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Due to a series of challenges such as low-orbit maintenance of satellites, the air-breathing electric propulsion has
got widespread attention. Commonly, the radio frequency ion thruster is favored by low-orbit missions due to its high
specific impulse and efficiency. In this paper, the power transfer efficiency of the radio frequency ion thruster with different
gas compositions is studied experimentally, which is obtained by measuring the radio frequency power and current of the
antenna coil with and without discharge operation. The results show that increasing the turns of antenna coils can effectively
improve the radio frequency power transfer efficiency, which is due to the improvement of Q factor. In pure N, discharge,
with the increase of radio frequency power, the radio frequency power transfer efficiency first rises rapidly and then exhibits
a less steep increasing trend. The radio frequency power transfer efficiency increases with the increase of gas pressure at
relatively high power, while declines rapidly at relatively low power. In N»/O; discharge, increasing the N, content at high
power can improve the radio frequency power transfer efficiency, but the opposite was observed at low power. In order
to give a better understanding of these trends, an analytic solution in limit cases is utilized, and a Langmuir probe was
employed to measure the electron density. It is found that the evolution of radio frequency power transfer efficiency can
be well explained by the variation of plasma resistance, which is related to the electron density and the effective electron
collision frequency.

Keywords: radio frequency ion thruster, inductively coupled plasma, power transfer efficiency, analytic solu-

tion
PACS: 52.25.Jm, 52.27.Cm, 52.50.Dg

1. Introduction

In recent years, as the growth of space missions, the en-
vironment of low earth orbit (LEO) or lower orbit has at-
tracted worldwide attention of scientists. There are many ad-
vantages in reducing the orbital height. For instance, the op-
tical imaging system carried on the earth observation satellite
can obtain higher spatial resolution, and the signal-to-noise ra-
tio of the radar system in the communication satellite can be
improved.!!! Additional benefit include lessen orbital debris,
cheaper cost of satellite launch, etc. One of successful exam-
ples is the European Space Agency’s gravity field and steady-
state ocean circulation explorer (GOCE) which has operated
stably for 4.5 years at an altitude of 260 km-229 km. %/

However, reducing the orbital height will strengthen the
atmospheric drag, and then affect the long-term orbit main-
tenance of spacecraft. To overcome this difficulty, scientists
have proposed to use air-breathing electric propulsion (ABEP)
technology below 250 km.!3! ABEP is a cross innovation
of efficient gas collecting technology and electric propulsion
technology, which is commonly composed of an intake device
and a thruster. It aims to carry no propellant and provides
long-life thrust for low orbit spacecraft by absorbing the or-
bital rarefied atmosphere as propellant.
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Nevertheless, the atmospheric gas is usually hard to ignite
or discharge due to its low ionization rate.!®”] Kozhevnikov
et al.!® pointed out that radio frequency ion thruster (RIT)
can be an appropriate selection used at certain altitudes with
low thrust demand due to its high specific impulse and effi-
ciency. For example, RIT-10 was used to send Artemis to the
scheduled orbit for almost one year after the Ariane-5 rocket
was broken down.[ In addition, RIT exhibits distinct advan-
tages compared to other types of electric propulsion technol-
ogy, such as Hall thrusters. The structure of RIT is simple and
easy to miniaturize, allowing for the design of various sizes to
meet the thrust requirements of different space missions.!’!
Moreover, RIT has a long lifespan and performs well at low
powers, which can be attributed to its excellent combination of
electrodeless discharge, high control accuracy, fast response,
and homogeneous beam. [!1-1?]

The ionization chamber of RIT is an inductively coupled
plasma (ICP) source with cylindrical geometry, in which elec-
tromagnetic field accelerates free electrons to break down neu-
tral gas to generate the plasma. As the RF power varies, ICP
usually exhibits two distinct regimes, the so-called E (elec-
trostatic) mode at low RF power for capacitive coupling and
the H (electromagnetic) mode at high RF power for inductive
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coupling.!'3-131 In the H mode, the maintenance of plasma is
dominated by angular electric field, while it mainly dominates
by axial electric field generated by electric potential difference
between both ends of the coil in the E mode. Since the plasma
density are much higher in the H mode in comparison with
that in the E mode,!'%!7] it is necessary to keep RIT operating
in the H mode.

