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Abstract

As a hundred-kilowatt-class advanced electric propulsion technology, the Variable Spe-
cific Impulse Magnetoplasma Rocket (VASIMR) holds immense potential for deep space
exploration. During the ion cyclotron resonance heating (ICRH) process of VASIMR, the
resonance of high-mass, low-charge-state ions demands exceptionally strong background
magnetic fields; its reliance on strong magnetic fields imposes stringent thermal control
requirements on superconducting magnets, significantly driving up the volume and mass
penalties of the system. To address this challenge, this study explores a low-magnetic-field
VASIMR architecture utilizing a light gas, Neon (Ne), as the propellant. We systematically
investigate the thrust performance and the evolution of ion energy under the multivariable
coupling of pre-ionization power, ICRH power, and the magnetic field topology within the
resonance zone. The results demonstrate the technical and engineering feasibility of the
low-magnetic-field and light-propellant propulsion scheme. Specifically, the thrust gains
corresponding to the pre-ionization and ICRH power are approximately 2.2 mN/100 W
and 10.3 mN/500 W, respectively. Furthermore, optimizing the magnetic field topology
significantly enhances the ion energy absorption efficiency in the resonance zone, yield-
ing a thrust improvement of 25.3 mN. This study achieves a significant reduction in the
background magnetic field strength compared to conventional VASIMR, elucidating the
multi-regime control mechanisms of the low-field VASIMR. These findings lay a robust
theoretical and experimental basis for future lightweight designs and performance leaps.

Keywords: VASIMR; low magnetic field; light propellant; thrust performance; energy
evolution characteristics

1. Introduction
With the implementation of space missions such as deep space exploration, space cargo

transportation, and interplanetary flights [1], the application demand for advanced space
propulsion technologies has become increasingly urgent [2]. Although traditional chemical
propulsion can provide enormous thrust, its specific impulse is intrinsically limited by the
chemical energy of the propellants, making it difficult to meet the requirements of missions
involving long durations and high velocity increments [3,4]. Space electric propulsion,
owing to its advantages of high specific impulse, long lifespan, and high efficiency, has
become a core supporting technology for advanced spacecraft [5,6]. Specifically, for future
lunar base construction, long-duration Mars exploration, and even further deep space
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exploration missions, high-power electric propulsion has emerged as an indispensable
core technology [7–10].

The Variable Specific Impulse Magnetoplasma Rocket (VASIMR), proposed and spear-
headed by Chang-Díaz [11,12], is one of the most representative high-power electric propul-
sion technologies. Its core principles lie in its staged energy injection and electrodeless
acceleration mechanisms. The operational process primarily consists of three stages [13,14].
First, a helicon radio frequency (RF) antenna is utilized to efficiently ionize the propellant
gas, generating high-density plasma [15]. Subsequently, a second-stage RF antenna emits
left-hand polarized electromagnetic waves that strictly match the local ion cyclotron fre-
quency. Through the collisionless wave–particle resonance absorption effect, the RF energy
is directly converted into the perpendicular cyclotron kinetic energy of the ions relative to
the magnetic field lines [16]. Finally, within a spatially diverging magnetic field gradient,
the intense perpendicular cyclotron kinetic energy of the ions is converted into axial kinetic
energy, thereby producing an ultra-high-speed exhaust jet and macroscopic thrust [17].

Within the current VASIMR framework, the Ad Astra Rocket Company represents
the global forefront with the highest technology readiness level. Public data reveals that
their VX-200 prototype achieves an ion exhaust velocity of 50 km/s; it delivers a maximum
thrust of 5.7 N at 200 kW, and approximately 3.2 N at 100 kW [18,19]. Utilizing argon as the
propellant, the system achieves a total efficiency of 60–72% within a specific impulse range
of 3000–5000 s [20].

Their latest steady-state demonstrator, the VX-200SS, operates at a total power of
108 ± 5 kW. It stably delivers a thrust of 3.0 ± 0.2 N with a specific impulse of 4500 ± 200 s
and an efficiency of 62 ± 6%. Crucially, this device has successfully demonstrated
10,000 reliable ignitions and nearly 100 h of steady-state operational testing [21].

In the VASIMR thruster, the primary energy source for thrust generation is the second-
stage ion cyclotron resonance heating (ICRH) process. Given a fixed frequency of the
electromagnetic waves emitted by the ICRH antenna, the smaller the absolute ion mass and
the higher the charge state, the lower the background magnetic field required for efficient
ICRH. Current VASIMR prototypes predominantly operate with argon (Ar) propellant and
target Ar+ for ICRH. This scheme necessitates a background magnetic field of 1–2 T, and
the background magnetic field is typically generated by superconducting magnets [22].

