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Abstract
REGULUS is an Iodine-based electric propulsion system. It has been designed and manufactured at the Italian company 
Technology for Propulsion and Innovation SpA (T4i). REGULUS integrates the Magnetically Enhanced Plasma Thruster 
(MEPT) and its subsystems, namely electronics, fluidic, and thermo-structural in a volume of 1.5 U. The mass envelope is 
2.5 kg, including propellant. REGULUS targets CubeSat platforms larger than 6 U and CubeSat carriers. A thrust T = 0.60 mN 
and a specific impulse Isp = 600 s are achieved with an input power of P = 50 W; the nominal total impulse is Itot = 3000 Ns. 
REGULUS has been integrated on-board of the UniSat-7 satellite and its In-orbit Demonstration (IoD) is currently ongoing. 
The principal topics addressed in this work are: (i) design of REGULUS, (ii) comparison of the propulsive performance 
obtained operating the MEPT with different propellants, namely Xenon and Iodine, (iii) qualification and acceptance tests, 
(iv) plume analysis, (v) the IoD.
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1 � Introducton

CubeSats have become increasingly common in recent years 
provided the dramatic reduced cost in respect to conven-
tional satellites [1]. Combining this feature with a remark-
able versatility, CubeSats allow small companies, small 
countries, and research centers entering the space market 
paving the way to a completely new paradigm. Constella-
tions of SmallSats (namely satellites with mass < 500 kg) in 
Low Earth Orbit (LEO) are entering the market to address 
the more and more demanding requirements imposed by 

new applications such as global internet coverage and Inter-
net-of-Things (IoT) [2, 3]. Nonetheless, only an on-board 
propulsion system enables SmallSats to fully exploit their 
capabilities. In fact, upcoming mission scenarios are increas-
ingly complex since orbit change and maintenance are often 
required [4, 5]. In this frame, many research centers and 
companies (Enpulsion, Busek, Exotrail, ThrustMe, and AVS, 
just to name a few) are developing new propulsion systems 
for CubeSats and SmallSats. The number of missions taking 
full advantage of a propulsion unit is still moderate, although 
rapidly increasing [5]. This is associated to the inherent dif-
ficulty of integrating a propulsion system into a SmallSat. In 
fact, a space thruster is an intrinsically complex device and 
strict volume, mass, power, and cost budgets overcomplicate 
its design.

In the STRaND-1 [6, 7] mission (launched in 2013), a 
water-alcohol resistojet for attitude control and a Pulsed 
Plasma Thruster (PPT) for orbit change were combined in 
a 3 U CubeSat. The BRICSat-P is a space mission in which 
a propulsion system has been integrated on a 1.5 U Cube-
Sat. It was launched in 2015, and four μCAT thrusters [8] 
were used for attitude control. In the SERPENS [9] mission 
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(launched in 2015) a PPT was integrated on a 3 U CubeSat 
for drag compensation. In 2018 a Field Emission Electric 
Propulsion (FEEP) has been successfully tested on orbit 
for the first time [10]. The In-orbit Demonstration (IoD) 
of the IFM Nano Thruster developed by the Austrian com-
pany Enpulsion [11] consisted in changing the semi-major 
axis of a LEO orbit of several meters. Finally, in 2019 the 
I2T5 from ThrustMe [12] was the first Iodine propelled cold 
gas thruster ever tested in orbit; it was integrated on a 6 U 
CubeSat.

In the last decade, particular effort has been put in study-
ing and developing Iodine-based propulsion systems targeted 
at CubeSats and SmallSats [12–16]. Iodine is a particularly 
appealing propellant because of the following properties:

•	 The density of Iodine is three times higher than Xenon, 
in fact the former can be stored at the solid state [17]; 
this enables a higher total impulse for the same volume 
of propellant.

•	 Iodine can be stored at moderate temperature (e.g., ambi-
ent temperature) and pressure (e.g., atmospheric pres-
sure). Therefore no cryogenic or strict thermal control is 
required [13]

•	 Iodine has low procurement cost: 90% less than Xenon 
[14]

•	 Iodine suffers no transportation issues as the tank is not 
pressurized and a dedicated thermal control is not needed 
when the thruster is off. Therefore the entire subsystem 
can be shipped to the launch platform ready for use.