In general, the absorbed power of plasma is inevitably
less than the output power of the power supply, which is due
to the power loss when the current passes through the match-
ing network, transmission line, antenna coil, and the inter-
face. In order to reduce this power loss and improve the ion-
ization rate, it is necessary to improve the plasma absorption
power, or RF power transfer efficiency. For RF driven ICP,
the plasma power absorption is closely related to the electron
heating mechanism. It is known that, at high pressures, the
electron heating mechanism is typically dominated by Ohmic
heating, while at low pressures, the stochastic heating plays a
leading role.[!8-20]

At present, the relevant research on the RF power trans-

fer efficiency of the ICP source is mainly concentrated in the
24]

25]

fields of neutral beam injection, >'-23] material processing,|
etc., but very few in the application of RIT. Chabert ef al.!
evaluated the RF power transfer efficiency of an RIT with Xe
as propellant using a global model. They found that the RF
power transfer efficiency decreases from 82% to 34% with the
increase of RF power, and rises first rapidly then slower to
about 80% with the increase of gas mass flow. Zheng er al. 2%
simulated an ICP source with an inner radius of 18.5 mm and
a length of 180 mm with O and N; as propellants based on
COMSOL Multiphysics. The results show that the RF power
transfer efficiency is only 10%-30%, which declines slightly
with the increase of RF power, and rises with the increase of
propellant mass flow rate. Under the same input conditions,
the RF power transfer efficiency of oxygen atoms discharge
is higher than that of nitrogen molecules discharge. Lopez-
Uricoechea et al.!?”) studied an RIT with a driven frequency
of 13.56 MHz, a radius of 2.54 cm and a length of 25.4 cm
using the global model. The results show that the ionization
rate and electron temperature decrease with the increase of the
mass flow rate, resulting in inversely proportional relationship
between the discharge efficiency and the gas mass utilization

efficiency. Masillo et al.?8]

investigated the effect of applying
an external magnetic field on inductive plasma thruster (IPT)
with simulations (ADAMANT and HELIC code) and exper-
imental measurements (based on IPG-6S). The results show
that the plasma resistance and RF power absorbed by plasma
can be enhanced with an externally applied DC magnetic field
within some intensity limits. Herdrich et al.[*”! successfully
applied the MHD effect to maximize plasma power in an in-

ductively driven plasma wind tunnel PWK3. The results show

that increasing the mass flow rate can increase the total effi-
ciency at high anode voltages for oxygen plasma.

The above research is mainly based on simulations and
few experiments, which lacks systematically experimental
support, not considering the impact of external circuit. In addi-
tion, in conventional research of thruster, the vacuum chamber
pressure is only a function of gas flow.’%3! However, in the
ABEP, the pressure depends on the compression ratio of the
intake device,3?! the collecting efficiency, the intake area, and
the orbital atmospheric density at different altitudes. There-
fore, it is necessary to investigate the influence of pressure on
RF power transfer efficiency under the condition of fixed gas
flow.

In order to better understand the power absorption mecha-
nism of RIT and improve the RF power transfer efficiency, we
systematically studied the effects of antenna coil turns, dis-
charge power, gas pressure, and gas composition on the RF
power transfer efficiency of RIT by means of experiment. One
of the main diagnostic tools is a single Langmuir probe, which
is used to diagnose plasma parameters (electron density) under
different operating conditions. Besides, the analytic solutions
of plasma resistance in the limit case of different electron den-
sities and pressures are discussed to give a better understand-
ing of the evolutionary trend of RF power transfer efficiency
under various conditions.

The structure of the article is arranged as follows: Sec-
tion 2 introduces the experimental device, diagnostic method,
and analytic solutions. Section 3 discusses the experimental
results, corresponding to the effects of antenna coil turns, RF
power, gas pressure, and gas composition on the RF power
transfer efficiency. Section 4 is a brief summary.

