two electromagnetic coils (Fig. 1). The tube is wrapped with grounded copper mesh to prevent stray
RF fields outside of the device.26 A two-turn spiral antenna is positioned within the glass tube behind a
Macor backplate, which also serves to isolate the antenna from plasma. Working gas is fed through the
center of the Macor backplate using an alumina tube. The RF signal is produced by an Agilent 8648B signal
generator. An ENI 2100L pre-amplifier 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 (PD).
Power is transferred to the antenna via an L-type impedance matching network that is mounted inside of
the vacuum chamber and mechanically isolated from the thrust stand. The matching network was designed
such that the antenna leads are mounted on two copper rail electrodes aligned parallel to the axis of the
device. The combination of this rail system combined and movable backplate allows adjustment of the axial
position of the antenna and gas injection location, and therefore the channel length, within a 13 cm range.

Two electromagnetic coils are placed near the exit of the plasma source to form a magnetic nozzle.27 The
electromagnets were made by wrapping 144 turns (12 × 12) of AWG 10 square, copper magnet wire around
an aluminum mandrel. The mean current radius was measured to be rc = 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
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Figure 1. Schematic of the spiral antenna helicon thruster (left) and dependence of the magnetic field strength
on distance from the magnetic nozzle center (right) and magnet current (right inset)
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Figure 3.10: Photographs (f/7.1, 1/30 s exposure) of the plasma source (top) op-
erating in the capacitive (middle-top), inductive (middle-bottom), and helicon wave
(bottom) modes.
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Figure 2. Photograph of the spiral antenna helicon thruster installed in the EPPDyL orange tank (upper left)
along with relative dimensions of the thruster and chamber (lower left). Measurements of the steady state
pressure versus Ar mass flow rate for the experimental measurements contained in this paper (right).

designed such that they can move independently 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 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. 1. The magnitude of the maximum magnetic field as a function of
the coil current, IB , is also shown in the inset. The solid black lines in Fig. 1 result from approximating the
two magnets as single loops of current with radius rc. Continuing with this approximation, the surfaces of
constant magnetic flux are shown in Fig. 2 as dashed lines.

The plasma flow exhausts into EPPDyL’s Large Dielectric Pulsed Propulsion (LDPP) vacuum chamber
(Fig. 2). 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 roughing pumps, a roots blower, and a
48 inch diameter CVC diffusion pump rated at 95,000 l/s of pumping capacity (N2). The facility is also
equipped with liquid nitrogen (LN2) baffles to further reduce the pressure and halt contamination due to back
streaming diffusion and roughing pump oil. Pressure is measured using a Varian ConvectTorr vacuum gauge
and two Varian 525 cold cathode gauges connected to a Varian L8350 multi-gauge controller. The vacuum
system has a minimum base pressure of 0.2 µTorr, however, vacuum leaks restricted the base pressure of
the present experiments to 20 µTorr without the LN2 baffles and 0.9 µTorr with the LN2 baffles. We show
in Fig. 2 how the steady-state operating pressure of the tank varied as a function of the Ar mass flow rate
into the PS. These measurements were made using cold cathode gauges mounted in the front (near the PS)
and rear (near the diffusion pump) of the chamber. As expected, the operating pressure increases with the
mass flow rate, and is generally higher towards the front of the tank. We also show in Fig. 2 the expected
gas pressure within the PS. With the exception of very low mass flow rates, we see that the PS pressure is
an order of magnitude larger than the chamber pressure.

III. Observation of the LFMT

We found the PS to operate in three distinct modes (see Fig. 3) depending on the mass flow rate,
applied magnetic field strength, injection location, and RF power. We refer to these modes according to the
established modes in RF plasmas:16 the capacitive mode (E), inductive mode (H) and helicon wave mode
(W). The characteristics of each mode are consistent with those observed in the literature, however, we did
not make wave measurements to confirm wave propagation within the helicon mode.8

The discharge was most commonly ignited in the E mode, which was distinguished by a faint glow with
electron temperatures and ion densities on the order Te ∼ 10 eV and ni ∼ 1016 − 1017 m−3. For fixed PD
and ṁ, as we decreased the magnetic field below a certain threshold the plasma would jump into either the
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Figure 3.10: Photographs (f/7.1, 1/30 s exposure) of the plasma source (top) op-
erating in the capacitive (middle-top), inductive (middle-bottom), and helicon wave
(bottom) modes.
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Figure 3. Photographs of the thruster operating in the three observed modes (left). Measurements of electron
density versus magnetic field strength exhibit jumps at the different mode transitions (right).

