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Abstract 

Water is an attractive candidate for condensable propellants owing to its availability, 
handleability, and sustainability. This study proposes the use of water vapor as a propel-
lant for a low-power Hall thruster, and experimentally demonstrates the feasibility of 
this proposal. Based on the performance estimation from the plume diagnostics, a 
thrust-to-power ratio of 19 mN/kW, specific impulse of 550–860 s, and anode efficiency 
of 5–8 % were obtained at an anode power of 233–358 W. From further efficiency 
analysis, the mass utilization efficiency of water was found to be the most deterio-
rated among the internal efficiencies compared to the conventional xenon propellant, 
which was consistent with the expectations from a small discharge current oscillation, 
large beam divergence, and increase in low-energy ions. Moreover, additional power 
loss via reactions unique to polyatomic molecules was indicated by evaluation of the 
ionization cost. In this experiment, the mass utilization efficiency was improved with 
an increase in the anode voltage from 200 to 240 V without degradation of the power 
utilization. This suggests that operating at a higher voltage is more suitable for a water-
vapor Hall thruster.
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Introduction
Small spacecraft have been widely used for different purposes, including deep-space 
exploration and large-scale constellations [1, 2]. To perform these innovative activi-
ties, small propulsion systems must be installed to provide high total impulse for station 
keeping, attitude control, and orbit transfer. The miniaturization of electrostatic propul-
sion thrusters such as gridded ion thrusters and Hall thrusters is the most promising 
approach because of their abundant flight heritage. The Hayabusa and Hayabusa2 mis-
sions successfully demonstrated sample returns from asteroids in deep space using sev-
eral-hundred Watt ion thrusters [3, 4]. In 2020, Space Exploration Technologies Corp. 
started a networking service using small satellites flying in low orbit with Hall thrusters. 
Currently, even lower power, approximately 100 W or less, has been explored with the 
increase of micro-sized spacecraft [5–9].

Examples have already been demonstrated in the orbit [10, 11]; however, they are not 
yet generally used for practical applications. One of the causes is a number of additional 

*Correspondence:   
shirasu-kento994@g.ecc.u-tokyo.
ac.jp

1 Department of Aeronautics 
and Astronautics, The University 
of Tokyo, Bunkyo-ku 113-8656, 
Tokyo, Japan
2 Department of Advanced 
Energy, The University of Tokyo, 
Kashiwa-shi 277-8561, Chiba, 
Japan
3 Pale Blue, Inc., 
Kashiwa-shi 277-0882, Chiba, 
Japan

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1007/s44205-023-00047-w&domain=pdf


Page 2 of 19Shirasu et al. Journal of Electric Propulsion            (2023) 2:11 

constraints on the propellant selection. Conventionally, xenon is the most popular pro-
pellant because of its large ionization cross-section, chemical inertness, large molecular 
mass, and high density in the supercritical fluid state. Each of these features contrib-
utes to achieving a high thrust efficiency, using an efficient hollow cathode, offering a 
moderate thrust force, and reducing the volume of the propellant tank, respectively. 
However, xenon has a major disadvantage in its high price. Because only minimal xenon 
is contained in the atmosphere, its production is relatively limited. Nevertheless, the 
consumption of xenon is increasing with the growth of space engineering, the medical 
industry, and semiconductor technology, which further increases the costs of its pro-
curement. A large amount of propellant is typically consumed not only in orbit, but also 
in pre-ground testing; hence, expensive propellants are not the preferred choice espe-
cially for small spacecraft to reduce its development cost. Necessity of a high-pressure 
system also restrict the installation of xenon in terms of safety and structural mass. In 
the majority of cases, small spacecraft are launched with other payloads using rideshare 
opportunities, and installing a high-pressure tank with a potential risk of explosion is 
not recommended. Even if the system is adapted to the requirements for safety compli-
ance, a significant increase in extra mass becomes a critical issue for small applications 
[10, 12]. These negative aspects of xenon encourage us to search for other propellants 
more suitable for small spacecraft.

Alternative propellants should be densely stored without a high-pressure system. 
From this perspective, condensable propellants, which can be stored in solid or liquid 
states and used as vapors, have attracted attention. Some metal and nonmetal materi-
als have already been investigated [13–16], and iodine is currently regarded as the most 
practical candidate because of its low boiling temperature, low toxicity, and ionization 
properties close to those of xenon. However, iodine systems have other issues owing to 
their corrosiveness. For example, cathode corrosion is directly related to shorter lifetime 
[17, 18]. In addition, all components of a spacecraft should be compatible with iodine, 
and specific test facilities should be used for the safe exhaust of iodine vapor [17, 19, 20], 
both of which increase the cost and time for development.