2. Experimental setup, diagnostics, and analytic
solutions

2.1. Experimental setup

In this paper, the RIT source consists of an ionization
chamber, a double layer grid, and an expansion chamber, as
shown in Fig. 1. The ionization chamber is a quartz tube with
a wall thickness of 5 mm, an inner radius of 3 cm, a height of
10 cm, and a hole in radius of 1.5 cm at the top of the tube. A
cylindrical spiral antenna coil with different turns is wrapped
around the tube, and the coil is supported by insulating mate-
rial to ensure the same space between each turn. The antenna
coil is made of hollow copper wire with an outer diameter of
4 mm, an inner diameter of 2 mm, and a spacing distance of
5 mm between each turn. One side of the coil is connected
to an RF power supply with a frequency of 13.56 MHz and
a maximum power of 500 W through a matching network,
and the other side is grounded. The gas enters the ionization
chamber through the stainless-steel head fixed on the top of
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the quartz tube, and the mass flow rate is fixed at 5 sccm by
a mass flowmeter. A grounded shield is installed outside the
quartz tube to prevent RF leakage. The expansion chamber is
made of stainless steel with a radius of 10.5 cm and a height
of 18 cm. Connecting the ionization chamber and expansion
chamber is a screen grid and an acceleration grid, and each
grid has 151 holes with a diameter of 1 mm.

Langmuir probe a —
N
/Gas in /Current monitor
T I Matching network
1o eene nt 4
iy P i { Z-scan

B \
\
\\
Powcr\ “

supply

Gas out
—~~—

Fig. 1. Schematic diagram of RIT source and diagnostic systems.

2.2. Experimental diagnostics

A Z-scan is placed between the matching network and
the power supply to monitor the forward power and reflected
power. The RF current passing through the antenna coil is ob-
tained by a current monitor (Pearson™, Model 4997) installed
between the antenna coil and the matching network. A single
Langmuir probe (Impedans ALP System™) is used to mea-
sure the electron density. The probe tip is made of tungsten
wire or platinum wire with a diameter of 0.3 mm and a length
of 5 mm. It is inserted from the top of the quartz tube and is
fixed at the center of the ionization chamber and 1 cm above
the screen grid. An REF filter unit is placed between the probe
holder and the data acquisition module to address the RF in-
terference. Moreover, in order to reduce capacitive coupling,
a ceramic capacitor is inserted between the antenna coil and
the ground.33-31 When ignoring the resistance component,
the voltage of the capacitor between the antenna coil and the
ground presents a phase difference of 180° from the voltage
of the coil itself. By adjusting the capacitor to an appropriate
value (L.Cw? = 2), there is a voltage node (a virtual ground
point) in the center of the coil. Thus, for the same current
in the coil, the voltage at both ends of the coil is half that in
the absence of a capacitor. Reducing the capacitive compo-
nent can alleviate the plasma potential fluctuations, resulting
in more accurate Langmuir single probe measurements. Fi-
nally, both grids are grounded to serve as a reference for the
probe potential. [36-37)

The RF power transfer efficiency is the ratio of plasma
absorbed power to the output power of RF generator, and can

be obtained experimentally by the following formula:

C:Pabs:PafermsR’ (1)
P, P,

where P, is the plasma absorbed power, P, is the applied
power which represents the output power without reflected
power of RF generator, Iy is the root-mean-square (RMS)
current through antenna coil, and R is the equivalent circuit
resistance obtained without discharge.