Moreover, Iodine and Xenon propellants guarantee com-
parable propulsive performances; this has been proven at 
least for gridded-ion and Hall-effect thrusters [14, 18]. For 
these reasons, the use of Iodine might be the breakthrough 
for the widespread diffusion of propulsion units for CubeSats 
and SmallSats. Nonetheless, the use of Iodine brings some 

challenges: (i) to avoid the condensation of the propellant 
along the fluidic line, the temperature of the system must be 
maintained at about 100 °C during operation [13]; (ii) Iodine 
is chemically aggressive, so materials must be selected to 
avoid corrosion [19]; (iii) the interactions between the 
Iodine plasma plume and the surfaces of the spacecraft are 
little known, so the risk associated to the degradation of 
solar arrays and optics should be carefully managed. Three 
planned missions that rely on an Iodine-based propulsion 
system are the Lunar iceCube [20], iSat [13], and Robusta-
3A [12]. The Lunar iceCube is a 6 U spacecraft targeted at 
the observation of the Lunar surface; its launch is scheduled 
for late 2021. The propulsive system consists in an Iodine-
based 60-W ion thruster. The iSAT mission aims to pro-
pel a SmallSat demonstrator with a Hall-effect thruster fed 
with Iodine. The mission was initially planned for launch in 
2017 but it is temporarily suspended because the propulsion 
unit needs further development. Finally, the I2T5 cold gas 
thruster will be used to propel the Robusta-3A CubeSat (a 
3 U technology demonstrator) whose launch is planned for 
late 2021.

The REGULUS propulsion unit (see Fig. 1) has been con-
ceived by the Italian company Technology for Propulsion 
and Innovation (T4i) for the SmallSat market [21, 22]. The 
core of REGULUS is the Magnetically Enhanced Plasma 
Thruster (MEPT), an electric system propelled by Iodine. 
The propulsion unit encompasses the MEPT along with 
electronics, fluidic line, and thermo-structural subsystems. 
Its volume envelope is 1.5 U, and the total mass is 2.5 kg 
(including propellant). REGULUS targets CubeSats larger 
than 6 U and CubeSat carriers. It relies on standard inter-
faces to ease the integration on the spacecraft, no space-
grade qualified components are used to reduce the recur-
ring costs. REGULUS provides a thrust T of 0.6 mN and a 
specific impulse Isp of 600 s for an input power P = 50 W. 
The nominal total impulse is Itot = 3000 Ns and it can be 

Fig. 1   Rendering (left) and picture (right) of the REGULUS propulsion unit. Subsystems have been highlighted
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increased to Itot = 11,000 Ns by enlarging the volume of 
the propulsive unit up to 2 U. The IoD of REGULUS is 
currently ongoing. The propulsive unit has been qualified, 
integrated on the UniSat-7 (a CubeSat carrier operated by 
the Italian GAUSS company) [23], and launched in March 
2021 on-board of a Soyuz-2 vehicle. The objectives of the 
UniSat-7’s mission are (i) to inject several CubeSats into a 
600 km height Sun Synchronous Orbit (SSO), and (ii) to act 
as a technology demonstrator for testing specific payloads 
for future GAUSS missions (e.g., REGULUS). At the same 
time, REGULUS’ primary objective is to demonstrate its 
capability to enhance Unisat-7 mission scenarios, while ena-
bling maneuvers such as semi-major axis variation.

The rest of this work is organized as follows. The perfor-
mance of the MEPT operated with both Xenon and Iodine 
propellants is discussed in Sect. 2. In Sect. 3 the subsystems 
of REGULUS (namely, thermo-structural, electronics and 
fluidics) are described and the qualification tests are illus-
trated. Sect. 4 is dedicated to the numerical simulation of 
the plasma plume to verify that the flux of charged particles 
impinging on the spacecraft is limited. The IoD is discussed 
in Sect. 5 and, finally, conclusions are drawn in Sect. 6.

2 � Magnetically enhanced plasma thruster

The MEPT is a cathode-less plasma thruster [24, 25] specifi-
cally targeted at CubeSats (see Fig. 2). This technology is 
extremely appealing for space propulsion, in particular for 
CubeSats, because of its simple design, geometry and, in 
turn, reduced cost. The main characteristics of a cathode-less 
plasma thruster are: (i) a very simple architecture, which 
helps keeping at bay the cost of these systems; (ii) no elec-
trodes in contact with the plasma neither for generation nor 
acceleration; (iii) possibility of operating the thruster with 
different propellants without a drastic redesign; (iv) absence 
of a neutralizer provided that the ejected plasma is current-
free and quasi-neutral. The main components of a cathode-
less plasma thruster are: (i) a dielectric tube inside which the 
neutral gas propellant is ionized; (ii) a Radio Frequency (RF) 
antenna working in the MHz range that provides the power 
to produce and to heat up the plasma [26], (iii) permanent 
magnets that generate the magneto-static field required to 
enhance the plasma confinement [27, 28] and to improve the 
thrust via the magnetic nozzle effect [29–31].