Water is another candidate for condensable propellants and has unique affinities for 
small spacecraft [21–25]. The primary benefit of water is its inexhaustible abundance 
on Earth. This ensures that it will be sustainably available with negligible costs in the 
future. Water is also not harmful to human health and the environment, and can be eas-
ily handled in regular test facilities. Furthermore, the vapor pressure of water is consid-
erably greater (more than 1 kPa at room temperature) than that of other condensable 
candidates including iodine. This also implies that the vaporization and feeding system 
can be manipulated near room temperature, which is convenient for microdevices with 
a small heat capacity. Although such suitability has provoked the studies of gridded ion 
thrusters using water as the propellant [25–28], only a limited number of studies have 
investigated water as a propellant for electrostatic propulsions because of three essen-
tial drawbacks: a small ionization cross-section, a relatively small ion mass, and strong 
oxidation. An ionization cross-section is directly related to propellant utilization, and 
the smaller it is, the more propellant should be consumed to generate sufficient plasma. 
Even though such a waste of mass is predicted, the specific impulse could be equal to 
or greater than the common values ( � 1000 s) due to the small ion mass, but this is a 
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trade-off for inevitably low thrust; hence, longer duration would be required to achieve 
a high total impulse. Conversely, the oxidation of a cathode emitter impairs the system 
lifetime [29]; this has been considered a conflicting issue. Recently, however, remark-
able cathode techniques that are adaptable to water propulsion have been progressing. 
One possible solution is to apply an emitter-free electron source using radio-frequency 
or electron cyclotron resonance (ECR) discharge. Nakagawa et al. demonstrated an ECR 
cathode worked using water-vapor plasma as a neutralizer for a gridded ion thruster 
[25]. Another approach is to use pure hydrogen obtained through water electrolysis for 
hollow cathode operation, as proposed by Schwertheim et al. [30] As the development 
of water-compatible cathodes continues to advance, it has become more valuable to pio-
neer low-power electrostatic propulsion thrusters using water and assess their usability 
as miniature primary propulsions.

Among flight-proven electrostatic propulsions, Hall thrusters are well suited for instal-
lation in small spacecraft owing to their simplicity and robustness [31]. Plasma pro-
duction and beam neutralization are performed using a single cathode, which reduces 
the number of power supplies and simplifies the electrical configuration. Because the 
produced ions are not accelerated through mechanical grids, but rather through a mag-
netic barrier, failures due to unexpected electrical conduction are unlikely to occur. This 
acceleration technique also provides a high beam density regardless of the space charge 
limit and contributes significantly to achieving a moderate thrust-to-power ratio, even 
with light-molecule propellants such as water. Prevalent Hall thrusters have an annular-
shaped discharge channel; hence, simple geometrical downscaling leads to the deteri-
oration of the performance and lifetime owing to a large surface-to-volume ratio [31, 
32]. To suppress this negative effect, novel designs specialized for low power have been 
attempted [31], and currently, 100 W-class Hall thrusters have emerged that demon-
strate a thrust efficiency similar to that of conventional sub-kW thrusters [33]. The tech-
nological growth of low-power Hall thrusters has motivated us to challenge the use of 
more innovative propellants.

In this study, we propose a Hall thruster that use water vapor as the propellant. As 
another approach, Schwertheim et  al. previously proposed a water electrolysis Hall 
thruster, that fed the generated oxygen to the anode and hydrogen to the cathode [30]. 
However, mixing oxygen and hydrogen has a risk of explosive reactions and also requires 
strict propellant management. On the other hand, the direct use of water vapor preserves 
the inherent benefits of water and is more compatible with the high safety requirements 
of small spacecraft. To demonstrate the feasibility of our proposal, we experimentally 
operate a miniature Hall thruster using water vapor at a few-hundred Watt and measure 
the beam properties using two types of electrostatic probes. We also operate the same 
thruster with a conventional propellant, i.e., xenon, to highlight the unique features of 
the water propellant. The discharge and plume characteristics, and approximated per-
formance are presented and discussed in this paper.

Experimental apparatus and analysis method
Miniature Hall thruster

A miniature thruster head was designed and developed in reference to an 85 W class 
xenon Hall thruster [9]. The structural schematic is displayed in Fig. 1 (a). The discharge 
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channel had an inner diameter of 14 mm and outer diameter of 26 mm. The main ion 
production and acceleration region was made of boron nitride. A magnetic coil placed at 
the center of the thruster head created a radial magnetic field near the channel exit. Fig-
ure 2 shows the distribution of radial magnetic flux density Br along the channel center 
line, which was obtained by a direct measurement using a Gauss meter. In this work, we 
refer to the maximum radial magnetic flux density for each magnetic field condition as 
Br,max and use it as the representative value. At the bottom of the discharge channel, an 
anode electrode was attached to apply anode voltage Va , and the propellants were fed 
through it. The base of the thruster head was mounted on an aluminum panel whose 
temperature was well controlled by cooling water to prevent an excessive increase in the 
temperature of all components.