H or W mode, leading to an impedance mismatch that had to be corrected using the tuning capacitors.
Further decreases in field strength initiated the H-W mode transition, which required additional tuning of
the matching 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.28 The temperature and density
of the W mode were measured to be Te ∼ 5 eV and ni ∼ 1018 − 1019 m−3, respectively. The H mode was
slightly less bright than the W mode and did not possess a “blue core.” We observed Te to be comparable
between the W and H modes, while ne 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
in Fig. ?? due to diffusion of the plasma to the PS walls prior to reaching the LP (located at z = 0).
This behavior highlights the importance of understanding the low-field W-mode transition. Specifically, the
increased performance of the low-field W mode is only beneficial so long as the mode can be sustained at
magnetic field strengths large enough to prevent substantial plasma wall losses.

The high ionization fraction and power coupling efficiency make the W mode most relevant to electric
propulsion applications. For this reason, we seek a better understanding of the conditions required to sustain
the W mode at low magnetic fields. While in the W mode, the plasma responded to increasing magnetic field
strength in one of two ways depending on the mass flow rate. For low mass flow rates (generally < 1.0 mg/s
of Ar), the plasma was observed to transition directly from the W to E modes. At higher mass flow rates,
a W-H-E mode transition was observed (as shown in Fig. 3). Irrespective of the channel length (Lbp), mass
flow rate (ṁ), and RF power (P ), the plasma inevitably transitioned out of the W mode at a particular
magnetic field strength, which we will refer to as the mode transition field strength, B∗0 . Fig. 4 shows the
dependence of B∗0 on experimental parameters Lbp, ṁ, and P . From Fig. 4 the following conclusions can be
made about the low-field W mode transition (LFMT):

• B∗0 increases with Lbp, ṁ, and P .

• B∗0 is more sensitive to changes in P than ṁ

• The sensitivity of B∗0 to changes in ṁ and P increases with Lbp.

Furthermore, for large Lbp, B∗0 reaches values an order of magnitude larger than previously observed in the
literature. Finally, we note that the absence of data points at low values of Lbp and ṁ indicates that a
low-field W mode was not observed at these conditions.

IV. LFMT Theoretical Model

We now turn to theory to better understand the nature and scaling of the observed LFMT. Mode
transitions in RF plasmas can be modeled analytically by combining an equation for RF power absorption
with plasma mass and power conservation equations. To this end, we follow the approach of Chabert
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Figure 4. Magnetic field strength at which either a W-H or W-E mode transition occurred. Measurements
are shown for different power levels (P ), mass flow rates (ṁ), and backplate locations (Lbp).

and Braithwaite in which RF power absorption is determined from the helicon wave dispersion relation
for a cold uniform plasma.16 Combined with a global (0D) model for the plasma discharge, the mode
transition can be examined by considering the balance of power within the plasma. While the use of the
uniform dispersion relation and 0D-model neglect geometric effects associated with plasma and magnetic
field anisotropies, it ultimately enables us to derive a simple scaling law for the LFMT as a function of the
plasma density, temperature, and radius, which we then relate to the experimental parameters via the global
model. Geometric effects are then included a posteriori using the magnetic field profile.

A. Helicon Wave Propagation and Absorption

Helicons are one of many types of plasma waves that can propagate in a cold uniform plasma within a
background magnetic field. Their dependence on the properties of the plasma and background field can be
described using the cold plasma dispersion relation (CPDR).17 For an effective collision frequency, νeff , the
CPDR may be written in the following form16

kkz =
ωω2

pe

c2ωce

(
1− iνeffk

ωcekz

)
, (1)

which is valid for ωci � ω � ωce and νeff � ωcecosθ. Here, ω, ωci, ωce, and ωpe represent the wave, ion
cyclotron, electron cyclotron, and plasma frequency, respectively. The wavenumber is denoted k and its axial
component kz. For the m = 0 mode, the radial wavenumber is constrained to kr = a1/rp, where rp is the
plasma radius and a1 ≈ 3.83. The speed of light is represented by c.