2.3. Electromagnetic model and analytic solutions

RF power transfer efficiency can also be obtained by an
electromagnetic model. More details of the electromagnetic
model and analytic solutions can be found in the book by
Chabert and Braithwaite. [3%]

Since the length of the ionization chamber is much larger
than the radius, it is reasonable to consider only the z-direction
magnetic field A, and the angular electric field Eg. And, the
electromagnetic field related with the inner radius r can be ob-
tained by solving Maxwell’s equations

. Jo (kr)
= 2
Z Z0 J() (kr()) 9 ( a)
Ee _ lkHZ() J1 (k}’) , (2b)
wee, Jo (kro)

where H. is the magnetic field at the radial boundary. J is the
zero-order Bessel function and J; is the first-order Bessel func-
tion. k = ko,/€, is the complex wavenumber in the plasma,
in which ko is the wavenumber in the vacuum and g, is the
plasma dielectric constant related to the electron density and
effective electron collision frequency. & is the vacuum dielec-
tric constant, @ is the angular driven frequency and i is the
imaginary unit.

According to the complex Poynting theorem, neglecting
the displacement current in the dielectric layer and assuming
H,(r = r.) = Hy, we can obtain the complex power input P
of the cylindrical ICP system and subsequently the plasma re-
sistance Rj,q, which is equal to the real part of Z;;,4, indicating
the plasma absorption power.

N !
P= _EEG (re) Hz (re) (2mrel) = Ezindlczoilv (3a)

~2Re (P) 2zN? Re ikroJy (kro)
ind= I? _I(DS() &Jo (kro) ’

coil
where r. is the outer radius of the ionization chamber, [ is

(3b)

the length of the ionization chamber, Z;,4 is the total com-
plex impedance of the system, I is the RF current flowing
through the antenna coil (Icoj = ﬂlrms), and N, is the antenna
coil turns.

As such, RF power transfer efficiency can be expressed
as a function of the plasma resistance as follows:

P R 17!
(== {1 + } , (42)
P, abs + P coil Rind
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R 2r2 il (kro)
7o~ (53) 1% [t )

P, abs —
Rmdlcoﬂ, and Pcoi] is the power dissipated in the antenna coils,

where P, is the absorbed power by plasma, i.e.,
i.e., Peoil = Coﬂ Q is the quality factor of the coils. It can be
seen that the power transfer efficiency is positively correlated
with the plasma resistivity Ring.

In order to give a better understanding of physical mech-
anism of the power transfer efficiency, the analytic solutions
of plasma resistance in the limit cases of different density
and pressure are discussed. At low electron density case,
= (¢®ne/(eme))"/? is com-
parable with the effective electron collision frequency Veg

the electron-plasma frequency @pe

and @. The angular electric field £g can be expressed as
E¢ = —(tor/(21))i@N.Iei1, according to the Faraday’s law.
In a range of low pressures, Ve << @, then the plasma per-
mittivity satisfies & ~ — ge /@?, and the current density Jp
can be expressed as Jg = iw&y€,Eg. This allows the absorbed

21 prg 1|J6 dodrd
[ ]} sagrasdres
N nee’ Veffliom’o
4mel

power to be given as

P, abs

Q

Ngl oil * (5)

Then the plasma resistance is

2
nee Veff‘u() 7rr0N

6
2mel 5 (6)

Ring =

where n. is the electron density, e is the elementary charge,
Uo is the permeability of vacuum, m is the electron mass, and
Ode = (€%ne /(meVegr)) is the direct current conductivity. It can
be seen that Rj,q increases with increasing gas pressures (Vesr)
and electron density.

However, at high pressures, & = —oog,3 /(i@Vegr), the
plasma resistance is

neeza)z,u.grcroN2
2mel Vegr

)

Ring =~

It can be seen that R;,q increases with increasing electron den-
sity, while it decreases with gas pressures.