The propulsive performance of the MEPT has been evalu-
ated at the high vacuum facility of the University of Padova. 
To this end, a vacuum chamber of cylindrical shape (diame-
ter 0.6 m, length 2 m) has been used [32]. A Spin HFPA-300 
linear amplifier (1.8–30 MHz, power up to 300 W) driven 
by an HP 8648B signal generator provided the RF power to 
the MEPT. The latter was connected to the amplifier via a 
50 Ω coaxial cable. RF probes for vector voltage and current 

measurement have been used to characterize the electrical 
power coupled to the antenna [21]. The MEPT has been 
propelled both with Xenon and Iodine. The mass flow rate 
of Xenon has been controlled via a MKS 1179B regula-
tor connected to a pressurized reservoir. Instead, the Iodine 
feeding line consisted of a heated tank and a manifold com-
prising valves and mass flow control orifices [33]. The thrust 
generated by the MEPT has been measured with a counter-
balanced pendulum specifically designed for RF thrusters 
of small-to-medium size [34]. The confidence interval for 
each measurement is: (i) ± 15–20% for thrust, (ii) ± 10% 
for the power provided to the MEPT, along with (iii) few 
percent points for the Xenon mass flow rate, and ± 10–15% 
for Iodine. These values depend on the accuracy of each 
instrument and on measurement methods. Specifically, the 
uncertainty on the thrust is mainly associated to calibration 
errors (this procedure is performed with known masses), and 
the correction of the thermal drifts induced on the balance 
(see [34] for more details). Errors on phasing voltage and 
current probes result in ± 10% uncertainty for the electri-
cal power. The uncertainty on Iodine mass flow rate is due 
to the pressure-based control strategy adopted for this test 
(see [33] for more details). Finally, the error bars associated 
to indirect measures, as for the thruster efficiency and the 
thrust-to-power ratio (see Fig. 3), are computed with the 
uncertainty propagation law [34].

In Fig. 3, the thrust efficiency η and the power-to-thrust 
ratio T/P are depicted as functions of the input power P 

Fig. 2   Schematic (above) and picture (below) of the MEPT integrated 
into REGULUS. In the picture, the thruster is being tested with 
Iodine propellant: input power P = 50 W, mass flow rate 0.10 mg/s
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namely the power absorbed by the thruster (thanks to the 
good impedance matching, the power reflected is lower than 
5%). In particular:

where T is the thrust, Isp the specific impulse, and g0 the 
standard gravity. The working frequency of the RF antenna 
was fixed at 2 MHz and P has been varied in the range 
15–60 W. The vacuum chamber pressure was maintained 
at 10–3 Pa, and the MEPT was operated with 0.10 mg/s 
mass flow rate of both Xenon and Iodine propellants. The 
efficiency η is a linear functions of P, while the maximum 
value achieved with Iodine is about 5% and 6% with Xenon. 
Those values are in line with other cathode-less thrusters 
not subject to strict power and volume budgets [35]. The 
thrust-to-power ratio T/P is almost independent from P. 
Iodine presents a poorer performance compared to Xenon, 
being T/P 20% lower operating the MEPT with the former 
propellant than with the latter. This difference seems to be 
due to the molecular form of Iodine (I2), since part of the 
available power is lost into dissociation along with excita-
tion of vibration and rotation modes instead of ionization. 

(1)� =

g0TIsp

2P
,

The maximum T and Isp measured with each propellant are 
reported in Table 1. Further results regarding the testing 
campaign can be found in [36] (in particular for what discus-
sions on T and Isp are concerned).

In conclusion, Iodine is demonstrated as a valid candidate 
to propel CubeSat missions provided the advantages offered 
at system level (e.g., capability of being stored at solid state) 
and the propulsive performance only 20% lower, in terms of 
T/P, in respect to Xenon.