For thruster operations, we used a tungsten-filament plasma bridge cathode (LFN2000, 
Kaufman & Robinson) worked with xenon regardless of the anode propellant type. In all 
cases, the keeper voltage applied to the cathode body was set to approximately 25 V. The 

Fig. 1 (a) Structural and electrical schematic of the miniature Hall thruster and (b) plume appearance 
operated with water vapor

Fig. 2 Distribution of radial magnetic flux density along the thrust axis at the channel mean diameter. 
Magnetic field configuration could be adjusted by changing magnetic coil current
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cathode was mounted vertically to the thrust direction as shown in Fig. 1 (a). The elec-
trical configuration of the integrated system is also displayed in Fig. 1 (a). The cathode 
common was grounded and all voltages were applied based on the ground potential in 
this study. The main driving current, called the discharge current Id , was measured using 
a noncontact current probe (A622, Tectronix). In Fig.  1 (b), we show a picture of the 
actual thruster plume when using water vapor as a propellant.

Vacuum facility

The thruster operations were conducted in a vacuum chamber with a diameter of 1 m 
and length of 2.6 m. The chamber was evacuated using both a turbomolecular pump 
with 820 L/s of N 2 pumping speed and a cryopump of 2400 L/s. A cold cathode ioniza-
tion gauge (PKR 251, Pfeiffer Vacuum) was attached to the chamber wall, and we con-
firmed that the base pressure was less than 10−3 Pa before each testing.

Gas feeding system

Water‑vapor feeding system

A dedicated feeding system was constructed to supply a constant amount of water vapor. 
In this system, the anode mass flow rate ṁa was controlled by the pressure in the accu-
mulator pac connected upstream of the thruster head. According to a general mathemat-
ical analysis for viscous flow [34], the mass flow rate can be expressed as

where r is the effective radius and L is the effective length of the flow path, µ is the vis-
cosity coefficient, R is the gas constant, Tg is the gas temperature, and pb is the back-
ground pressure. In this formula, we assume that the flow path is approximated by a 
simple round tube and that the background pressure is considerably less than the accu-
mulator pressure ( pac ≫ pb ). If the line shape and gas temperature at the choking point 
do not change significantly, Eq. (1) can be written as a function dominated by the accu-
mulator pressure as follows:

where K is a coefficient that should be constant for each experiment.
The mechanical structure of the water-vapor feeding system is shown in Fig. 3. A regu-

lator valve mounted between the water tank and accumulator was repeatedly opened 
and closed to maintain constant accumulator pressure. The cycle period was 200 ms 
and the duty ratio was controlled using a proportional-integral-derivative controller. To 
eliminate the temperature effect of the anode, a sufficiently small orifice was inserted at 
the accumulator exit to choke the flow. Heaters were attached to the system body and 
heated water to maintain the vapor pressure in the tank sufficiently greater than the 
accumulator pressure, which was managed between 40 and 50 ◦ C. The system was used 
in a vacuum chamber to prevent unexpected condensation in the feeding line.

All operations using water vapor were performed with a constant accumulator pressure 
( = 5.0 kPa), and the actual mass flow rate was determined as the mass reduction rate of the 

(1)ṁa =
πr4

8µL

pac + pb

2

pac − pb

RTg
≈

πr4

16µL

p2ac
RTg

,

(2)ṁa ≈ Kp2ac,
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water tank. Before and after the experiment, we weighed the tank in the atmosphere using 
a mass balance and computed the mass difference �m . For each vacuuming, water vapor of 
five times the accumulator volume was exhausted before firing to remove any internal air 
gas; thus, the mass difference would include the vapor mass released through this process. 
We estimated this using the gas equation and calculated the effective mass reduction by 
subtracting it from the mass difference. The anode mass flow rate was then obtained by 
dividing the effective mass reduction by the total feeding time ttot as

where pvap is the average vapor pressure and Tvap is the average vapor temperature 
during the first exhaustion process, and Vac is the accumulator volume. Figure 4 shows 
the typical time history of the accumulator pressure with other operating parameters. 
Throughout the experiment, the accumulator pressure was well controlled to be the tar-
get value, and the background pressure was virtually constant ( 2× 10−2 Pa for N 2 cor-
rection). This indicates that the above method is valid for the mass flow rate evaluation. 

