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ABSTRACT 

CubeSat development has seen a rise since the first launch in 2003  due to faster design 

process and low launch costs. It has played a vital role in providing access to space to small 

start-ups and academic organizations with low budgets. It has also enabled the testing of 

different upcoming technologies in space and has helped in providing hands-on experience 

to students taking part in design of such platforms. University of Pisa, in collaboration with 

SITAEL, has also taken an initiative to design and develop a CubeSat to test the FEEP 

thruster, design of which is presented in thesis.  

A FEEP system was designed to fit within 1U dimensions and with a dry mass of 

approximately 820 grams. The system is based on slit emitter which provides an advantage 

over already available technologies in the market which uses needle emitters. Slit emitters 

can achieve multiple Taylor cones without the need of clustering as used in needle emitters 

and also have a higher Thrust to Power Ratio. A propellant comparison was done 

considering all the properties required for an ideal propellant for a FEEP system. This 

comparison led to the selection of indium as working propellant which has an atomic mass 

of 114.8 u and a melting point of 156.6 °C.  The FEEP system was designed keeping in 

mind easy assembling and modularity of thruster for ease in changing parts. The design 

consists of three different modules that are assembled separately and then joined together 

to complete the assembling of the system.  The propellant tank, which also houses the 

emitter, has an internal volume of 32.75 cm3 and can hold approximately 240 grams of 

indium, which has a density of 7.31 g/cm3.   

During mission analysis, a 600km altitude orbit was proposed by analyzing the amount of 

propellant required for drag compensation and de-orbit maneuver at different altitudes with 

worst case values for ballistic coefficient and Thrust to Weight Ratio. At this altitude, the 

propellant requirement is 254.4, 14.4 grams more than that of what can fit in the propellant 

tank of the designed thruster. However, both design of the system and mission analysis are 

ongoing processes and changes would be made in the future to either one or both to meet 

the requirements.  

Keywords: FEEP, Cube Satellite, Indium, Slit Emitter 
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1. INTRODUCTION 

Small satellite development has seen a rise in the past decade due to its low launch and 

manufacturing costs. It has enabled academic organizations, individual governments and 

private companies to access space independently. Missions that were earlier performed by 

one big satellite can now be distributed over multiple small satellites. This is a good step 

to mitigate the risk of compromising the whole mission due to failure of some key 

component. However, this technique creates more space debris at the end of the mission as 

these small satellites usually don’t have a propulsion system suitable for de-orbit 

maneuvers. Small Satellites are categorized  based on their  masses that can be as high as 

100-500 Kg (Mini Satellites) and as low as 0.01-0.1 Kg (Femto Satellite) (Konecny, 2004). 

A standard form of small satellite known as CubeSat was first developed in 1999 by Bob 

Twiggs and Jordi Puig-Suari while the first of its kind was launched in 2003 (Swartwout, 

2013). Since then, CubeSat launches have seen an exponential rise over the years. Figure 

1.1 shows the total number of CubeSats launched since 2003. 932 CubeSats were already 

launched until the end of 2018 (Kulu, n.d.). 

 

Figure 1.1: The yellow line represents total successful CubeSats launched since 2003 

and shows an exponentially increasing trend(Kulu, n.d.) 



2 

 

 

 

CubeSats are designed as modular unit volumes (1U = A cubic volume of side length 10 

cm) with mass ranging from 1-10 Kg. These small satellites can be launched aside primary 

payload in a single launch and can save large amounts on mission and launch costs. Also, 

they use COTS (Commercially Off The Shelf) components which reduce cost further. 

CubeSats can complete their missions without an active propulsion system, however, it 

would be helpful in extending the applications of these satellites if one of these were 

present on-board. Considering the dimensions and mass restrictions of CubeSats, electric 

propulsion is the only type of propulsion that can be chosen. Electric thrusters are also 

advantageous over chemical thrusters due to their high specific impulse. Also, electric 

thruster like FEEP has the capability to be miniaturized to nano levels without 

compromising efficiency, which will be discussed later in the next sections.   