The strong magnetic fields required by conventional VASIMR prototypes impose
severe demands on both the spacecraft’s power system and operational time. First, this
high-field requirement significantly increases the power consumption and volume of the
superconducting cryogenic system. Second, it leads to a prolonged superconducting
excitation time during thruster cold starts. Typically, charging a background magnetic
field of 1–2 T takes approximately 30 min. Consequently, the massive power require-
ments of such conventional VASIMR systems remain beyond the capabilities of current
standard spacecraft.

This reliance demands complex spaceborne superconducting magnets and cryogenic
systems, severely limiting spacecraft integration. To reduce the reliance of VASIMR on
strong magnetic fields, this study utilizes neon (Ne) as a lighter propellant alternative to Ar.
Innovatively, we target the high-charge-state Ne ions for ICRH. This approach successfully
lowers the peak background magnetic field to 0.3 T, significantly reducing the background
magnetic field requirements.

This paper systematically investigates three key parameters: pre-ionization power,
ICRH power, and the magnetic field topology beneath the antenna. We analyze their
comprehensive impacts on thrust performance and energy coupling. The remainder of this
paper is structured as follows: Section 2 presents the simulation model and mechanism
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analysis. Section 3 shows the thruster configuration, experimental setup. Section 4 details
the results. Finally, Section 5 summarizes the conclusions.

2. Simulation Modeling and Analysis of ICRH
VASIMR’s high thrust gain stems primarily from RF power coupling during the

ICRH stage. Mechanistically, when the antenna operating frequency matches the local ion
cyclotron frequency, the ion cyclotron motion couples efficiently with the electromagnetic
waves. This resonant interaction drastically increases the perpendicular kinetic energy of
the ions. Subsequently, the plasma flows into the downstream magnetic nozzle. As the
magnetic field strength decreases, this perpendicular energy converts into directed axial
kinetic energy. Governed by the conservation of magnetic moment and total energy, this
conversion generates macroscopic thrust [23]. The fundamental nonlinear fluid equations
describing the interaction between the circularly polarized fields and the ion flow are
given by [24]:

∂B+

∂z
= −iµ0neV+ (1)

∂E+

∂z
= ωB+ (2)

Vz
∂Vz
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= − c2ε0
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∂|B+|2

∂z
− |V+|2
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B∗
B0z

nVz = j = const (5)

cs =

√
NKBTe

mi
(6)

where B+ is the complex perpendicular magnetic field component, µ0 is the vacuum
permeability, n is the plasma density, and e is the charge. V+ and E+ represent the complex
perpendicular components of the ion velocity and electric field, respectively, while N is
the ion charge number and ω is the cyclotron wave frequency. Additionally, Vz is the axial
ion velocity, c is the speed of light, ε0 is the vacuum permittivity, and mi is the ion mass.
B0z is the background axial magnetic field strength, B∗ is the background magnetic field
strength at the resonance point, and ωci is the ion cyclotron frequency. Finally, j is the
ion current, cs is the ion acoustic speed [25], KB is the Boltzmann constant, and Te is the
electron temperature.

To effectively decouple the particle dynamics from the macroscopic geometric ex-
pansion effects of the magnetic nozzle, a set of generalized variables normalized by the
magnetic flux is introduced as follows:

V+ =
Vx + iVy√

B0z
B∗

(7)

Assuming that the resonance zone corresponds to the region covered by the ICRH
antenna, the axial magnetic field distribution is provided by the magnetic coils, with its
expression given as follows [26]:

B0z = B∗

(
1 − z√

l2 + z2

)
(8)

https://doi.org/10.3390/aerospace13070617

https://doi.org/10.3390/aerospace13070617


Aerospace 2026, 13, 617 4 of 18

where l represents the computational length, and z = 0 is defined as the starting point of
the resonance zone. By simultaneously solving Equations (1)–(6), the equation for the axial
ion velocity can ultimately be derived as follows:

Vz
∂Vz

∂z
=

C2
s l2

(
√

l2+z2−z)(l2+z2)
+ |V+ |2l2

2(l2+z2)
3
2

1 − C2
s

V2
z

(9)

By solving Equations (1)–(9), the distributions of the axial ion velocity Vz and the
perpendicular ion velocity V+ can be obtained. This calculation is based on the following
simplifications and assumptions:

• The electron temperature remains constant.
• The ion magnetic moment is conserved during motion.
• Interparticle collisions are neglected.
• The electric field induced by the ICRH antenna within the resonance zone exhibits a