(3)ṁa =
�m− 5(pvapVac/RTvap)

ttot
,

Fig. 3 Structural schematic of the water-vapor feeding system

Fig. 4 Example of time history of operating parameters during experiment using water vapor
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The thruster was operated with water vapor five times on separate days, and mass flow 
rate determinations were performed in four of them. The measurement results are sum-
marized in Table 1. The average mass flow rate was 0.81 mg/s with the uncertainty of ±7 
% derived from Eq. (3) and the measurement variations.

Xenon feeding system

The xenon mass flow rate was controlled by mass flow controllers (S48-32, HORIBA) for 
both the anode and cathode. In every test with xenon propellant, the anode mass flow 
rate was set to 0.78 mg/s with an uncertainty of ±2 %, which was selected as a value close 
to the water-vapor mass flow rate determined in Section 2.3. The background pressure 
was 4 × 10−2 Pa for the N 2 correction when the thruster was running. As mentioned in 
Section 2.1, the cathode working gas was always xenon regardless of the anode propel-
lant type, and the cathode mass flow rate was fixed to 0.06 mg/s in all anode conditions. 
This value was less than 10 % of the anode mass flow rate, and also less than 1 % of the 
water-vapor flow rate in the volumetric flow correction.

Instruments for plume diagnostics

Faraday probe

A nude Faraday probe with a copper collector and stainless-steel guard ring was used 
to measure the beam current profiles. The diameters of the collector and the guard ring 
outer edge were 10 mm and 20 mm, respectively, and the gap between them was 0.45 
mm. During the measurements, both the collector and guard ring were biased to −20 
V to repel electrons. The probe surface was swept in an arc with 19.8 cm of sweeping 
radius Rs by stepping motor. The collected ion current was measured using a shunt resis-
tor and converted to ion flux density jb as a function of the angular position. The total 
beam current Ib,tot and axial beam current Ib,axis were calculated as

where θ is the angle between the probe axis and thrust axis.
These integrated values could be overestimated by the effects of the collector materi-

als or test facilities. Regarding the material effects, secondary electron emission (SEE) 
is one of the main concerns. Brown et  al. recommended correcting the current density 

(4)Ib,tot = πR2
s

π/2

−π/2
jb(θ) sin(θ)dθ ,

(5)Ib,axis = πR2
s

∫ π/2

−π/2
jb(θ) sin(θ) cos(θ)dθ ,

Table 1 Summary of water-vapor flow rate measurements

No. pac , kPa Va , V ttot , s �m , g ṁa , mg/s

1 5.0 200 2581.8 2.192 0.814

2 5.0 200 2244.8 1.962 0.831

3 5.0 200 - 240 5215.4 4.254 0.798

4 5.0 200 - 250 5066.2 4.216 0.814
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using the SEE yield γSEE [35]. However, there are no reliable data on the SEE yield by low-
energy ion bombardment to a copper surface. We then used the general expression of 
γSEE ≈ 0.016(εiz − 2εφ) for the SEE corrections [36], where εiz is the ionization potential of 
a colliding ion and εφ is the work function of copper ( = 4.46 eV [37]). As ionization poten-
tials, we referred to the first ionization potential of a water molecule and xenon atom, which 
were 12.62 and 12.13 eV, respectively [38, 39]. Facility effects could also have a significant 
influence on the current density because of the relatively high background pressure in our 
laboratory system. It is known that high background pressure expands the beam divergence 
due to charge exchange collisions (CEX) and increases the total beam current due to neutral 
ingestions and Bohm ion flux from the background plasma [35]. In particular, the Bohm ion 
flux influences only the probe output, which can yield results inconsistent with the state of 
the discharge. To avoid excessive overestimation by this effect, we subtracted the average 
current density at ±90 degrees from the current density profile and used the subtracted val-
ues ( jb(θ)− j̄b(±π/2) ) to calculate Eqs. (4) and (5). According to the error analysis includ-
ing the above factors by Brown et al. [35, 40], measurements by a Faraday probe have the 
inherent uncertainty of ±6 % for the total beam current, ±10 % for the axial beam current, 
and ±10 % for the ratio of them, respectively. The probe was swept three times for each 
condition, and the variations were sufficiently smaller than the inherent uncertainties.

Retarding potential analyzer

A retarding potential analyzer (RPA) with three grids was used to measure the beam ion 
voltage. The first grid was floated and the second grid was biased to −30 V to repel the 
primary electrons. The third grid, called the retarding grid, was used to repel ions with a 
voltage less than the retarding potential applied to this grid. The ions passing through the 
third grid were collected by a molybdenum collector connected to the ground via a shunt 
resistor. The RPA was placed 50 cm from the channel exit along the thrust axis. For each 
anode voltage, the retarding potential was swept from the ground potential to at least 300 
V. By differentiating the measured current with the retarding potential, we obtained the ion 
voltage distribution function (IVDF) f(V):

The retarding voltage was swept three times, and for each collected current profile, the 
moving average was taken over a range of ±5 V before differentiation. The average ion volt-
age Vave was then computed from the IVDF as

where the integration interval was limited to ±50 V of the peak to avoid noise effects. 
Based on the comparison with an electrostatic analyzer done by Beal et al. [41], an RPA 
involves an uncertainty about half of the spectral half width [9]; thus, the uncertainty of 
the average ion voltage was considered ±6 –9 %.