This chapter briefly discusses the concept of electric propulsion specifically the type of 

electric propulsion thruster under study (FEEP: Field Emission Electric Propulsion) and 

the state-of-the-art in the same area. The current chapter would conclude with the aims of 

this thesis. 

1.1. Electric Propulsion 

Electric propulsion has been widely used in the space industry recently because of its 

extensive applications from being used as secondary propulsion system for attitude control 

maneuvers to be being used as the primary propulsion system for making orbit changes. 

This form of propulsion also enables exploration of deep space due to its high specific 

impulse (>1000s) capabilities as compared to chemical propulsion systems with a specific 

impulse range of 250-450s. Figure 1.2 shows a comparison between range of thrust and Isp 

of different types of propulsion systems. 
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Figure 1.2: Electric propulsion can be seen as a technique with highest Isp to offer with 

little compromise on thrust produced (Bharti & Chalia, 2017) 

Electric propulsion can be defined as the acceleration of the working fluid i.e. the propellant 

by electrical heating and/or electrical and magnetic body forces. Considering the definition, 

this field of electric propulsion can be subdivided into three distinct categories, 

1. Electrothermal propulsion 

This type of electric propulsion uses electrical energy to heat the working fluid i.e. the 

propellant gas which is then accelerated using suitable nozzle 

2. Electrostatic propulsion 

In an electrostatic propulsion system, the propellant gas in neutral state is ionized using 

thermal energy or electric body forces and accelerated using the latter in both cases.  

3. Electromagnetic propulsion 

In this kind of propulsion system, ionized propellant is accelerated using 

electromagnetic fields where ions are produced using either thermal energy or electric 

fields.  

Other than having higher specific impulse, electric propulsion systems are also being 

preferred due to its lighter weight, instant on/off capability, low noise etc. (Jahn, 2006).  
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1.2. Field Emission Electric Propulsion (FEEP) 

Field Emission Electric Propulsion was initially introduced and studied by ESTEC for its 

capabilities in the very low thrust range (~1 µN) to be used in scientific missions that 

require drag-free operation (Marcuccio et al., 1993; Marcuccio, Genovese, Andrenucci, 

Saccoccia, & Gonzalez del Amo, 1997). However, this class of thruster is also capable of 

being used as primary propulsion system on micro-satellites due to its low mass 

capabilities. FEEP systems can provide thrust between a range of 1 µN and 1 mN and are 

capable of precise thrust modulation. Unlike other electric thrusters, FEEP thrusters also 

have the advantage of being miniaturized to nano levels without compromising on 

efficiency.  

1.2.1. Working Principle 

 

Figure 1.3: Working of a slit-based FEEP System (Marcuccio et al., 1993) 

As the name suggests, FEEP thrusters work on the principle of ion emission using strong 

electric field. In FEEP, ions are extracted directly from the metal in liquid stage without 

going to the gaseous phase and this also provides high power efficiency (Johannes 

Mitterauer, 2004). Figure 1.3 shows the working of a slit-based FEEP system. 
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Figure 1.4: (a) and (b) shows needle and capillary emitters while in (c), a slit emitter can 

be seen (Johannes Mitterauer, 2004) 

When high potential difference is applied between emitter and accelerator electrode, a 

Taylor cone or series of cones are formed on the tip of the emitter due to the interplay of 

surface tension of the propellant and electric field (Taylor, 1964). At field strength of about 

1010 V/m, the liquid metal is ionized and the ions are ejected with high velocities through 

the accelerator due to high negative potential(D. Bock, Bethge, & Tajmar, 2014). The 

hydrodynamic flow of the propellant replenishes the particles leaving the surface of the 

emitter (Johannes Mitterauer, 2004).  