Gaussian profile, expressed as follows:

E+(z) = E0e−( Z
dant

)
2

(10)

where E0 is the peak electric field, and dant is the ICRH antenna length. In the ICRH simula-
tions of related studies [27], the electric field is typically set as a spatially uniform constant,
generally on the order of 102–103 V/m. To more accurately describe the electromagnetic
field variation fed by the heating antenna, the numerical model in this work does not adopt
this uniform electric field assumption. Moreover, since E(+∞) = E(−∞) = 0, a spatially
localized Gaussian radio-frequency electric field model is introduced here to represent the
electric field generated by the antenna, with the peak intensity set to 600 V/m.

In the helicon mode of a helicon discharge, the electron temperature in the core of the
plasma column is typically around 5 eV [28]; therefore, Te is set to 5 eV. In this model, the
ion axial velocity must satisfy the supersonic condition to meet the problem’s requirements.
The ion sound speeds for Ne in its three ionization states can be obtained from Equation (6),
among which the triply charged neon ion yields the largest value, 8506 m/s. Therefore,
the input variable Vz0 should exceed this value and is set to 9000 m/s in this work. And to
more clearly reflect the change in V+ after ion cyclotron resonance heating, the initial value
of V+0 is set to 0 rad/s.

Figure 1 shows the result by solving Equations (1)–(9), and Table 1 provides the initial
values of the simulation parameters. It qualitatively illustrates the evolutionary trajectories
of the perpendicular kinetic energy E⊥ and axial kinetic energy E∥ for Ne+, Ne2+, and
Ne3+ ions. The entire transport process can be distinctly divided into two physical stages.

Table 1. Simulation Parameters.

Parameter Value

Computational length: l 0.3 m
ICRH antenna length: dant 0.05 m

Magnetic field strength at the resonance point: B∗ 0.5 T
Peak electric field: E0 600 V/m

Initial axial ion velocity: Vz0 9000 m/s
Initial vertical velocity of ions: V+0 0 rad/s

Ion mass: mi 3.351 × 10−26 kg
Electron temperature: Te 5 eV
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Figure 1. Variations in axial (solid lines) and perpendicular (dashed lines) kinetic energies of ions
with different charge states (N = 1, 2, 3) after the ion cyclotron resonance heating (ICRH) phase,
obtained by solving Equations (1)–(9).

The first is the wave-induced ICRH stage within the antenna resonance zone. In this
region, the ions satisfy the local ICRH condition, and their perpendicular kinetic energy E⊥
experiences a dramatic nonlinear surge. Because the wave–particle energy coupling rate is
highly dependent on the ion charge number, the high-charge-state ions (N = 3) exhibit a
profound nonlinear energy absorption advantage, resulting in a peak perpendicular kinetic
energy E⊥ that far exceeds that of the low-charge-state ions (N = 1).

The subsequent stage is the adiabatic expansion in the downstream magnetic nozzle.
After the plasma exits the RF wave field, governed by the conservation of the adiabatic
magnetic moment within the divergent background magnetic field, the perpendicular kinetic
energy E⊥ of the ions begins to attenuate and is converted into axial kinetic energy E∥.

Figure 1 demonstrates that for a given propellant, high-charge-state ions achieve
greater velocity gains during ICRH by solving. Mechanistically, at a given cyclotron wave
frequency, a lighter propellant paired with a higher charge state lowers the background
magnetic field threshold required for cyclotron resonance. Consequently, this work pro-
poses a novel propulsion scheme using a light propellant, targeting high-charge-state ions
as the primary vehicle for energy coupling during the ICRH stage.

3. Experimental Setup
3.1. Design of the Low-Magnetic-Field VASIMR Thruster

Figure 2 presents the photograph and schematic diagram of the thruster. The discharge
chamber is a transparent quartz glass tube measuring 100 cm in length and 7 cm in diameter,
with a wall thickness of 0.5 cm. The background pressure within the vacuum chamber is
maintained at 1 × 10−2 Pa.
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(a) (b) 

Figure 2. (a) shows the photograph of the thruster hardware used for testing; (b) shows the internal
cutaway view of the thruster. In (b), axial origin is defined at the propellant inlet-side edge of the
ICRH antenna, with the upstream as negative and downstream as positive.