(6)f (V ) ∝ −
dI

dV
.

(7)Vave =

∫
Vf (V )dV
∫
f (V )dV

,
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Performance analysis method

The thrust performance was estimated based on the results of the plume diagnostics. 
The thrust force T generated by electrostatic acceleration is expressed as [42]

where α is a correction factor for dissociative or multiply charged ions, Ft is the cosine 
of the effective thrust-vector angle ( = Ib,axis/Ib,tot ), M is the mass of the propellant mol-
ecule, Vb is the beam acceleration voltage, and Vp is the beam plasma potential. The cor-
rection factor α and beam plasma potential are not determined from the measurements 
in this study. In terms of α , we approximated that all neutrals were ionized to singly 
charged original molecules ( α ≈ 1 ) by the following reactions:

For xenon, the current fraction of Xe+ , Xe2+ , and Xe3+ in the Hall thruster plasma 
plume have been measured to be comparable in some previous studies [9, 15, 43], 
and the thrust error caused by the above approximation is estimated to be within 5 %. 
In the case of water vapor, on the other hand, the actual ion species and their abun-
dance ratios in the plume have not been known. Instead, in reference to the previ-
ous research for a microwave discharge ion source [44], it was reported that OH+ , 
H3O

+ , and O+ were mainly observed other than H2O
+ , and their existence were 15 

%, 12 %, and 5 % of H2O
+ , respectively. The referenced results, however, are assumed 

to be derived from different plasma parameters from those of the Hall thruster dis-
charge plasma. The typical electron temperature and density are 10–20 eV and 1017 
m −3 for the microwave discharge ion source [45, 46], whereas 20–30 eV and 1018 
m −3 for xenon Hall thrusters [47]. Although high temperature electrons additionally 
produce H+ and H+

2  , the reaction rates for them are less than 1/10 of that producing 
H2O

+ in the typical electron temperature regime [38]. Considering those investiga-
tions, it is reasonable to estimate the thrust error by α ≈ 1 of less than 10 % for water 
vapor. Regarding the beam plasma potential, we referred Vp = 25.7 V that we meas-
ured using a planar Langmuir probe under a condition of Va = 200 V, ṁa = 0.59 mg/s 
with xenon. We also used the same value for the analysis of water vapor based on 
the assumption that the beam plasma potential would be rather related to the cath-
ode condition (e.g., cathode flow rate or keeper voltage), which was similar for water 
vapor and xenon. However, the actual plasma potential was indeed unclear; thus, we 
assumed the uncertainty to be ±50 % based on the variation in some previous reports 
[48–50].

In addition to the thrust force, we evaluated the anode specific impulse Ispa and anode 
efficiency ηa based on the following definitions using the obtained thrust values.

(8)T =αFtIb,tot

√

2MVb

e

(9)=αIb,axis

√

2M(Vave − Vp)

e
,

(10)H2O+ e
− → H2O

+ + 2e
−
,

(11)Xe+ e
− → Xe

+ + 2e
−
.
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where g is the gravitational acceleration and Pa is the anode power defined as IdVa . The 
plume characteristics are also useful for efficiency analysis, which provides additional 
information regarding the thruster loss mechanism. Under the above approximations, 
the anode efficiency can be separated into a product of four internal efficiencies: mass 
utilization ηm , current utilization ηc , voltage utilization ηv and beam ηb efficiencies, as

where the mass utilization efficiency does not include the information of ion species in 
this expression. A detailed explanation of each term can be found in [40].

A performance analysis was conducted for anode voltage ranging from 200 to 240 
V with both propellants. The magnetic field condition was determined based on the 
knowledge that the discharge current would be minimized under the optimal intensity 
[51]. The thrust performance can also be influenced by the thermal conditions [52], 
especially when using water vapor with a lighter molecular mass. Therefore, we moni-
tored the anode-bottom temperature as a reference temperature Tref using a thermocou-
ple and began data acquisition after the temperature approached saturation. In Fig. 4, we 
also show the temperature transition during the experiment; it can be confirmed that 
the discharge current was virtually constant with the temperature saturation. Faraday 
probe and RPA measurements were conducted on different days, and the discharge cur-
rent repeatability was ensured, as indicated in the following section.