3 � Regulus subsystems

3.1 � Thermo‑structural

The thermo-structural subsystem has three main functions: 
(i) to provide a sufficiently stiff structural frame for the 
MEPT, the fluidic line, and the electronics, (ii) to dissipate 
the heat produced within the REGULUS unit so that each 
component is maintained within the correct temperature 
range, and (iii) to provide a thermo-mechanical interface 
with the satellite. A more detailed list of requirements is 
reported in Table 2.

One of the key aspects to satisfy the strict mass and vol-
ume budgets (2.5 kg and 1.5 U, respectively) is the exten-
sive adoption of the additive manufacturing technique. Spe-
cifically, this production process allows: (i) to manufacture 
shapes that would be impossible with traditional approaches 
and (ii) to reduce bolted junctions increasing the reliability 
of the system. In addition, a mix of materials has been used 
to develop a sufficiently stiff system capable of withstanding 
the harsh vibrational environment during launch operations. 
Materials as Scalmalloy and Ti-6Al-4V [40] guarantee high 
strength, stiffness and lightness. The structural design of 
REGULUS has been driven by semi-analytical calculations 
and Finite Element Method (FEM) analyses, performed with 
the Ansys software [41]. At the same time, sinusoidal and 
random vibration tests have been performed to verify the 
design and to qualify the propulsion unit. The measurement 
campaign has been performed at the facilities of the Univer-
sity of Padova (see Fig. 4) assuming the spectra of the Soyuz 
launcher. The first natural frequency of the REGULUS unit 
is about 250 Hz and a good margin of safety against dam-
ages has been found. Moreover, the accordance between the 

Fig. 3   Comparison of the propulsive performance when the MEPT 
is operated with Xenon and Iodine propellants. Thruster efficiency 
η (above), and thrust-to-power ratio T/P (below) as functions of the 
input power to the thruster P. The mass flow rate is 0.10 mg/s

Table 1   Maximum performance evaluated during the test campaign

Thrust T, specific impulse Isp and power absorbed by the thruster P. 
The mass flow rate is 0.10 mg/s

Propellant T [mN] Isp [s] P [W]

Xenon 0.63 630 32
Iodine 0.77 770 51
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results of the FEM simulations and the real behavior of the 
propulsion unit is good (e.g., numerical and experimental 
estimations of the first natural frequency differ by 10 Hz). 
After the vibration tests, each component of the REGULUS 
unit has been inspected and subsequent functional tests have 
been performed: each electronic board, valve, heater, tem-
perature and pressure sensor has been checked. Finally, the 
nominal operation of the entire propulsion unit has been 
verified. Since no structural or functional failure has been 
detected, the mechanical design was considered successfully 
qualified.

To satisfy the thermal requirements of each component, 
two thermal paths have been designed, namely the high 
temperature and the low temperature one (see Fig. 5). Ded-
icated low emittance coatings have been used to insulate 
the two paths. The MEPT and the radiator constitute the 

high temperature path; the former is the principal source 
of thermal power and the latter is used for the dissipation 
of the heat into space. The electronics and the fluidic line 
are included in the low thermal path that is interfaced with 
the satellite to dissipate the heat produced by the subsys-
tems of REGULUS. The thermal design has been driven 
by semi-analytical models and FEM analyses. In particu-
lar, two scenarios have been considered: (i) the Worst Hot 
Case (WHC), where the satellite is subject to the solar flux 
and its temperature is + 70 °C and (ii) the Worst Cold Case 
(WCC), namely no solar flux and the satellite at − 25 °C. 
The assumed amount of power to be dissipated is 60 W 
because of the heat produced during operations and about 
3 W due to the solar flux. The results of the thermal analysis 
for the WHC are shown in Table 3 in terms of temperature 
of the main critical components. Specifically, data retrieved 
with a FEM analysis and a Lumped Parameter Model (LPM) 
created with the Octave software [42] are reported. The lat-
ter is intended to cross-validate the FEM outputs and to 
obtain results in a shorter time. The agreement between 
the two models is satisfactory being the differences regis-
tered in the order of 5–10 °C. Finally, thermo-vacuum tests 

Table 2   Thermal, mechanical 
and interface requirements 
considered in the design of 
REGULUS

Mechanical requirements
1. The mass of REGULUS shall be lower than 2.5 kg and its volume envelope within 1.5 U
2. The first natural frequency of the system shall be higher than 200 Hz
3. REGULUS shall be compliant with the vibrational environment of the main launch systems such as 