The background magnetic field is generated by three identical water-cooled electro-
magnetic coils. Each coil consists of 264 turns of wire, featuring a casing with an inner
diameter of 30 cm, an outer diameter of 65 cm, and an axial thickness of 12 cm. The spacing
between adjacent coils is maintained at 20 cm. Each coil is independently driven by an
adjustable DC power supply with an output range of 0–80 V and 0–300 A. Furthermore,
integrated water-cooling channels are utilized to effectively mitigate the temperature rise
caused by Joule heating. The peak magnetic field strength produced by this coil assembly is
approximately 0.3 T, falling within the low-magnetic-field regime compared to conventional
VASIMR thrusters.

The pre-ionization antenna adopts a Shoji right-hand helical configuration [29] and is
powered by a 13.56 MHz RF power supply. This supply features an output power range
of 0–5 kW with a tuning resolution of 1 W, and is equipped with an automatic impedance
matching network. The ICRH antenna employs a Shoji left-hand helical configuration,
connected to a 392 kHz intermediate-frequency ICRH power supply. This unit provides
an output power range of 2.5–5 kW with a tuning resolution of 100 W, and utilizes a fixed
matching network.

The mass flow controller operates within a range of 0–2000 sccm with a control
resolution of 1 sccm. Given the relatively low background magnetic field, the light gas
Ne is selected as the propellant for the experiments. Based on the analysis in Section 2,
higher ion charge states yield greater velocity gains during ICRH while lowering the
required resonance magnetic field. However, limited by the available ionization power,
the abundance of higher charge states is extremely low, rendering them insufficient for
generating effective thrust. To balance velocity gain and ion abundance, this study sets the
magnetic field to match the resonance threshold of Ne2+, thereby optimizing performance
within a low magnetic field architecture.

3.2. Measurement Instruments

The axial magnetic field strength was measured using a Lake Shore Model 425 Gauss-
meter. This instrument features a measurement range from 350 mG to 350 kG, a DC
resolution of 43/4 digits, a frequency range from DC to 10 kHz, and a basic DC accuracy
of ±0.20%.
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The ion energy distribution function (IEDF) and relative density were measured using
a Retarding Potential Analyzer (RPA) manufactured by Impedans Ltd. The instrument
features a maximum measurable energy of 2500 eV with an ion energy resolution of 1 eV,
and was positioned 15 cm downstream from the discharge chamber nozzle.

The thrust measurement system primarily consists of four symmetrically arranged
rigid pendulum arms, a target platform, and a fixed base. The relative measurement
uncertainty of this setup is 1.132%, and the position-dependent thrust attenuation factors
are illustrated in Figure 3; the dashed line denotes the measurement location. In this study,
to prevent damage to the target surface from prolonged plasma bombardment, the device
was positioned approximately 30 cm downstream of the thruster nozzle. At this specific
location, the corresponding thrust attenuation factor is approximately 0.834, meaning the
measured value represents 83.4% of the actual thrust at the nozzle exit. Although the
measured thrust is systematically underestimated due to this spatial attenuation, the factor
applies uniformly to all measurements at this location; consequently, the normalized ratios
and relative trends among different data sets remain completely unaffected.

 
Figure 3. Variation in the thrust retention ratio with the distance. The dashed line denotes the
measurement location.

4. Results and Discussion
4.1. The Phenomena of ICRH

The occurrence of ion resonance can be identified by two key indicators: the variation
in ion energy and the change in plasma brightness. For ion cyclotron resonance to occur,
the background magnetic field strength B, the wave frequency ω emitted by the heating
antenna, and the ion cyclotron frequency ωci must satisfy the following condition:

ω = ωci =
qB
mi

(11)

In this study, the wave frequency ω emitted by the heating antenna is fixed. Therefore,
to induce ion cyclotron resonance, the background magnetic field B beneath the antenna
must be controlled so that the ion cyclotron frequency ωci approaches ω as closely as
possible. Given the fixed heating frequency, the required resonant magnetic field for Ne2+

corresponds to 0.258 T.
This study experimentally investigates the ion energy distributions and plasma lu-

minosity changes in the plume, specifically contrasting the Neon ion resonant and non-
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resonant states. During these tests, the operating conditions were maintained at a 1000 sccm
mass flow rate, 1900 W of pre-ionization power, and 2.5 kW of ICRH power.

Figure 4 shows that when the Neon ion (Ne2+) resonance condition is not satisfied, the
application of heating causes the IEDF to shift toward lower energies, with a noticeable
reduction in the integrated area under the curve compared to the state prior to ICRH
startup. Consequently, as shown in Figure 5d, rather than increasing, both the total ion
energy and density experience a decline. Visually, the “blue core” dissipates noticeably,
with no significant increase observed in the overall plume luminosity.