Results and discussion
Discharge characteristics

Figure 5 (a) shows the dependency of the average discharge current on the magnetic flux 
density at 200 V. The discharge current was measured for at least three times on different 
days and the repeatability within ±4 % was confirmed. For both water vapor and xenon, 
the discharge current exhibited a minimum value at a certain magnetic field. In the case 
of water vapor, it was minimized under a lower magnetic flux density, and maintaining 
the discharge was difficult in the strong magnetic intensity region. The magnetic field 
conditions that minimize the discharge current were similar in the 200–240 V range for 
each propellant.

Figure 5 (b) shows the discharge current dependency on the anode voltage under the 
same magnetic field condition as the colored plot in Fig.  5 (a). The discharge current 

(12)Ispa ≡
T

gṁa
,

(13)ηa ≡
T 2

2ṁaPa
,

(14)ηa =
1

2ṁaPa

(

αIb,axis

√

2M(Vave − Vp)

e

)2

(15)
=α2 ·

MIb,tot

eṁa
︸ ︷︷ ︸

ηm

·
Ib,tot

Id
︸ ︷︷ ︸
ηc

·
Vave − Vp

Va
︸ ︷︷ ︸

ηv

·

(
Ib,axis

Ib,tot

)2

︸ ︷︷ ︸
ηb

,
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increased with the anode voltage for water vapor, whereas there was virtually no correla-
tion between them for xenon. By converting the anode flow rate to the current-equiva-
lent flow rate, which was the value when all the propellant flux was assumed to become 
the singly charged ion current, the xenon flow rate was calculated to be 0.57 A, which 
was less than the discharge current. On the other hand, the water-vapor flow rate was 4.4 
A in the current-equivalent conversion, which was more than 2.5 times greater than the 
discharge current. This suggests that water vapor was less ionized, whereas xenon was 
virtually fully ionized at 200 V. In general, increasing the anode voltage also increases the 
electron temperature in the discharge channel [47]; thus, ionization would be promoted 
at higher voltages in the case of water vapor.

Figure 6 shows the typical wave form and its power spectral density of the discharge 
current oscillation, which was obtained at the operating point shown as the colored 

Fig. 5 Average discharge current as a function of (a) magnetic flux density Br ,max and (b) anode voltage Va . 
The colored plots represent the same operation point respectively

Fig. 6 (a) Typical waveform and (b) its power spectral density of discharge current oscillation with water 
vapor and xenon
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plot in Fig. 5. Focusing on the low-frequency band, the oscillation characteristics were 
different between the two propellants; xenon exhibited a large oscillation of nearly 50 
kHz, called the “breathing mode”, and a relatively small oscillation of nearly 100 kHz, 
whereas water vapor exhibited only a small oscillation around 100 kHz. The mecha-
nism of the “breathing mode” is frequently explained as an instability resulting from 
the depletion of neutral particles due to ionization [42, 53]. From this point of view, 
it makes sense that the “breathing mode” amplitude of water vapor was smaller than 
that of xenon because the large existence of non-ionized neutrals was predicted.

Plume characteristics

The beam current and IVDFs were measured under discharge conditions correspond-
ing to the plots in Fig. 5 (b). Figure 7 (a) shows the angular distributions of the beam 
current density at 200 and 240 V obtained by the Faraday probe. Comparing the 
two propellants, the xenon plumes were well focused within ±30 degrees, whereas 
the water-vapor plumes exhibited greater divergence with dented peaks. Figure 7 (b) 
shows the IVDFs, which are the negative first differentials of the RPA outputs, at the 
same anode voltages. The peak of the IVDF was shifted marginally to the lower side in 
the case of water vapor. In addition, ions with lower energies are relatively more dis-
tributed in the water-vapor plume.

The expansion of the beam divergence and the large existence of low-energy ions 
would be closely related because ions generated with low potential have less direc-
tionality. Two possible processes can be considered for the production of a low-energy 
ion: transition of a fast ion to a slow ion through collisions or ionization downstream 
of the main acceleration region. Of the former collisional effects, CEX is, in general, 
the most dominant. The influence of CEX can be deduced from the collision mean 
free path below.

Fig. 7 (a) Beam current density distributions and (b) IVDFs of ion beams for water vapor and xenon at anode 
voltage of 200 and 240 V
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where σCEX is the collision cross-section of the CEX and nn is the neutral number den-
sity. For the effect of downstream ion production, an ionization mean free path should 
be an indication. If it significantly exceeds the channel length, ionization could progress 
beyond the acceleration region. The ionization mean free path is defined as

where vn is the neutral velocity, 〈σizve〉 is the ionization-reaction rate constant, and ne is 
the electron number density. Here, we roughly calculate these mean free paths. The neu-
tral number density is estimated from the mass flow rate as

where A is the cross-sectional area of the discharge channel. Because this formula does 
not account for ionization, it provides the maximum possible value. The electron num-
ber density is estimated from the total beam current under the assumption of quasi-neu-
trality as

where ni is the ion number density and vi is the ion velocity. In this analysis, we used 
the average axial thermal velocity ( =