FEEP system can be based on three types of different emitters. It can either be liquid metal 

wetted needles or from capillaries into which the liquid metal can flow. Another technique 

is to use slit based emitters to have multiple Taylor cones at once without having to cluster 

needles or capillaries to produce comparable thrust levels. Figure 1.4 shows all three types 

of emitters that can be used for FEEP system. One disadvantage of the slit based emitter is 
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that unlike needle and capillary based emitters, it cannot be used for active thrust vectoring. 

However, slit emitters have a higher Thrust to Power Ratio (TPR). 

1.2.2. FEEP Technology Advantages 

FEEP thrusters have advantage over other electric and chemical thrusters in various ways. 

The first and most important benefit is the reduced mass of the system that enables these 

thrusters to be flown with small satellites. Unlike other chemical and electric thrusters that 

use pressurized tanks as propellant reservoirs and pipes and valves for propellant feed 

system, FEEP thruster uses simple non pressurized tanks as reservoirs and capillarity for 

feeding the propellant to the emitter. The elimination of heavy tank structures, piping etc. 

greatly reduces the total mass of the system(Marcuccio et al., 1993).  

Another advantage of the FEEP system is its high specific impulse. FEEP System has 

specific impulse in the range of 3000s to 6000s which is much higher than chemical 

thrusters (250s-450s) and also higher than other electric thrusters. This makes the system 

many times more mass efficient (Bharti & Chalia, 2017).  

Other miniaturized propulsion systems such as micro pulsed-plasma thruster (µPPT) or 

micro vacuum-arc thrusters (VATs) can interfere with the onboard computer during 

operation as they produce strong electromagnetic pulses. However, FEEP thruster only 

require DC heater and DC high voltage power supply for operation (D. Bock et al., 2014).  

1.2.3. State-of-the-art 

FEEP as contender for propulsion system was first studied in the 70s by ESTEC for 

scientific missions   that require very low thrust for drag-compensation. Initial researches 

for µN drag-compensation system began with studies for  propulsion options for LISA 

Pathfinder mission at CENTROSPAZIO in Italy (Bartoli, Gonzalez, Saccoccia, & 

Marcuccio, 1993) and at Austrian Research Center (ARC) in collaboration with Astrium 

GmbH (Scharlemann et al., 2007).  

1.2.3.1. Research at ARC 

The Austrian Research Center (ARC) carried out studies for a µN propulsion system based 

on their previously space proven LMIS technology. The ARC LMIS technology was 

already being used for mass-spectrometry and spacecraft charge compensation with 12,000 
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hrs of in-space operation. The LMIS works on the principle of field emission where electric 

field between emitter which is a single needle in this case and accelerator ionizes the liquid 

metal and the potential on accelerator ejects ions with high velocities to create thrust. 

 

Figure 1.5: Working of LMIS and formation of Taylor cones (D. Bock et al., 2014) 

A single LMIS was capable of producing only ~10 µN of thrust as it was only used for 

spacecraft charge compensation. However, to be able to use this technology for propulsion, 

the system should be able to produce thrust in range between 100 µN and 1 mN. For this 

purpose, ARC went on to design a FEEP system which had an array of needles that fired 

together using common power and support. Figure 1.6 shows the crown of needle emitters 

manufactured by ARC to be used as the emitter for FEEP system. Initial performance tests 

using two of these crowns showed a maximum thrust of 1.28 mN at an Isp greater than 6000 

s at a power-to-thrust ratio of 80 W/mN. 
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Figure 1.6: Needle-based crown emitter manufactured at ARC (Vasiljevich et al., 2008) 

Based on this technology, ENPULSION, a spin-out company from FOTEC, was made with 

the task of commercializing this technology. ENPULSION opened its semi-automated 

production facility in the beginning of June 2018. One of the first products included IFM 

Nano Thruster, performance parameters of which can be found in Table 1.1. 

Before the opening of the manufacturing facility, IFM Nano Thruster was demonstrated 

in-orbit on a 3U Cubesat which was launched into a 491 x 510 Km orbit on January 12, 

2018 (Krejci et al., 2018). 