On the other hand, at high electron density case and in
the limit of low pressures, the electron-plasma frequency and
effective electron-collision frequency satisfy @pe > @ >> Verr,
such that &, ~ 1 — (1 + 1Vefr/ ®) /®*. Then the wave num-
ber in plasma can be written as

. @p 1Vefr
kao\/?pwlkoa:<1+2(j)>, (®)

which gives |krg| > 1. As a result,

Iy (kro) = ekro, Jo(kro) = ehro, 9)

According to Eq. (3b) and Re [—1/\/%] R Vetr/ (2@pe ),
we can obtain

2
_ TroVefrNg

R;
ind ~ Ic £ wpe

2wkoroN? —1
 2mkoroNe o {} (10)

log Ve

which shows that Rj,q is directly proportional to gas pressures,
and inversely proportional to the square root of electron den-

sity.
Table 1. A list of plasma variables.
Symbol Quantity
c vacuum light speed
e elementary charge
Ho vacuum permeability
& vacuum dielectric constant
o angular driven frequency
ko vacuum wavenumber
I height of the ionization chamber
e outer radius of ionization chamber
0 inter radius of ionization chamber
H magnetic field at the radial boundary
Jo zero-order Bessel function
I first-order Bessel function
ng neutral gas density
Te electron density
N antenna coil turns
0 quality factor
¢ RF power transfer efficiency
P complex input power
Pips absorbed power by plasma
P, applied power
Peoil dissipated power by coils
Trms root mean square current
Leoil amplitude of antenna coil current
R equivalent circuit resistance
[} quality factor
Zind total complex impedance
Ring plasma resistance
H, z-direction magnetic field
Eqg angular electric field
& plasma dielectric constant
Wpe electron-plasma frequency
k complex wavenumber in the plasma
Veff effective electron collision frequency
Vi electron-neutral momentum transfer collision frequency
Vistoc stochastic collision frequency
K elastic collision rate coefficients
Oeff anomalous skin depth
De electron mean velocity
L. coil inductance

In the limit of high pressures, @pe > Vegr > @, the plasma

m( +1). Based on the
asymptotic behavior of the Bessel function at imaginary ar-

permittivity satisfies /€,

guments, the plasma resistance is

7tr0N2
Ring = 176 V 2Veir @, (11

CE)Wpe
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which shows that Rj,q is directly proportional to the square
root of the effective electron collision frequency, and inversely
proportional to square root of electron density.

It should be noted that v is the effective electron col-
lision frequency considered both the Ohmic heating and the
stochastic heating, which can be estimated by the following

formula: 3]

Veff = Vm + Vstoc, (12a)
Vi = ngKel, (12b)
De
Vitoe N5 —— 12
stoc 46eff’ (12¢)
N1
VeC
Oett = c , (12d)
¢ 002,

where vy, is the electron—-neutral momentum transfer collision
frequency, Vo is the stochastic collision frequency, n, is the
neutral gas density, and K is the elastic collision rate coeffi-
cients. Ogfr is the anomalous skin depth, D = \/W)
is the electron mean velocity, and c is the speed of light in
the vacuum. All variables presented above are summarized in
Table 1 for clarity.

3. Results and discussion

With respect to the inductively coupled nitrogen and
nitrogen—oxygen plasma applied to low-orbit thrusters, the in-
fluence of antenna coil turns, RF power, gas pressure, and gas
composition on RF power transfer efficiency is discussed. Fur-
thermore, at various operating conditions, the plasma param-
eters (i.e., the electron density and effective electron collision
frequency) are presented to explain the evolution of RF power
transfer efficiency.

3.1. The influence of coil turns, RF power, and gas pres-
sure

In the experiment, we measured the equivalent circuit re-
sistance R for different antenna coil turns N, = 3, 5, 7 by linear
fitting the data obtained without discharge. More details of the
measurement can be found in Ref. [40]. As shown in Fig. 2(a),
the R increases monotonously from 0.61 Q to 1.48 Q with in-
creasing N, from 3 to 7 turns. Furthermore, the quality factor
of coils O = WL./R is calculated by the actual measurement
of the coil inductance L. and the equivalent circuit resistance
R, as shown in Fig. 2(b). Here, the coil inductance is measured
using a vector network analyzer at 13.56 MHz, and the equiv-
alent circuit resistance is used to consider both the coils and
the matching network dissipation.*!1 It can be seen that the L,

and Q factor rise monotonically with increasing N..