The mechanism by which helicon wave energy is absorbed by the plasma is presently a topic of debate.
In most helicon plasma sources, electron collisions with neutral particles and ions are too infrequent to
explain experimentally observed absorption rates. A number of alternative mechanisms have been proposed,
including kinetic effects such as Landau damping29 and wave-particle trapping,30 or transformation of the
helicon wave (via mode coupling31 or parametric decay32) into wave modes (e.g. ion acoustic or Trivelpiece-
Gould waves) that are more strongly damped at the collision frequencies common to these devices. Here,
we adopt the absorption model of Chen whereby wave energy is absorbed by the electron population via
electron-ion collisions and Landau damping.29 The effective collision frequency may be written as

νeff = νei + νw, (2)
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ω/(2π) = 13.56 MHz, and rp = 3.75 cm.

with
νw = 2

√
πξ3ωexp

(
−ξ2

)
(3)

being the equivalent collision frequency associated with collisionless Landau damping of the wave. Here,
ξ =

√
2vφ/ve, where vφ and ve =

√
eTev/me are the wave phase velocity and electron thermal velocity,

respectively. The electron-ion frequency (in units of Hz) is given by

νei ≈ 2.9× 10−11neT
−3/2
ev . (4)

Here, Tev represents the electron temperature in units of eV.
A plot of the effective collision frequency is shown as a function of electron density in Fig. 5(a) for

parameters representative of the experimental conditions within the PS. It is clear from this figure that
the effective wave collision frequency is over two orders of magnitude larger than the electron-ion collision
frequency for ne ∼ 1017−1018 m−3. Fig. 5(b) shows that, for fixed conditions, as the magnetic field increases
the peak in νw shifts to higher densities. This can be explained by noting that the maximum in νw occurs
at a fixed value of ξ∗ =

√
3/2. Because vφ ∼ B/ne, and ve is independent of both B and ne, the maximum

in νw occurs at a fixed ratio of B/ne for a given Te.

B. Theoretical Model for the LFMT

We consider for now a cylindrically symmetric plasma source with a uniform magnetic field along the z-
direction. The characteristic absorption length of the helicon wave along the axis of the plasma source, αz,
is given by the imaginary component of the axial wavenumber,

αz = − 1

Im (kz)
. (5)

Using this expression along with Eqs. (1)-(4), the power asborbed by a plasma of length L via helicon wave
damping is given by

PWabs = ηcPrf

[
1− exp

(
−2L

αz

)]
, (6)

where Prf is the RF power and ηc the antenna-plasma coupling efficiency.
Mode transitions from the W to E mode can be analyzed by introducing a phenomenological model for

power absorption via capacitive coupling,16

PEabs =
cE
ne
. (7)
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Here, cE is a constant whose value can be chosen to yield densities in the range of experimentally observed
values. The total power absorbed by the plasma is then taken as

Pabs = PWabs + PEabs. (8)

Note that the introduction of Eq. (7) merely provides a second stable equilibrium solution, and does not
influence the transition away from the W mode.

Mode transitions occur when conditions within the plasma change such that the absorbed power can
no longer balance the power lost by the plasma. Power is typically lost through a variety of physical
processes, including particle diffusion and convection, inelastic collisions, and radiation. We adopt the
following simplified model for these loses

Ploss = neuiπr
2
p (εke + εw + ε′ion) , (9)

where ui =
√
γeTev/mi is the ion acoustic speed and γ the electron polytropic index. The energies εke, εw,

and ε′ion represent the kinetic energy, effective energy lost to the wall, and effective ionization energy per ion
leaving the device. We also assume plasma leaving the source accelerates through a magnetic nozzle to a
final exhaust velocity, uex = guui, with gu =

√
(γ + 1)/(γ − 1).33 The kinetic energy per ion is then given

by

εke =
1

2
mi (guui)

2
. (10)

For simplicity, we assume the radial walls of the chamber are fully shielded and that the power lost to
the rear wall of the thruster approximately equals the kinetic power of the exhaust, εw ≈ εke. Finally, to
account for radiative losses, the effective ionization energy is taken as twice the ionization energy of the gas,
ε′ion ≈ cionεion with cion = 2.

The absorbed power and power loss curves are shown as a function of density in Fig. 6(a) for three
magnetic field strengths. Note that stable equilibrium requires that both Pabs = Ploss and dPabs/dne <
dPloss/dne. For low magnetic fields, three equilibrium solutions exist, two of which are stable. The stable
high density solution occurs when power losses are balanced by helicon wave absorption, thus representing
the W mode. Alternatively, the stable low density solution represents the E mode. As the magnetic field
increases, the plateau in Pabs shifts to higher ne. In this region Pabs ≈ PWabs, therefore the shift in Pabs

is primarily the consequence of the shift in νw, as shown in Fig. 5(b). Eventually, the νw-curve shifts to
densities that are too high to be sustained for the given loss curve, leaving only one stable solution – the
E mode. Physically this occurs because the phase velocity of the wave increases along with the magnetic
field. Eventually the phase velocity reaches a point where there is an insufficient quantity of electrons within
the portion of phase space in which wave energy is absorbed via Landau damping. Further increases in
magnetic field (and therefore density) beyond this point require the loss curve be shifted to the right by
either decreasing the effective energy lost per ion or increasing the power density.