PARAMETER  VALUE 

Dynamic thrust range 10 µN to 0.4 mN 

Nominal thrust 350 µN 

Specific impulse 2,000 to 6,000 s 

Propellant mass 230 g 

Total impulse More than 5,000 Ns 

Power at nominal thrust 40W including neutralizer 

Outside dimensions 100.0 x 100.0 x 82.5 mm 

Mass (dry/wet) 670/900 g 

Total system power 8 – 40 W 

Hot standby power 3.5 W 

Command interface RS422/RS485 

Temperature envelope (non-operational) -40 to 105°C 

Temperature envelope (operational) -20 to 40 °C 

Supply voltage 12, 28V, other voltages upon 

request 

Table 1.1: Performance parameter of Enpulsion IFM Nano Thruster 
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1.2.3.2. Research at TU Dresden 

A highly miniaturized FEEP system was developed at TU Dresden called NanoFEEP. The 

system is based on one LMIS instead of a multiple needle crown and uses gallium as 

propellant. NanoFEEP has a volume of less than 3 cm3 and weighs less than 6 g. The system 

designed by TU Dresden is capable of producing continuous thrust of 8 µN and short-term 

peak of up to 22 µN. The reason behind using Gallium as propellant, with a melting point 

of 30 °C, instead of Indium, with a melting point of 157 °C, as used in the LMIS is 

considering the fact that these thrusters are supposed to be used on 1U Cubesats with strong 

power limitations (Daniel Bock & Tajmar, 2018).  Figure 1.7 shows first manufactured 

prototype of NanoFEEP as compared to a 1 Euro coin. 

 

Figure 1.7: TU Dresden NanoFEEP as compared to a 1 Euro coin (D. Bock et al., 2014) 

1.2.3.3. Research at Centrospazio 

Centrospazio, the space research laboratory of Consorzio Pisa Ricerche (CPR) and the 

Department of Aerospace Engineering of the University of Pisa, carried out FEEP research 

under ESA sponsorship in 90’s for a then proposed relativistic gravitation mission 

SAGITTARIUS, now known as the LISA Pathfinder mission (Marcuccio et al., 1993). In 

line with the increasingly industrial character of activities at Centrospazio, it was decided 

in July 1999 to set up a private company and transfer the industrial activities to this 

organization, and hence Alta was established. Alta developed a first prototype of the FEEP 

thruster called FT-150 which was specifically designed to meet the requirements of LISA 

Pathfinder mission. The FEEP system used Cesium as propellant and could produce thrust 

in range of 0.1 to 150 µN (Paita et al., 2009). Figure 1.8 shows the two halves of the slit 

based emitter used by Alta.  
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Alta’s FT-150 used slit emitter unlike of the needle emitters used by both TU Dresden and 

ARC. The slit emitter was made of two individual parts, one of which contained the 

propellant capillarity duct which was connected to the propellant tank (Marcuccio, 

Genovese, & Andrenucci, 1998). The system works on the same principle where electric 

field is created between slit emitter and the extractor electrode. 

 

Figure 1.8: Slit-based FEEP emitter in two halves, used by Alta (Marcuccio et al., 1998) 

FT-150 design started in 2005 and was modified on different stages to comply with the 

requirements of LISA Pathfinder. The thruster was tested for qualification and the most 

relevant results are presented in Table 1.2 However, it was decided by the European Space 

Agency to go with one of the space qualified propulsion systems (colloid thruster) for the 

mission.  