Figure 4. The ion energy distribution function (IEDF) measured by the Retarding Potential Analyzer
(RPA). When the Neon ion (Ne2+) resonance condition is not satisfied, the IEDF shifts toward the
low-energy regime, with its envelope area decreasing relative to the baseline of ICRH off. Conversely,
when the condition is satisfied, the IEDF broadens toward both the low- and high-energy regime,
with its envelope area increasing relative to the baseline of ICRH off.

As shown in Figure 4, when the Neon ion (Ne2+) resonance condition is satisfied, the
corresponding IEDF envelope enlarges significantly, broadening into both the low-energy
and high-energy regimes. Phenomenologically, as shown in Figure 5c, the “blue core”
evolves into a more intense plume, accompanied by a marked increase in the brightness of
the plume region.

(a) (b)

Figure 5. Cont.
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(c) (d)

Figure 5. (a) The phenomena of the “blue core” prior to ICRH startup; (b) photograph of the
plume region prior to ICRH startup; (c) photograph of the plume region after ICRH startup when
the magnetic field strength in the resonance zone matches the required field for Neon ion (Ne2+)
cyclotron resonance, showing a significant increase in luminosity; (d) when the magnetic field is
insufficient to satisfy the Neon ion (Ne2+) resonance condition, the plume brightness exhibits no
significant enhancement, and the “blue core” disappear.

4.2. Effect of Pre-Ionization Power on Thrust Performance

Experiments were conducted to investigate the effect of pre-ionization power on the
thrust performance of the thruster. During the experiments, plume ion energy distributions
and thrust were measured across a power range of 1400–2000 W with a 100 W step, while
the propellant flow rate and ICRH power were fixed at 1000 sccm and 2.5 kW, respectively.
The axial magnetic field configuration is illustrated in Figure 6. At a fixed ICRH frequency
of 392 kHz, Equation (11) dictates a resonance field of 0.258 T for Neon ion (Ne2+). The
magnetic field beneath the antenna was set slightly below this value; the rationale for this
sub-theoretical configuration is detailed in Section 4.4.

Figure 6. Axial magnetic field distribution of low-magnetic-field Variable Specific Impulse Magneto-
plasma Rocket (VASIMR) (solid line), the dashed line denotes the resonant field strength for Neon
ion (Ne2+) at an ICRH frequency of 392 kHz.

Figure 7a illustrates the evolutionary trend of the ion density as a function of pre-
ionization power. The results indicate that, regardless of whether the ICRH mechanism
is applied, the ion density continuously increases with the elevation in pre-ionization
power and ultimately reaches saturation. Notably, at a constant pre-ionization power, the
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introduction of the ICRH mechanism substantially elevates the ion density level. Compared
to the baseline, the maximum increase in ion density is approximately 1.9-fold prior
to ICRH activation, whereas the density is boosted by up to roughly 6-fold following
ICRH activation.
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Figure 7. Variations in (a) normalized ion density and (b) average ion energy as a function of radio
frequency (RF) power ranging from 1400 to 2000 W. In (a), the density is normalized to the baseline
value obtained at a 1400 W pre-ionization power, and 1000 sccm flow rate before ICRH ignition.

Furthermore, Figure 7a reveals a pronounced density jump phenomenon prior to
ICRH activation as the pre-ionization power is increased from 1500 W to 1600 W. Within
this specific interval, the plasma density leaps by a factor of approximately 1.6. This
observation is consistent with findings reported in Reference [30] and can be attributed to
the transition of discharge modes during the helicon wave stage.

Figure 7b displays the evolution of average ion energy versus pre-ionization power.
Prior to ICRH startup, a prominent drop in the average ion energy is observed within the
1500–1600 W range, after which it resumes an upward trend. This sharp energy reduction
corresponds directly to the density jump before ICRH activated. Physically, the higher
pre-ionization power induces a helicon sub-mode transition, reallocating the absorbed RF
energy. The coupling focus of the pre-ionization energy shifts from ion acceleration to gas
ionization. The resulting surge in the ionization rate causes a spike in ion density, which
dilutes the energy allocated per particle and manifests as a decrease in the mean ion energy.

After ICRH startup, the average ion energy grows continuously with increasing pre-
ionization power. Notably, at lower powers, the mean energy is lower than that before
ICRH activation. Specifically, at 1400 W and 1500 W, ICRH ignition triggers a 1.6-fold
and 5.4-fold increase in ion density, respectively. This massive density growth leads to a
strong energy dilution effect, keeping the mean energy at a low level. As the post-ICRH
ion density approaches saturation at higher pre-ionization powers, the energy allocation
shifts from ionization back to ion acceleration, thereby enhancing the average ion energy.