Fig. 6(b) shows the density as a function of magnetic field strength for both the W and E modes for the
same case shown in Fig. 6(a). Similar to what we observe experimentally, the plasma can exist in either the
E or W mode at low magnetic fields. Increasing the magnetic field within the W mode eventually leads to
a W-E mode transition, as described above. The E-mode persists with additional increases to the magnetic
field. Finally, the W mode can be recovered by decreasing the magnetic field to sufficiently low values to
induce an E-W mode transition. Although not immediately apparent, the decreased density with magnetic
field strength observed experimentally in Fig. 2 is also consistent with our LFMT theoretical model. This is
because the power lost to the walls would in reality increase significantly as B → 0. As a result, εw increases
as B decreases, thus shifting the loss curve to lower densities. However, we note that Eq. (1) is not valid as
B → 0 and a different form of the CPDR is required to properly describe this limit.

C. General Scaling of the LFMT

Scaling of the LFMT can be examined by noting that the plateau in the absorbed power curve scales with
the peak of the equivalent wave collision frequency curve. Our general approach is to use an approximation
of the CPDR to derive an analytical expression for the magnetic field strength that maximizes νw for a given
ne and Tev. To reasonable accuracy, the field strength associated with the W-E mode transition can then
be taken as some constant times the νw-maximizing field strength.
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Solving for the value of ξ at which dνw/dξ = 0 yields

ξm ≡
√

2ω

kz,mve
=

√
3

2
, (11)

where kz,m is the axial wavenumber associated with the maximum in νw. Re(k)� Im(k) when kr � kz and
νeff � ωce. In this limit, Eq. (1) may be approximated as

kz,m ≈
ωω2

pe

c2ωce,mkr
. (12)

Fig. 7 compares νw calculated using both the dispersion relation given in Eq. (1) and the approximate form
shown in Eq. (12). It is clear from this figure that Eq. (12) provides a good approximation for both the
region of increasing νw with ne, and the location and value of the maximum of νw.

The combination of Eqs. (11) and (12) yields an expression for the value of the electron cyclotron frequency
that maximizes νw,

ωce,m =

√
2ω2

peve

c2kr
. (13)
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Eq. (13) describes how the νw-maximizing magnetic field scales with the plasma density, temperature, and
plasma radius. This equation can be re-written as

Bm = b0rpneT
1/2
ev , (14)

where

b0 =

√
3e3/2

2a1ε0c2m
1/2
e

(15)

depends only on fundamental constants.
Finally, noting that the mode transition roughly coincides with a shift in the plateau of Pabs to the right

of Ploss, the LFMT field strength approximately scales according to

B∗ ≈ χBm = χb0rpneT
1/2
ev . (16)

where χ is a constant that depends on the general shape of the νw curve. We find that a value of χ ≈ 2
comes to within < 30% of the exact numerical solution over a large range of relevant conditions. Eq. (17)
represents a general equation for the magnetic field strength at which an m = 0 plasma transitions away
from the low-field W-mode.

D. LFMT Scaling with Thruster Parameters

We seek to use Eq. (17) along with a global model for the plasma discharge to derive scaling laws that describe
how the LFMT varies with thruster parameters such as the mass flow rate, input power, and geometry. The
mass flow rate of ions in a quasineutral, uniform plasma flow is given by ṁi = mineuiπr

2
p. Eq. (17) can then

be written as

B∗ =
χb1ṁi

rp
√
γmi

, (17)

where

b1 =
b0
π
√
e

(18)

also depends only on fundamental constants.
Assuming Pabs ≈ ηcPRF just prior to the LMFT (i.e. the power curves intersect near the plateau in

Pabs), the power balance equation can be written in terms of the ion mass flow rate as

ηcPRF =
ṁi

mi
(εke + εw + ε′ion) . (19)

Solving for ṁ and inserting into Eq. (18) yields

B∗ =
χb1ηcPRF

√
mi/γ

rp (εke + εw + ε′ion)
, (20)

Both the kinetic energy per particle and wall loss energy scale linearly with Te. Making the simplifying
assumptions that ε′ion � εke + εw and εke ≈ εw, Eq. (21) simplifies to

B∗ =
χb1ηcPRF

2rpµ(γ)eTev
√
γmi

(21)

where

µ(γ) ≡ γ

2

(
γ + 1

γ − 1

)
=
γg2
u

2
(22)

again results from ion acceleration through the magnetic nozzle at the exit of the plasma source. Eq. (22)
describes the LMFT field strength in terms of the input power, electron temperature, species properties, and
fundamental constants.