Ariane 5, Vega, Falcon 9, and Soyuz [37]
Thermal requirements
1. REGULUS shall withstand an operative temperature environment ranging from − 25 up to + 70 °C
2. The maximum heat to be dissipated is assumed equal to 60 W
3. The heat shall be dissipated relying only on a radiator mounted on the nozzle surface of REGULUS
4. The temperature of the electronics subsystem shall not exceed + 85 °C
5. The temperature of the fluidic line shall be maintained at + 95 °C during operations
Interface requirements
1. REGULUS shall fit the main CubeSat structure such as Endurosat, Gomspace and ISIS [38, 39]

Fig. 4   Mechanical vibration test of the Electro-Magnetic model of 
REGULUS

Fig. 5   Schematic of the thermal control system; thermal paths high-
lighted
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have been performed at the facilities of the University of 
Padova to qualify the propulsion unit and to validate the 
numerical models. REGULUS has been tested inside a 
dedicated Thermo VAcuum Chamber (TVAC) at a pressure 
8 × 10–1 Pa. The temperature has been varied from − 40 to 
80 °C for four times (see Fig. 6). After the thermo-vacuum 
cycles, the subsystems have been inspected and functional 
tests have been performed. No failure has been detected, and 
so the thermal design was considered successfully qualified.

In conclusion, an interface module has been created that 
includes all mechanical, thermal and electrical connections. 
The module is compatible with standard CubeSat structures 
[38, 39].

3.2 � Electronics

The electronics have been designed to meet the budget 
requirements typical of the CubeSat application while 
maintaining competitive standards of reliability. To this end, 
Components Off-The-Shelf (COST) have been largely used. 
This was not detrimental in terms of reliability provided that, 
according to the European Cooperation for Space Stand-
ardization (ECSS), the selection of COTS was driven by a 
dedicated risk analysis. First, an average mission duration 

of 3–5 years and a LEO of altitude about 600 km have been 
assumed to evaluate the expected radiation environment. 
Second, calculations with the SPENVIS tool [43] provided 
a requirement in terms of Total Ionization Dose (TID) that 
was not highly demanding for the mission at hand. Third, 
COTS compliant with the expected radiation environment 
have been selected to design the electronics subsystem. In 
particular, the approach of careful COTS design proposed 
by Sinclair [44], the ECSS_E_ST-10-12C, and the ECSS-
Q-ST-60C have been referenced for this analysis. It is worth 
specifying that electronics are fully compliant with the mis-
sion scenario of the IoD. Moreover, the selection of COTS 
can be tailored to different customers’ needs by means of 
a dedicated risk analysis. The electronics rely on a flexible 
architecture and they have been designed for operating REG-
ULUS with an input power from 30 up to 60 W, although 
the nominal value is 50 W. Moreover, a simplified laboratory 
version of the electronics subsystem has been used in a com-
pletely different application field, namely plasma antennas 
[45–48]. The schematic of the electronics of REGULUS is 
depicted in Fig. 7.

3.2.1 � Interface

The electronics have been interfaced with the satellite by 
means of four types of connectors that differ from one 
another in terms of size and number of pins (to avoid 
mistakes):

•	 an “insert before flight” type connector is included for 
safety reasons;

•	 two separated communication lines (referred to as pri-
mary and secondary) that rely on two redundant CANbus 
and one I2C [49] protocols are used for redundancy;

•	 one power connector is used for feeding the electronics 
with the 12 V DC power from the bus.

	   The connectors are interfaced to the structure by means 
of two Printed Circuit Boards (PCBs). Finally, a JTAG 
connector [50] is easily reachable also after integration 
for updating the software.

3.2.2 � Software

The control software is based on FreeRTOS [51] and man-
ages the following specific tasks:

•	 controlling the thruster in terms of thermal regulation, 
mass flow, and electrical power;

•	 managing the housekeeping and the thrust operational 
states;

•	 communicating with the satellite through CANbus or 
I2C.

Table 3   WHC maximum temperature of critical components; com-
parison between Finite Elements Method (FEM) and Lumped Param-
eters Model (LPM)

Component Temperature [°C]—
FEM model

Temperature 
[°C]—LPM 
model

Discharge chamber 355 351
Radiator 273 279
Electronics 87 90
Fluidics 84 92
Frame 85 87
Interface 73 75

Fig. 6   Temperature profile of thermo-vacuum tests
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3.2.3 � Architecture

The electronics subsystem consists of four boards disposed 
around the MEPT, thermally and electrically insulated from 
it.