Figure 8 illustrates the evolution of the IEDF under different pre-ionization powers.
As shown in Figure 8a, prior to ICRH startup, the distribution at 1400 W exhibits a distinct
bimodal structure with a peak separation of 8.8 eV. At 1500 W, this bimodal feature intensi-
fies; the peak separation widens to 29.32 eV, and the low-energy ion fraction increases. With
a further power increase, the distribution first transitions into a unimodal profile heavily
concentrated in the low-energy zone, and eventually shifts globally toward the high-energy
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region. This behavior directly reflects that higher pre-ionization powers channel more
energy into gas ionization rather than ion acceleration.

  
(a) (b) 

Figure 8. Variation in IEDF with RF Power measured by RPA, (a) shows the plume IEDF prior to
ICRH startup, with the ion energy corresponding to the peak of the distribution labeled; (b) shows
the plume IEDF after ICRH startup.

Figure 8b shows the variations in the IEDF after ICRH startup. Compared to the
state without ICRH, the distribution at 1400 W shifts globally toward the lower-energy
end. As the pre-ionization power increases, the distribution broadens simultaneously
toward both low- and high-energy sides, with the high-energy extension being particularly
prominent. This phenomenon is ascribed to the surge in Neon ion density at higher pre-
ionization powers. The abundant Neon ions absorb most of the ICRH power, elevating the
high-energy population and driving the evolution of the distribution curve.

Figure 9 presents the measured thrust as a function of pre-ionization power. Notably,
due to the structural constraints of the vacuum chamber and the thruster, the thrust stand
was positioned 30 cm downstream of the thruster exit plane. Consequently, the measured
values are significantly lower than the actual thrust, serving primarily as a qualitative
reference. The results indicate that the thrust increases with pre-ionization power both
before and after ICRH startup. Prior to ICRH activation, the thrust rises almost linearly
from 11.73 mN to 19.65 mN. After ICRH startup, the thrust increases progressively from
40.94 mN to 54.28 mN across the same power range, maintaining a strong linear trend.
Compared to the pre-ICRH stage, the average thrust increment is 31.19 mN for each 100 W
increase in pre-ionization power.
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Figure 9. Variation in thrust with RF power from 1400 to 2000 W. Blue line: prior to ICRH startup;
red line: after ICRH startup.

4.3. Impact of ICRH Power on Thrust Improvement

Experiments were further extended to investigate the effect of ICRH power on the
thrust enhancement of the thruster, with the pre-ionization power and flow rate fixed at
1900 W and 1000 sccm, respectively, ion energies and thrust profiles were characterized at
discrete ICRH powers of 2.5, 3.0, 3.5, and 4.0 kW.

The ion energy distribution curves in the thruster plume region are shown in Figure 10.
The results indicate that at an ICRH power of 2.5 kW, compared to the ICRH off state, the
ion energy distribution curve of the plume broadens simultaneously in both the low- and
high-energy regimes. As the ICRH power is subsequently increased to 3 kW, the envelope
area of the distribution curve becomes larger, demonstrating that the total kinetic energy of
the ions continuously expands during the ramp-up of ICRH power from 0 kW to 3 kW. As
the ICRH power further escalates to 3.5 kW and 4 kW, the energy distribution undergoes
another transition. Distinct from the behaviors observed at 2.5 kW and 3 kW, when the
ICRH power is elevated to 3.5 kW and 4 kW, the proportion of ions in the high-energy
regime decreases, whereas a corresponding increase is observed in the low-energy regime.

 

Figure 10. Variation in IEDF with ICRH power measured by RPA.
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Figure 11a illustrates the relative ion density corresponding to each ICRH power
level. The results demonstrate that the relative ion density exhibits an upward trend with
increasing ICRH power. Specifically, at an ICRH power of 2.5 kW, the ion density directly
reaches 2.3 times the baseline level recorded before ICRH activation, when the ICRH power
is elevated to 4 kW, the ion density increases to 5.3 times the baseline level.

  
(a) (b) 

0 2.5 3 3.5 4
0

1

2

3

4

5

6

N
or

m
al

iz
ed

 io
n

 d
es

ti
n

y

ICRH power(kW)
0 2.5 3 3.5 4

20

30

40

50

60

70

80

90

T
hr

us
t(

m
N

)

ICRH power(kW)

Figure 11. Variations in (a) normalized ion density and (b) thrust as a function of ICRH power
ranging from 1400 to 2000 W. In (a), the density is normalized to the baseline value obtained at a
1900 W pre-ionization power, and 1000 sccm flow rate before ICRH ignition.