√

kTn/2πM , where Tn is the neutral temperature) 
and accelerated velocity ( =

√

2eVb/M ) for the neutral and ion velocity, respectively. 
We only considered the reaction between a singly charged ion and neutral molecule in 
CEX, and used σCEX = 4.2× 10−20 m 2 for water vapor [54] and σCEX = 5.6× 10−19 m 2 
for xenon [55]. Regarding the ionization reaction, we only addressed Reactions (10) and 
(11). These ionization reaction rates were computed as functions of electron tempera-
ture using the cross-section data in [38, 39]. From the set of equations above, the CEX 
and ionization mean free path were calculated using the experimental values ( ṁa , Ib,tot , 
and Vave at 200 V), with the assumption of Tn ≈ 600 K and Te ≈ 20 eV. In Fig. 8, we show 
the results of this analysis and compare them with the ceramic channel-wall length Lc . 
To suppress low-energy ions, the CEX and ionization mean free path should satisfy the 
relationships of �CEX ≫ Lc and �iz ≪ Lc . The CEX mean free paths of both propellants 
were sufficiently longer than the channel length, although they would be underestimated 
because of the neglect of ionized particles. Conversely, the ionization mean free path 
did not satisfy the above relationship only in the case of water. Therefore, it is suggested 
that the long ionization mean free path, rather than the CEX, contributes to the low-
energy ion production. Other factors that expand the beam divergence are, for exam-
ple, the magnetization of the accelerated ions or non-optimization of the magnetic field. 
Whether ions are magnetized or not can be determined from the ion Larmor radius ric 
( = Mvi/eB ). We calculated this for each propellant; the values are also shown in Fig. 8. 
As a result, the ion Larmor radius of H2O

+ are greater than the channel length; thus, ion 

(16)�CEX ≡
1

σCEXnn
,

(17)�iz ≡
vn

�σizve�ne
,

(18)nn ≈
ṁa

MvnA
,

(19)ne ≃ ni ≈
Ib,tot

eviA
,
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magnetization would not be a critical issue. The effect of magnetic field optimization is 
more difficult to evaluate analytically because it involves the nonlinearity of the plasma 
wall sheath. We will investigate the dependency on the magnetic field in more detail in 
future experiments.

Performance estimation

Table  2 lists the estimated thrust performance with total uncertainties of water and 
xenon propellants at the minimum and maximum anode voltages. In addition, Fig.  9 
shows the four efficiencies defined in Eq. (14) as a function of anode voltage. It should 
be noted that the indirect performance determination from plume diagnostics has low 
reliability, as suggested by the large uncertainties in Table  2; thus, the results should 
be validated by direct thrust measurements using a thrust balance in the future study. 
We also suppose that the computed values could be overestimated due to the relatively 
high background pressure. Previous studies have proved that an increase in background 
pressure results in artificial improvement of thruster performances because of neutral 
ingestion from the test facility [56]. Considering that the anode efficiencies of other 100 
W-class Hall thrusters are distributed between 20 and 40 % [33], the anode efficien-
cies calculated in this study could be estimated 1.5–2 times higher than the actual. The 

Fig. 8 CEX mean free paths, ionization mean free paths and ion Larmor radiuses of H2O
+ and Xe+ . Those 

values were calculated with the assumption of Tn ≈ 600 K, Te ≈ 20 eV

Table 2 Operating parameters and estimated thrust performance

Propellant ṁa , mg/s Va , V Id , A Pa , W T, mN T/Pa , mN/kW Ispa , s ηa , %

Water 0.81± 0.06 200± 0.7 1.16± 0.06 233± 11 4.4± 0.7 19± 3 550± 100 5± 2

Water 0.81± 0.06 240± 0.7 1.49± 0.07 358± 17 6.8± 1.0 19± 3 860± 140 8± 3

Xenon 0.78± 0.02 200± 0.7 0.76± 0.03 153± 6 10.3± 1.3 67± 9 1340± 170 44± 12

Xenon 0.78± 0.02 240± 0.7 0.75± 0.03 180± 6 11.8± 1.4 66± 8 1540± 190 50± 13
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similar degrees of overestimation can also be included in the computed performance of 
water vapor. As well as the direct thrust validations, the evaluation and modification of 
the facility neutral effects is one of the future issues.