PARAMETER VALUE REMARKS 

Power (nominal) 6 W Operative condition @ 100 µN of thrust 

Thrust range 0.1 to 150 µN Measured up to 300 µN 

Thrust resolution below 100 nN 50 nN is the digital resolution of the Power 

Control Unit 

Thrust accuracy ± 1.6 µN at max 

thrust; 

± 0.4 µN up to 4 µN 

 

Thrust response 

time 

50 – 150 ms Depending on thrust step and initial thrust 

level 
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Thrust noise < 0.1 µN/√Hz Below nano-balance detection threshold 

Specific impulse 4500 s BOL 

3200 s EOL 

Average Isp measured during Endurance 

Test 

Total impulse 

capability 

>3000 Ns (design) ~1000 Ns demonstrated by Endurance Test 

Thruster Dry Mass 1.410 kg  

Propellant mass 92 grams per thruster  

Table 1.2: Most relevant performance parameters of Alta FT-150 Thruster 

The engineering model of the thruster is shown in Figure 1.9. In 2014, Alta was acquired 

by SITAEL, the largest privately-owned space company in Italy. SITAEL now intends to 

commercially develop FEEP thruster for CubeSats, design of which is presented within 

this thesis. 

 

Figure 1.9: Engineering model of Alta FT-150 (Paita et al., 2009) 

1.3. Aim of the Thesis 

The aim of the present thesis is to provide a preliminary design of a FEEP system suitable 

for small satellites which includes a CAD model which will define each sub-component of 

the system with their material, mass and dimensions. To discuss every sub-component and 

their role in the system and its working. Another aim is to design a system with a size 

constraint of 1U (100x100x100 mm), and considering other constraints of mass as provided 

by the PISAT team is also required (PISAT is a small satellite being developed by the 

students of University of Pisa in collaboration with SITAEL. SITAEL is also responsible 
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for the design of a propulsion system, discussed in this thesis, for PISAT).  The thesis also 

aims to discuss the possible mission scenarios that can be chosen keeping in mind the 

theoretically achievable thrust of the FEEP system.  

1.4. Outline of the thesis 

This present thesis consists of 4 chapters. Chapter 1 (Introduction) discussed the current 

trends in small satellite development with specific focus on electric propulsion, particularly 

Field Emission Electric Propulsion (FEEP). It also discussed the state-of-the-art in FEEP 

and the 2 types of emitters used in the development of these thrusters. In Chapter 2, a 

preliminary design of the propulsion system being developed at SITAEL is discussed and 

its specifications are provided. CAD model of the thruster, made using SolidWorks 2018, 

is also presented in the same chapter. Chapter 3 discusses the PISAT, being designed by 

the students at University of Pisa and possible mission scenarios that can be achieved. The 

thesis concludes in Chapter 4 and a summary of the thruster design and possible missions 

is provided. 
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2. FEEP SYSTEM DESIGN 

In a FEEP system, thrust is created by the ejection of charged particles at high velocity 

from an emitter by application of electrostatic field on a conductive liquid surface that 

allows the creation and acceleration of charged particles. The intensified electric field on 

the tip of the emitter, due to small spacing between emitter tip and extractor, distorts the 

liquid surface into so called Taylor cones. With an electric field strong enough to overcome 

the surface tension, emission of a charged particle from the apex is obtained. 

Depending on the operating conditions, i.e. voltage, propellant used, size of emitter and the 

propellant storage system, two types of beam compositions are possible, one in which the 

emitted jet of particles is composed mainly of ions and the other in which a pure droplet 

regime is obtained. However, there is a possibility of obtaining an emitted jet composed of 

a fraction of both ions and droplets. In a FEEP thruster, the type of beam composition is 

described by the mass efficiency of the system which is defined as the ratio between ionic 

mass flow and the total mass flow (Vasiljevich et al., 2008).  

𝜂 =
�̇�𝑖𝑜𝑛

�̇�𝑡𝑜𝑡𝑎𝑙
=

�̇�𝑖𝑜𝑛

�̇�𝑖𝑜𝑛 + �̇�𝑑𝑟𝑜𝑝𝑙𝑒𝑡
 

Mass efficiency of the thruster is said to be 100% for pure ionic regime. Mass efficiency 

translates into thruster efficiency through specific impulse, which is given by, 

𝐼𝑠𝑝 =
1

𝑔
√2𝑉𝑒

𝑒

𝑚
∙ 𝑓 ∙ 𝜂 

Where, g is the gravitational acceleration, Ve is the applied emitter voltage, m is the 

molecular weight of the propellant and e is the elementary charge. f is geometry factor that 

provides for the loss in thrust due to beam spreading. For a system with only an extractor 

electrode, f takes the values between 0.80-0.85 while for a system with a focus electrode 

after the primary extractor electrode, the value goes up to 0.98.   