These findings indicate that, on the one hand, the injection of ICRH power increases
the ion density, which is visually reflected in Figure 8 as the substantial broadening of the
population of low-energy ions with increasing power. On the other hand, the injection of
ICRH power directly drives a kinetic energy leap in Neon ion, corresponding to the high-
energy component in Figure 8 that continuously extends outward as the power scales up.

The variation in the thruster’s thrust as a function of ICRH power is presented in
Figure 11b. The results show that the injection of ICRH power yields a remarkable en-
hancement in thrust performance. Compared to the operation prior to ICRH activation, the
initiation of a 2.5 kW ICRH provides an immediate thrust gain of 33.12 mN. During the
ramp-up of ICRH power from 2.5 kW to 4 kW, the thrust increases almost linearly from
55 mN to 86 mN, exhibiting a nearly linear variation trend throughout the process. The
injection of ICRH power substantially elevates both the overall ion energy level and the
macro-thrust, serving as a direct manifestation that Neon ion acts as the primary absorption
species for ICRH energy. This further validates the technical feasibility of the VASIMR
light-propellant propulsion scheme under weak background magnetic fields.

4.4. Effect of Magnetic Field Topology Within the Resonance Zone on ICRH Efficiency

Under realistic conditions, ions enter the region beneath the ICRH antenna with a
parallel velocity v∥. Given that the parallel wavenumber of the incident wave is k∥, the
frequency of the incident ICRH wave will experience a Doppler shift relative to the ions in
the ion rest frame [31], expressed as follows:

ω′ = ωci − k∥v∥ (12)
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Correspondingly, for a fixed incident wave frequency, the magnetic field strength
required to induce ion cyclotron resonance is no longer a strictly single discrete value,
which yields:

Bci ,Dop =
(

ωci − k∥v∥
)mi

qi
(13)

Consequently, when a Doppler shift occurs, the discrete resonance zone broadens into
a finite resonance band:

∆B ≈
k∥∆v∥mi

qi
(14)

Due to the Doppler shift effect, the actual cyclotron resonance magnetic field required
for ions at a given cyclotron wave frequency falls below the theoretically calculated value.
Furthermore, the three-coil configuration complicates the magnetic field regulation within
the resonance region. Consequently, the effective spatial volume satisfying the resonance
band ∆B varies significantly under different excitation current setups, which ultimately
impacts the ICRH performance.

The experiment adjusts the current in coil 3 to modulate the magnetic field topol-
ogy within the resonance zone. Figure 12 illustrates the axial magnetic field topologies
within the resonance zone as the current in coil 3 varies from 240 A to 250 A, the diagram
qualitatively delineates the variations in the resonant magnetic field strength induced by
the Doppler shift. When the current in coil 3 is set to 240 A, the spatial coverage of the
Doppler-shifted resonance band ∆B beneath the ICRH antenna is relatively small. As the
current in coil 3 continuously increases, the region beneath the ICRH antenna capable of
overlapping with the resonance band gradually expands. Furthermore, the constructive
superposition of the magnetic fields generated by coil 2 and coil 3 correspondingly elevates
the peak value of the magnetic field topology in this region.
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Figure 12. Variation in the axial magnetic field topology beneath the ICRH antenna with coil 3 current
from 240 to 250 A measured by Gauss meter.

Experimental investigations were subsequently conducted to evaluate the effect of
the resonance-zone magnetic field topology on the thrust performance of the thruster.
The operational parameters were configured with a propellant flow rate of 1000 sccm, a
pre-ionization power of 1900 W, and an ICRH power of 2.5 kW. Under these identical
conditions, the magnetic field topologies at various currents of coil 3, along with their
corresponding macroscopic thrust and relative ion density, were systematically measured.
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Figure 13a illustrates the variation trend of the relative ion density as a function of
the increasing current in coil 3. The results indicate that prior to ICRH activation, the ion
density exhibits an upward trend with the increment in the current in coil 3. Following
ICRH activation, however, the ion density presents a trend of initially increasing and
subsequently decreasing as the current in coil 3 increases.
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Figure 13. Variations in (a) normalized ion density and (b) average ion energy as a function of Current
of coil 3 ranging from 240 to 250 A. In (a), the density is normalized to the baseline value obtained at
a 1900 W pre-ionization power, 240 A current in coil 3, and 1000 sccm flow rate before ICRH ignition.