The Power Control Unit (PCU) controls and monitors the 
operations of REGULUS and provides the interface with the 
spacecraft via CANbus and/or I2C. More in detail, the PCU:

•	 is the interface with the spacecraft for the data link 
receiving telecommands and sending telemetries;

•	 processes the data for the thermal control;
•	 runs algorithms for thruster ignition and shut down;
•	 monitors the status of the thruster and manages the Fail-

ure Detection, Isolation, and Recovery (FDIR).

The PCU is reprogrammable in flight thanks to the boot-
strap functionality and an external flash memory in which 
the software sent via data link can be stored.

The Power Processing Unit (PPU)—Power provides DC 
power to sensors, valves and heaters involved in the control 
of the fluidic line, along with it feeds the DC power to the 
PPU—RF.

The PPU—RF is the DC/AC converter that provides the 
RF power to supply the MEPT. It is the main power segment 
of the electronics subsystem.

The Conditioning Unit provides the signal conditioning 
for the diagnostics of REGULUS.

3.2.4 � Testing

Successful functional tests of the electronics have been per-
formed in vacuum both at ambient temperature (20/30 °C) 
and in a variable temperature environment (− 20/50 °C). 
Moreover, Electro-Magnetic Compatibility (EMC) tests, 
compliant with ECSS, have been performed integrating 

REGULUS on the CubeSat Test Platform (CTP) of the Pol-
ytechnic University of Torino [52]. The RF emissions and 
the generated electro-magnetic fields have produced noise 
values up to the 15 dBm without affecting the functionalities 
of both the CTP and REGULUS. Moreover, the noise gener-
ated by the propulsion system on the power line is negligible 
(< 1 dBm).

3.3 � Fluidic line

The main requirement of the fluidic subsystem of REGU-
LUS (see Fig. 8) is to deliver a 0.10 mg/s mass flow rate of 
Iodine during thruster operation. To obtain a stable propul-
sive performance, the tolerance on the delivered mass flow 
rate is ± 5% throughout the overall mission duration. The 
fluidic subsystem is composed of a tank where the propellant 
is stored in solid state, a manifold that acts as flow regulator, 
and an injector that interfaces the subsystem with the MEPT. 
The additive manufacturing technique has been extensively 
adopted to achieve compliance with strict volume and mass 
budgets. A careful selection of the material for the com-
ponents wetted by Iodine has been accomplished in order 
to avoid chemical corrosion. The hardware is made from 
Nickel superalloys such as Inconel and Hastelloy, whereas 

Fig. 7   Schematic of the elec-
tronics subsystem of REGULUS

Fig. 8   Schematic of the fluidic line of REGULUS
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fluoroelastomer (i.e., FKM and FFKM) and polytetrafluoro-
ethylene (PTFE) [53] sealing is adopted at interfaces. The 
dimension of the tank, can be varied, according to the mis-
sion needs, independently from the rest of the propulsive 
unit. When the tank is heated, the solid Iodine sublimates 
and enters the manifold. The latter is the technological core 
of the fluidic subsystem and maintains the nominal mass 
flow rate. It comprises a pair of valves along with pressure 
and temperature transducers controlled in closed-loop. The 
injector has two main functions: (i) it tunes the thermal 
resistance between the hot thruster and the fluidic line and 
(ii) it delivers the gaseous Iodine to the MEPT where it is 
turned into plasma. Two thin-foil heaters are included in 
the fluidic line to control the temperature of the subsystem 
via a closed-loop strategy. Specifically, the thermal control 
allows to: (i) ensure the sublimation of the solid Iodine into 
the tank, (ii) perform a coarse control of the mass flow rate, 
(iii) avoid the obstruction of the fluidic line due to the re-
condensation of the Iodine, (iv) avoid the liquid state of the 
Iodine (temperature < 115 °C everywhere), and (v) avoid the 
over-heating of the entire system with the consequent failure 
of the electronics.

Finally, the fluidic line has been tested in order to verify 
its capability to provide a 0.10 mg/s Iodine mass flow rate 
with accuracy of ± 5% [33]. Vacuum tests have been per-
formed showing that the line was compliant with nominal 
specifications.