The thrust produced by the FEEP system can then be related to the total mass flow and the 

specific impulse by, 

𝑇 = �̇� ∙ 𝑔 ∙ 𝐼𝑠𝑝 
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These parameters for the system can be determined using both numerical and experimental 

techniques.  

In this chapter, the system will be discussed on component level and a 3D model of the 

system will be presented. A section is dedicated to explaining the modularity and 

assembling of the thruster. Also, a brief comparison of the propellants that helped in 

propellant selection will conclude the chapter. 

2.1. The System 

FEEP system is primarily composed of 3 major components, i.e., 

1. An Emitter, from the tip of which ions are extracted and then accelerated to high 

velocities to produce thrust 

2. An Extractor, that supports in the creation of intense electric field that is required for 

ion extraction and provides with the potential difference for ion acceleration 

3. Propellant reservoir, that stores enough propellant that lasts for the mission 

However, apart from these three components, there are plenty of other components that 

support the working of the system. Each of the components that contribute in working of 

the system under study are discussed below.  

2.1.1. Emitter 

The emitter is one of the three main components of the system. It is fed with propellant 

which travels to the tip and is extracted due to intense electric field between the emitter 

and the extractor. The emitter is made up of porous tungsten material, pores of which are 

used as capillaries to transport the propellant from the center of the emitter to the tip. The 

mass of the emitter is 3.79 grams. The emitter is placed in the tank assembly in the bottom 

part of the tank. SITAEL, like previous FEEP thrusters made by Alta and Centrospazio, is 

using slit emitters for the purpose of achieving multiple Taylor cones and to avoid the need 

of clustering that is required in case of needle emitters. Figure 2.1 and 2.2 shows the 3D 

model of the porous tungsten slit emitters in different orientations.  
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Figure 2.1: Porous tungsten emitter along z-axis 

 

Figure 2.2: Porous tungsten emitter along x-axis 

2.1.2. The Tank Assembly 

The tank assembly consists of the tank top and bottom. The two parts are made up of 

Tantalum and have a combined mass of 335.65 grams. The main purpose of the tank 

assembly is to hold enough propellant for the desired mission and to provide propellant to 

the emitter. The emitter is also fixed within the tank assembly. Tantalum is used due to its 

outstanding physical properties and because of good wettability by Indium. It has a melting 

point of 2,996 °C and has high thermal and electrical conductivity. High thermal 

conductivity is needed because the propellant in use (Indium) is solid at room temperature 

and must be heated up to 156.6 °C to be melted. For this purpose, the system uses a heater 

to heat the tank up to desired temperature and the propellant is melted to be fed to the 

emitter. The heater is placed in the center of the tank using electrical insulation to avoid 

electrical conduction between the tank and the heater. Good electrical conductivity of the 

tank material is required as it hosts the emitter which must be at very high positive voltage 

to create the desired electric field for thruster operation. Tantalum also shows excellent 

weldability which is an advantage as the top and bottom of the tank are to be welded after 
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the bottom is filled with propellant and the emitter is properly placed. Figure 2.3 and 2.4 

shows the tank assembly with heater insulation and emitter. Figure 2.5 shows a sectioned 

view of the tank assembly. 

 

Figure 2.3: Tank assembly long z-axis 

 

Figure 2.4: Heater casing can be seen inserted in the tank bottom 

 

Figure 2.5: Sectioned view of the tank assembly 
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2.1.2.1. Tank Top 

The top of the tank has opening for the emitter and is sized according to the dimensions of 

the top of the emitter. This ensures that the emitter is fixed in place once top and the bottom 

are welded. The top of the tank in three different orientations can be seen in Figure 2.6, 2.7 

and 2.8. 