Focusing on the performance of water vapor, the thrust-to-power ratio and specific 
impulse were 19 mN/kW and 550–860 s at 200–240 V, respectively. In Fig. 9, the mass 
utilization efficiency indicates by far the lowest value among the efficiencies as suggested 
in the above sections, which causes deterioration of the specific impulse. Theoretically, if 
the mass utilization efficiency is improved to nearly 40 %, the specific impulse could be 
as high as that of xenon. From the neutral continuity equation, the ionization fraction ζiz 
is written as a function of the ionization mean free path [47]:

where Liz is an effective ionization length. From Fig. 8, it is clear that the long ionization 
mean free path of water reduces the ionization fraction. A possible strategy for ioniza-
tion improvement is to increase the discharge voltage, which can increase the electron 
temperature in the discharge plasma. In fact, the mass utilization efficiency improved by 
6 % when the voltage was increased from 200 to 240 V in this experiment. Extending the 
ionization length is another solution for improving the ionization fraction. An extended 
channel [57, 58] can be used for this purpose. However, a long discharge channel also 
increases plasma-wall interactions that contribute to ion losses; thus, we must also con-
sider the magnetic field design as it effectively confines the plasma.

Water-electron reactions not only consume energy for ionization or excitation, but 
also rotation, vibration, attachment, and dissociation as a nature of polyatomic mole-
cules. For the power loss evaluation, we introduce the effective ionization cost [40] as

where Pjet is the accelerated jet power defined as Ib,totVb . From the results in Table 2, the 
effective ionization costs were calculated as 170 W/A for water vapor and 113 W/A for 

(20)ζiz = 1− exp(−Liz/�iz),

(21)εiz =
Pa − Pjet

Ib,tot
,

Fig. 9 Current utilization efficiency, voltage utilization efficiency, mass utilization efficiency, and beam 
efficiency of water vapor and xenon as a function of anode voltage
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xenon at 200 V. Because the ionization potentials are not significantly different between 
water (Reaction (10)) and xenon (Reaction (11)), the unique reactions of water vapor 
should contribute considerably to the additional energy cost. However, the effective ioni-
zation cost of water vapor exhibited a small variation in the anode voltage, which was 
±2 % for 200–240 V. This indicates that the voltage increase in this range is more ben-
eficial for improving the ionization fraction than the negative influence of the energy 
loss. According to Itikawa et al. [38], the reaction rates of dissociative reactions (disso-
ciation and dissociative ionization) increase significantly with the ionization reaction 
rate above an electron temperature of 10 eV. Therefore, operating with excessive voltage 
could waste input power and produce low-momentum ions of H+ . However, the effects 
of the dissociative ions cannot be truly identified from this analysis because we assumed 
only H2O

+ . To gain more insight into the energy and momentum loss mechanisms, 
information regarding the ion species is required. High-voltage operation also leads to 
an increase in the total power consumption if the propellant feeding is constant. That is, 
reducing the mass flow rate is necessary for low-power applications, which is another 
issue for further development.

Conclusion
A Hall thruster using water vapor as a propellant was proposed for the primary propulsion 
of a small spacecraft and experimentally demonstrated in ground testing. Its discharge and 
plume characteristics were measured for anode voltages ranging from 200 to 240 V and 
compared with those of xenon. The average discharge current of each propellant exhib-
ited similar downward convex dependency on the magnetic flux density. However, it had 
a different trend with respect to the anode voltage; it increased with a rise of the voltage 
for water vapor,whereas it was virtually constant for xenon. In higher time resolutions, 
the discharge current of the water vapor exhibited a relatively small oscillation, which 
seemed different from “breathing mode” that was observed when using xenon. In terms of 
plume characteristics, the water-vapor plasma plume was more divergent and contained 
more low-energy ions. All of these unique features of the water-vapor Hall thruster were 
deduced to be mainly due to insufficient ionization in the discharge channel.

As a result of the thrust performance analysis based on plume diagnostics, a thrust-to-
power ratio of 19 mN/kW, specific impulse of 550–860 s, and anode efficiency of 5–8 % were 
estimated for the anode power ranging from 233 to 358 W, although these values could be 
positively influenced by 10−2 Pa order of the background pressure and should be validated 
by direct thrust measurements in the future. An efficiency analysis revealed that the mass 
utilization efficiency was the lowest among the internal efficiencies, as indicated by the dis-
charge and plume characteristics. In addition, power utilization was also evaluated using an 
effective ionization cost, which suggested that the water propellant would consume addi-
tional power for reactions unique to polyatomic molecules. For the range investigated in this 
study, an increase in the anode voltage also increased the water mass utilization efficiency 
with virtually constant ionization costs; thus, operating at a higher voltage could be more 
suitable for the use of water vapor. This study was conducted using a thruster head designed 
for a xenon propellant, and its achievable performance and requirements were clarified using 
water vapor as a propellant. Based on the results of this study, the thruster design and operating 
parameters should be modified for water vapor to achieve more practical performance.
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