4 � Plume analysis

The effects of the iodine plasma plume on the surfaces of the 
spacecraft are not well-known, thus it is worth assessing that 
these interactions are minimized. In the following, a prelimi-
nary analysis performed with the numerical solver Space-
craft Plasma Interaction System (SPIS) [54] is presented.

The plume generated by the MEPT has been simulated 
with a 3-Dimensional (3D) Particle-In-Cell (PIC) approach 
in order to carefully account for the non-Maxwellian dynam-
ics of the electrons [55]. The computational domain consists 
of a cylinder 16 cm in diameter and 16 cm in length (see 
Fig. 9). According to a previous work, the domain is suffi-
ciently large to grasp the principal phenomena governing the 
plasma expansion (e.g., demagnetization of both ions and 
electrons) [56]. The spacecraft (a 6 U CubeSat) is an equi-
potential surface only partially included within the computa-
tional domain. This assumption aims at reducing the intense 
computational cost of PIC simulations and its rationale has 
been discussed more in detail in the following. The species 
simulated are electrons (e−) and ions (I+) produced by the 
thruster. Both neutral particles (e.g., I2 and I) and other ionic 
species (e.g., I2

+ and I−) have been neglected provided that 
they are expected to be present in minor percentage [57]. The 

Fig. 9   PIC simulation of the plume: a plasma density n, b ions speed 
V, and c plasma potential ϕ as functions of the position (x and z coor-
dinates). Highlighted the location of the spacecraft and of the thruster 
outlet
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plume is assumed non-collisional and the ambient plasma 
has been neglected. The latter assumption seems reasonable 
provided that the plume produced by REGULUS has density 
and temperature orders of magnitude higher in respect to the 
ambient plasma [58]. Particles are injected in the computa-
tional domain from the surface labeled “Thruster outlet” in 
Fig. 9. The following properties are assumed [30]

•	 Ion temperature Ti = 0.3  eV, electron temperature 
Te = 3 eV

•	 Ions and electrons injection flux Γ = 5 × 1020 m−2 s−1

•	 Ions speed V0 = 1370 m/s

The value of Γ derives from the assumption of 100% pro-
pellant utilization (0.10 mg/s mass flow rate), and V0 is the 
Bohm speed. Further details on boundary conditions and 
the methodology to compute self-consistently the equilib-
rium potentials are discussed in [56]. Finally, to reduce the 
simulation time, the vacuum permittivity has been reduced 
of a factor f = 400 in respect to the real value in accordance 
with the similarity laws reported in [59].

In Fig. 9 maps of plasma density n, ion speed V, and 
potential ϕ are depicted as a function of the position (x–z 
coordinates). At the location of the thruster outlet, the 
plasma density peaks as n ≈1017 m−3. This value decreases 
of roughly two orders of magnitudes at the external bound-
ary. This decrement is far more intense for what the sur-
face of the spacecraft is concerned (more than four orders 
of magnitude). The magnitude of V increases in the plume 
downstream of the thruster outlet, as expected in a magnetic 
nozzle [60]. The maximum value is V ≈8000 m/s (almost 5 
times higher than V0) at the external boundary. Interestingly, 
the trajectories of the ions seem to be very mildly affected by 
the magneto-static field (negligible gyration motion), thus 
they can be considered demagnetized in the overall domain. 
The plume is acceptably collimated: 95% of the exhausted 
particles flux is enclosed in an aperture with a half-angle of 
30°. Less than 0.1% of the particles impinges on the satellite. 
Specifically, 90% of the ions colliding against the space-
craft are collected on the surface of the heater. The plasma 
potential at the thruster outlet is ϕ ≈20 V. Considering that 
at an infinite distance from the thruster outlet ϕ is assumed 
to be at 0 V, the potential drop across the plume is compa-
rable to the one expected across a plasma sheath [60]. The 
equilibrium potential of the satellite is − 0.5 V. In Fig. 10, 
the trajectories of a selection of electrons that collide against 
the spacecraft is depicted. In contrast to the ions, electrons 
describe a more disordered motion due to their higher tem-
perature. It is, however, possible to distinguish clearly the 
Larmor rotations described by the particles that are frozen 
to the magneto-static field lines. Notably, few centimeters 
downstream the thruster outlet, electrons detach from the 
field lines and their motion becomes completely chaotic. 