20 T T T T T
m 3 turns R=0.61 (a)
e 5 turns R=0.94 Q
— A T turns R=1.48 Q
Z 15f A e - ]
s 4 4 s,
‘é’ /# K . »
g 10f AR B 1
o) / y 7’
g /A( K n’
= ’
& 5} « & ]
<
0 1 1 1 1 1
0 5 10 15 20 25 30
Ir2ms (A2)
5 T T . 200
(b)
4t " 180
e g
= " k3]
5 st 1160 £
9]
5 z
T 2t 41140 3
LR - :
o1t . {120
1 1 100

wt
ot
N

Coil turns

Fig. 2. (a) The equivalent resistance of the circuit operated without dis-
charge operation, (b) the measured inductance of antenna coils and the
corresponding quality factor Q for different N..

= 95 T ’
X - m- g Eul‘ns Power: 200 W (a)
| -o- urns . J
Y 7 turns _,--A"A_—::- -:: :g
5 A A e
‘S 85F @.---@---0 "~ |
b5
. 80fF |
i)
5] - -
= -
= TOF ]
o
g
2 65F l
y
= 60 ' \
0.3 1 3 10
Pressure (Pa)
12 T J
- ®- 3 turns  Power: 200 W (b)
- ® 5 turns
2 10| -4~ 7 turns E
- i SR R -m
5 m--.g--m-
x 1
3
&}
.é 6F o ..., J
% TT0---0--0--0
A-- - A __
Z 4 A-h-aaaaa
253 1 3 10

Pressure (Pa)

Fig. 3. (a) RF power transfer efficiency and (b) RMS coil current versus
gas pressure (0.3 Pa—10 Pa) for different N at 200 W with N, discharge.

Figure 3 shows the tendency of RF power transfer effi-
ciency ¢ and RMS coil current versus gas pressure varying
from 0.3 Pa to 10 Pa for different N. at 200 W with N, dis-
charge. From Fig. 3(a), it can be seen that when N, changes

075201-5



Chin. Phys. B 33, 075201 (2024)

from 3 to 5 turns, { increases considerably in the entire pres-
sure range, e.g., it increases by about 11.5% at 1 Pa and 200 W.
This increase of { can be attributed to the enhancement of Q
factor caused by the increase of the coil inductance, according
to Eq. (4). It can also be reflected from Fig. 3(b), in which
the current decreases by about 4 A when N, varies from 3 to
5 turns. And then, the remarkable drop of the current effec-
tively reduces the Ohmic loss through the circuit loop, though
R increases by about 0.33 Q. However, when N, varies from
5 to 7 turns, § increases slightly, e.g., it rises by only 2.4% at
1 Pa and 200 W. From Fig. 3(b), we can also see that, the cur-
rent decreases by less than 2 A, but R rises by about 0.54 Q.
The combined effect leads to an insignificant reduction in the
Ohmic loss of the circuit. Indeed, when the number of coil
turns is beyond a certain number, the self-resonance frequency
of the coil could be close to the driving frequency, and it may
adversely affect the Q factor of the coil.[*?!

Figure 4 shows the RF power transfer efficiency {, the
electron density, and the ionization degree as a function of gas
pressure varying from 0.3 Pa to 10 Pa for different RF pow-
ers (100 W=300 W) at N, = 3 turns with Nj discharge. As
shown in Fig. 4(a), with the increase of RF power from 100 W
to 300 W, £ first rises rapidly and then increases at a slower
rate in the whole pressure range. In addition, when the gas
pressure varies from 0.3 Pa to 10 Pa, the evolution of { with
gas pressure demonstrates diversity for different RF powers.
For instance, when the RF power is fixed at 100 W, with the
increase of gas pressure, { is almost unchanged in the pres-
sure range of 0.3 Pa-2 Pa, while it drops dramatically in the
pressure range of 3 Pa—10 Pa. When the RF power is fixed at
300 W,  rises rapidly in the pressure range of 0.3 Pa—5 Pa and
rises at a slower rate in the pressure range of 5 Pa—10 Pa. It can
be seen that the position where { starts to fall gradually moves
towards higher gas pressure with the increase of RF power.
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Fig. 4. (a) RF power transfer efficiency, (b) electron density, and (c) ionization degree versus gas pressure (0.3 Pa—10 Pa) for different RF

powers at N = 3 turns with N; discharge.