The electron temperature of helicon plasma sources generally increase with rp and inversely with ṁ,22

and typically falls in the range Tev ∈ [4, 8] eV.34 A relationship between Te, ṁ, and rp can be derived from
mass conservation. The neutral and ion mass continuity equations combine into the following form

ṁi = ṁ
(
1− e−Λ

)
≈ ṁΛ, (23)
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Figure 8. Actual value of the ionization function fj(TeV) compared to the approximate form, fj(TeV) ≈ cjT
n
eV.

Here, cj = 1.5 × 1017 and n = 2.5.

where Λ ≡ L/λion is the ratio of the plasma source length, L, to the mean free path for electron impact
ionization, λion. The approximation on the right-hand side of Eq. (24) is valid for Λ� 1. Λ can be written
in terms of the species-dependent ionization reaction rate, Rion, and neutral velocity, un, as

Λ =
neRionL

un
. (24)

Algebraic manipulation of the approximate form of Eq. (24) and insertion of the equation for ṁi for a
uniform plasma flow yields the following transcendental equation describing the scaling Te as a function of
ṁ, species properties, and fundamental constants:

fj (Tev) ≡
√
Tev

Rion (Tev)
=

b1ṁL

b0
√
γmiunr2

p

. (25)

Finally, we make the approximation, fj(Tev) ≈ cjT
n
eV, where cj is a species dependent constant and n

represents a scaling parameter. A comparison between the actual value of fj and the approximate form is
shown in Fig. 7 for argon gas. It is apparent from this figure that, for the value n = 2.5, the approximation
to fj provides reasonable accuracy within the range of temperatures frequently observed in helicon sources.
With this established, we invert the approximate equation for fj to arrive at

Tev ≈

(
b0cjunr

2
p

√
mi/γ

b1ṁL

)1/n

, (26)

which describes the general scaling of the electron temperature with the mass flow rate into the thruster.
Notably, Eq. (27) correctly predicts Te to increase as rp increases and ṁ decreases.

Substitution of Eq. (27) into Eq. (22) yields the following general expression for the LMFT magnetic field
strength as a function of the thruster geometry, operating parameters, and propellant species properties:

B∗ = C1
PRF

rp
√
mi

(
ṁL

cjr2
p

)1/n

(27)

Here, we have combined all other constants into C1. Eq. (28) is general in the sense that it describes how
the LMFT field strength scales with thruster power and mass flowrate for a given geometry, constrained by
the requirement that the electron temperature does not go outside the range associated with the values of
cj and n. However, extension of the scaling law to new gas species and electron temperature regimes simply
requires one to recalculate the values of cj and n.

We return to the experimental data to determine how well Eq. (28) predicts the scaling of the LMFT.
We plot in Fig. 9 the measured LMFT field strength versus three different quantities. First, plotting B∗ as
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Figure 9. Dependence of the low-field mode transition field strength (B∗
0) on: (a) the delivered RF power

(PRF); (b) the quantity PRF(ṁL)1/n; and (c) the quantity RmPRF(ṁL)1/n. Data points correspond to the legends
shown in Fig. 3. The dashed line in (c) represents the scaling predicted from Eq. (28) with a correction for
the diverging magnetic field topology.

a function of PRF [Fig. (9)] shows that, although B∗ can be seen to generally increase with PRF, no clear
trend emerges from the data. Adding the additional dependence of B∗ on the quantity (ṁL)1/n collapses
the experimental data into four distinct lines, one for each value of L. Additional analysis shows that these
lines follow the linear scaling predicted from Eq. (28).

The clustering of data for different L can be explained by accounting for the diverging magnetic field
topology of the experiment. Eq. (28) was derived for a uniform magnetic field. In the experiment, however,
the magnetic field strength at the center of the magnets is larger than at the antenna by the quantity
Rm = B0/B(−Lbp), where B(z) is shown in Fig. (1). Correcting for the magnetic field, our theoretical
model predicts that the LMFT field strength at the center of the magnets scales as B∗0 = RmB

∗, where
B∗ is defined in Eq. (28). Implementing this correction, Fig. (9) shows that the experimental data for the
four values of Lbp collapse onto a single line. Here, the dashed line represents the predicted scaling from
Eq. (17). The shaded area shows the region of 30% uncertainty in the slope that is attributed to variations
in the parameter χ. We therefore find that the observed scaling is consistent with the theoretical model for
the LMFT, which provides evidence that the mode transition occurs when the phase velocity of the wave
increases to the point where wave absorption via Landau damping cannot sustain the discharge.
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