The evolution of ion density after ICRH activation is likewise closely related to the
extent of the resonance band. As derived from Equation (5), the relation between the ion
density and the ion velocity in the plume region satisfies the following expression:

n(z) ∝
B0z(z)
Vz(z)

(15)

In the experiment, when the current in coil 3 is below 244 A, the resonance band
remains narrow, allowing ions to rapidly traverse the resonance zone, which leads to
insufficient absorption of the ICRH power. As the current in coil 3 continues to increase,
the resonance band gradually broadens, thereby extending the transit time of ions through
the resonance band. This enables a more sufficient absorption of the ICRH power and
yields a larger increment in kinetic energy. According to Equation (1), the ion density will
consequently undergo attenuation.

The variation trend of the thruster’s thrust as a function of the current in coil 3 is illus-
trated in Figure 13b. Prior to ICRH activation, the system thrust exhibits a monotonically
increasing trend with the increment in the current in coil 3, as the current rises from 240 A
to 250 A, the thrust increases slowly from 16.79 mN to 21.62 mN. This phenomenon has
been previously documented in literature [32,33]. It is attributed to the fact that a stronger
magnetic field downstream of the pre-ionization antenna leads to more controllable diver-
gence of the magnetic field lines. The reduction in the Larmor radius allows ions to be
better confined along the magnetic field lines, thereby decreasing radial wall losses and
subsequently enhancing both the ion density and the thrust.

After ICRH activation, the thrust increases as the Coil 3 current rises, growing from
42.32 mN at 240 A to 67.62 mN at 250 A. Meanwhile, the thrust increment relative to the
unheated state exhibits a monotonic growth. When the current increases from 240 to 250 A,
the net thrust gain jumps from 25.53 mN to 46 mN.
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Mechanistically, this thrust evolution stems from resonance zone modifications. Increas-
ing the Coil 3 current strengthens the magnetic field beneath the antenna, broadening the ∆B
coverage and expanding the resonance band. Consequently, ions experience a longer transit
time across the resonance zone. They absorb more RF energy, which significantly boosts
their angular kinetic energy. This explains the pronounced thrust variations post-ICRH
startup. Furthermore, it indicates that given constant pre-ionization and ICRH powers,
maximizing the resonance band directly improves the thruster’s thrust-to-power ratio.

5. Conclusions
This study evaluates the performance of a weak-magnetic-field VASIMR thruster. We

measured the ion energy and thrust under various operating conditions. The results show
that at a fixed flow rate and ICRH power, increasing the pre-ionization power boosts the
ion density by up to six times before it saturates. More Neon ions, which absorb the ICRH
power, effectively increase the thrust. Specifically, every 100 W increase in pre-ionization
power adds an average of 2.2 mN to the thrust.

ICRH power injection significantly increases the total thrust. This confirms the feasi-
bility of using Neon ion as a light propellant. The ICRH power plays a dual role. First, it
increases the ionization rate and plasma density, which indirectly boosts the thrust. Second,
Neon ions directly absorb the ICRH power and convert it into thrust. On average, every
500 W of ICRH power generates a 10.3 mN thrust gain.

Optimizing the magnetic field in the resonance zone is key to improving performance.
Because of the Doppler shift, a broader resonance band provides a larger space for wave–
particle interaction. This allows Neon ions to absorb energy more efficiently, which directly
increases the thrust. By optimizing the magnetic field, we achieved a maximum thrust gain
of 25.3 mN.

Due to experimental limitations, although the experiments were conducted under
conditions satisfying the Ne2+ resonance and the resonance phenomenon was observed, it
remains unclear at the microscopic level whether the observed resonance is indeed caused
by the absorption of ICRH power by Ne2+. Therefore, future work will focus on identifying
the ion species responsible for the resonance in order to further elucidate the physical
mechanism of the resonance phenomenon under low magnetic fields.

In conclusion, this study verifies the feasibility of using high-charge-state light ions for
VASIMR under a weak magnetic field. This provides a foundation for future lightweight
VASIMR designs. Generating competitive thrust in conventional VASIMR architectures
requires prohibitively high RF power and strong magnetic fields, bottlenecking their deep-
space application due to reliance on oversized solar arrays or unproven space nuclear
reactors. This study directly tackles this limitation by drastically lowering the background
magnetic field required for resonance. This approach effectively slashes parasitic power
losses and alleviates the mass burden of the magnetic and thermal systems, establishing a
rigorous basis for VASIMR’s technological readiness under current space power constraints.
Future studies can focus on architectural optimization and system-level power management
strategies to pave the way for its practical spaceborne applications.
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