These trends mentioned above can be explained by the
analytic solutions of the plasma resistance Rj,q in the limit
cases according to Egs. (6), (7), (10), and (11), which is re-
lated to the electron density 7. and the effective electron col-
lision frequency Veg. As shown in Fig. 4(b), the electron den-
sity decreases monotonically with increasing gas pressure, and
especially it declines rapidly from 5 Pa to 10 Pa at low RF
power. With respect to the evolution of the RF power trans-
fer efficiency at 100 W, corresponding to the low-density case,
Ring increases linearly both with . and v at low pressure, as
given in Eq. (6). The inverse effect of n. and V. finally results
in an almost unchanged { with gas pressure. At high pressure,
Ring is directly proportional to n. and inversely proportional
to Vegr, as given in Eq. (7). The combined effect contributes
to a sharp decline of RF power transfer efficiency. Similarly,
the trend of RF power transfer efficiency at 300 W can also
be revealed, which is corresponding to the high-density case.
At low pressure, Rjnq is inversely proportional to the square
root of n. and is directly proportional to Veg, as presented in
Eq. (10), resulting in a rapid climb of {. At high pressure, Rjpg
is inversely proportional to the square root of n. and is directly
proportional to the square root of Vg, as shown in Eq. (11),

accounting for a slower increase of {.

Considering the importance of ion in the electric propul-
sion system used for extracting, the ionization degree is also
calculated by the ratio of the electron density to the total den-
sity of electron and neutral gas, assuming a neutral gas temper-
ature of T, = 0.17 X Py,s + 387 K.*31 As shown in Fig. 4(c),
it can be seen that the degree of ionization reaches its maxi-
mum value above 1073 at 0.3 Pa and 300 W, then it decreases
monotonously with increasing gas pressure due to the com-
bined effect of the slow decline of electron density and the
monotonical increase of neutral gas density.

3.2. The influence of gas composition

The particle number density at different orbital altitudes
is obtained using the NRLMSISE-00 model,!**! in which the
solar activity is assumed to be mean and the input parameters
are solar flux F97 = 140 and geomagnetic index A, = 15, as
shown in Fig. 5. It can be seen that the atmospheric compo-
sitions are mainly O, O, and N, at 150 km-250 km. Here,
we assume that the atomic oxygen is recombined after col-
lecting by the intake device.?”*>#6] The ratio of N, and O,
(N2/O») can be calculated, where the O, density is equal to
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the O, density plus half of the O density. The N, content in
N»,/O, discharge is set as 38%, 56%, and 72% in experiment,
corresponding to altitudes of 250 km, 200 km, and 150 km,
respectively.

Figure 6(a) shows the { varying with gas pressure for O,
discharge at different RF powers, and the similar trend is ob-
served as that of N,. Figures 6(b) and 6(c) show the { as a
function of gas pressure for different N, contents in N,/O»
discharge at 100 W and 300 W, respectively. From Fig. 6(b), it
can be seen that { decreases slightly with increasing N con-
tent at low pressures (0.3 Pa-3 Pa). As the gas pressure and
N, content further increases, the { shows a sharply downward
trend. For example, { decreases by about 8% with the N,
content increases from 0% to 38% at 10 Pa. From Fig. 6(c),
it can be seen that { increases monotonically with increasing
gas pressure and Ny content at 300 W. Similarly, investigating
the variation of electron density and effective electron colli-
sion frequency under the corresponding operating conditions
can be helpful to understand these trends of RF power transfer
efficiency.

Figure 7 shows the measured electron density varying
with gas pressure for different N, contents at 100 W and
300 W in N,/O, discharge. It can be seen that the electron
density shows a downward trend with increasing of N, con-

tent both at 100 W and 300 W. This is because the ioniza-
tion collision cross section of N is smaller than that of O, 43!
and accordingly the ionization energy of O, (& o = 12.07 eV,
&~ = 15.58 eV) is lower, so more electrons can be generated
through the ionization reaction with O,.