This happens roughly when the plasma potential is 2–3 V. 
This result enforces the assumption of considering only a 
portion of the spacecraft in the simulation domain, in fact 
a very reduced number of charged particles are expected to 
stay frozen to field lines resulting in intense and localized 
interactions with the surfaces of the spacecraft placed out of 
the computational domain. Finally, it is interesting to notice 
that the kinetic energy of the electrons (Ek) rapidly decreases 
downstream the thruster outlet, in agreement with theoretical 
models of a magnetic nozzle [35, 60].

The main result of this preliminary analysis is that the 
interactions between the plasma plume of REGULUS and 
the satellite are comparable with other electric thrusters 
(e.g., Hall-effect systems [61]). As a result a major deg-
radation of the surfaces of the spacecraft is not expected 
provided that the region near the thruster outlet (i.e., the 
radiator) is realized with materials compatible with iodine. 
Nonetheless, more detailed investigations are required to 
account for plasma collisions within the plume, the ambient 
plasma, and the different materials that constitute a realistic 
spacecraft. Moreover, an enlarged computational domain 
including the overall spacecraft will be considered to cross 
validate the present results.

5 � In‑orbit Demonstration

REGULUS has been integrated on-board of the Unisat-7 
satellite developed by the Italian company GAUSS [23]. 
Before integration, sinusoidal and random vibrations along 
with thermo-vacuum (temperature range − 20/50 °C) tests 
have been performed for the acceptance. The launch has 
been successfully accomplished in March 2021 on-board 
of a Soyuz-2 vehicle. UniSat-7 is a CubeSat carrier and a 
technology demonstrator for payloads as the avionic system 

Fig. 10   Trajectories of electrons colliding with the spacecraft. Color 
of the trajectory depends on the local kinetic energy of the particle Ek
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DeCAS [62] and REGULUS. The target orbit is circular, 
Sun-Synchronous, and has height 600 km (see Table 4 for 
further details). One of the main objectives of the current 
mission is to test the capability of REGULUS to improve the 
mobility of UniSat-7. The injection of CubeSats on different 
orbits (e.g., at various altitudes) will be simulated and the 
decommissioning of UniSat-7 will be verified as final task 
of REGULUS. Currently, internal checks to understand the 
interactions of the subsystems with the space environment 
and the satellite are ongoing. For example, the capability to 
heat up the propellant and the tank in different conditions 
(e.g. starting from different initial temperatures) is under 
analysis. After this, a series of maneuvers will be performed 
with incremental thrust duration, from minutes up to hours 
(potentially, REGULUS can be operated also during eclipse 
time thanks to the battery pack of UniSat-7). Finally, a 
longer thrust will allow to verify the performance of the 
propulsive unit and, in turn, the capability of REGULUS 
to decommission UniSat-7. The former will be estimated 
from telemetry data, specifically the thrust can be derived 
from the altitude change (expected of several kilometers) 
produced by the continuous firing of REGULUS.

6 � Conclusions

This work is devoted to the description of the design, the 
performance, and the IoD of REGULUS. The latter is an 
Iodine-propelled electric propulsion unit conceived at the 
Italian company T4i. REGULUS targets CubeSats larger 
than 6 U and CubeSat carries. It has a mass of 2.5 kg and an 
envelope of 1.5 U. The MEPT (a RF cathode-less thruster) 
is the core of REGULUS which also includes the thermo-
structural, the electronic and the fluidic subsystems. The 
propulsive performance has been evaluated while feeding 
the MEPT with Xenon and Iodine propellants. Comparable 
values of thruster efficiency η ≈ 5% and thrust-to-power ratio 
T/P ≈ 20 mN/kW have been measured for an input power 
P = 50 W. These values are in line with other cathode-less 
thrusters not subject to strict volume and power budgets 
[35]. Successful sinusoidal and random vibration along 
with thermo-vacuum (temperature range − 40/80 °C) quali-
fication and acceptance tests have been performed before 

integrating REGULUS on-board of the UniSat-7 satellite for 
its IoD. Moreover, functional tests have been performed on 
the complete system both at ambient temperature (20/30 °C) 
and in a variable temperature environment (− 20/50 °C). The 
interactions between the iodine plasma plume and the sur-
faces of the spacecraft have been preliminarily evaluated by 
means of the SPIS solver. The latter seem in line with other 
electric thrusters (e.g., Hall-effect systems [61]). Finally, 
REGULUS has been launched in March 2021 on board of a 
Soyuz-2 vehicle for its IoD that is currently on-going.
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