The effective electron collision frequency Ves as a func-
tion of gas pressure for different N, contents at 100 W and
300 W in N,/O, discharge is also estimated by calculating
elastic collision rate coefficients of N, and O, based on data
from Refs. [43,49], according to Eq. (12), as shown in Fig. 8.
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Fig. 5. Particle number density varying with orbital height of 150 km—
250 km for different species at the mean solar activity.4”!
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Fig. 8. The calculated effective electron collision frequency varying
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It can be seen that Vg increases monotonically with in-
creasing gas pressure just as expected.>) However, the evo-
lution of v with Ny content demonstrates diversity at low
and high pressures both for 100 W and 300 W. It increases
slightly with increasing N, content at low gas pressures (i.e.,
0.3 Pa-3 Pa), while v, increases significantly with the in-
crease of Nj content at high gas pressures (i.e., 5 Pa—10 Pa).
These trends can be contributed to the relevant electron heat-
ing mechanisms. It is known that the stochastic heating of
electrons is important at low pressures (i.e., Vsioc 1S compara-
ble to vp,), while Ohmic heating dominates at higher pressures
(i.e., Vm > vsmc).”&lg] At low pressures, the drop of electron
density with increasing N, content leads to a slight decrease of
Vstoe (Vstoe o< né/ 3), according to Eqs. (12¢) and (12d). Never-
theless, since the elastic collision cross section of N is greater
than that of O,,[*3! increasing N, content could lead to a re-
markable increase of v,. At last, the combined effect con-
tributes to the slight rise of Vg with increasing N content. At
high pressures, vy, is more important, thus increasing the Nj
content can result in the increase of v, and V., according to
Eq. (12b).

With respect to the evolution of { with N, content at
100 W, corresponding to the low-density case, Rj,q increases
linearly with ne, as given in Egs. (6) and (7). At low pressure,

Ring increases linearly with veg. Consequently, both the rapid
drop of electron density and the slow rise of Vg result in the
slight decline of { with increasing N, content. At high pres-
sure, Rinq is inversely proportional to Veg. Thus, the rapid drop
of electron density combined with the remarkable increase of
Vetr leads to a sharp decline of §, as shown in Fig. 6(b).

As to the evolution of { with N; content at 300 W, cor-
responding to the high-density case, Rjnq is inversely propor-
tional to the square root of ., as given in Eqgs. (10) and (11).
At low pressure, Rj,q increases linearly with vgg. Therefore,
the rapid drop of electron density and the slight rise of Ve re-
sult in the increase of { with increasing N, content. At high
pressure, Rj,q increases with the square root of Veg. Thus,
the rapid drop of electron density combined with the signifi-
cant increase of Veg determines the increase of {, as shown in
Fig. 6(c).

4. Conclusion

In summary, the effects of antenna coil turn N, RF power,
gas pressure, and gas composition on the radio frequency
power transfer efficiency § and power absorption mechanism
in an RF ion thruster were investigated using a Langmuir
probe, Z-scan, and current probe. It is found that increasing
N, from 3 to 5 turns could dramatically increase the { due to
the increase of Q factor.

In pure N, discharge, with the increase of RF power, the
¢ first rises and then exhibits a slower increasing rate. With
the increase of gas pressure, the { rises monotonically at high
power, while it is almost unchanged first and then decreases
sharply at low power. In N,/O; discharge, the N, content is
varied to investigate the effect of gas composition based on the
actual orbital environment. It is found that increasing the N»
content can lead to an increase of { at high RF power, while it
results in a decrease of { at low RF power.

These trends of { can be well understood by analyzing
the evolution of R;,q varied with n. and Vg in limit cases.
The results obtained in this work may provide a better under-
standing of the underlying power absorption mechanism in the
air-breathing radio frequency ion thruster, which is helpful to
further optimize the source design and improve the RF power
transfer efficiency.
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