 

Figure 2.6: Top part of the tank along z-axis 

 

Figure 2.7: Top part of the tank as seen from the inside 
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Figure 2.8: Top part of the tank along y-axis 

2.1.2.2. Tank Bottom 

The bottom of the tank is designed to accommodate the emitter and the heater. For the 

thruster to operate in zero gravity environment, it is required that tank is able to feed 

propellant to the emitter. In space environment, the only force affecting the propellant is 

the capillary force. For this purpose, the internal surfaces of the tank bottom are tapered 

towards the center, as the capillary forces drive the propellant in the direction of smallest 

radius of curvature (Reissner et al., 2013). Both the emitter and internal tank surfaces are 

wetted with the propellant (indium) before assembling. Wetting plays and important role 

in feeding the propellant to the emitter without the use of propellant management devices 

(PMD). Successfully wetted surface attracts the liquid and enhances capillary forces that 

are used for propellant feeding. The bottom of the tank has space for the heater insulation 

and the top has space for the emitter. It has an internal volume of 32.75 cm3 which in case 

of indium with a density of 7.31 g/cm3 corresponds to a propellant mass of approximately 

240 grams. The shape of tank makes it difficult to manufacture using conventional 

techniques and the part must be 3D printed. Figure 2.9 shows a sectioned view of the tank 

bottom. Tank bottom can be seen in two different orientations in Figure 2.10 and 2.11.  



19 

 

 

 

 

Figure 2.9: Sectioned view of the tank bottom 

 

Figure 2.10: Bottom part of the propellant tank along y-axis 

 

Figure 2.11: Bottom part of the propellant tank along x-axis 
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2.1.3. Heater Casing 

Heater casing is required to electrically insulate the heater from the tank, which is at high 

voltage, while using the heater efficiently to heat the tank and melt the propellant. For this 

purpose, the heater casing is made up of Alumina (Al2O3) which is a good thermal 

conductor and an electrical insulator. The use of a central heater on one hand reduces the 

internal volume of the tank, which is very minimal, while on the other hand keeps all the 

heat in the tank without dissipating much heat to the thruster. It has a mass of 3.37 grams 

and can be seen in figure 2.12. 

 

Figure 2.12: Alumina heater casing to electrically isolate heater from tank 

2.1.4. Tank Assembly Support 

The tank assembly supports are used to hold the tank and maintain the central alignment 

with the housing of the thruster. The supports are made in two parts and have a combined 

mass of 80.79 grams. The tank assembly support also helps in fixing the heater casing with 

the tank. As the support provides as point of high voltage contact for the tank, the material 

desired should be a good conductor of electricity while being strong enough to hold the 

mass of the tank filled with propellant properly aligned with the housing during all phases 

of mission including launch and satellite deployment. For this reason, both the supports are 

made up of Aluminum which is a good conductor of electricity. The tank assembly supports 

when combined to fix the tank have a spacing in between to accommodate insulation that 

provides an insulated path between the tank assembly, which is at high voltage, and the 

housing of the thruster. This shall be discussed further under the section of 3D model. The 

tank assembly support can be seen in two different orientations in Figure 2.13 and 2.14. 
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Figure 2.13: Hole to be used for fixing heater casing can be seen at the bottom of Tank 

Assembly Support 

 

Figure 2.14: Space for PEEK plate between top and bottom of Tank Assembly Support 

2.1.5. Tank and Housing Insulation 

The tank assembly needs to be attached and centrally aligned with the housing, however, 

as the tank assembly would be at high voltage, an insulation is required as a bridge between 

the tank assembly and the housing of the thruster. For this purpose, a PEEK (PolyEther 

Ether Ketone) insulation is designed that has a mass of 37.85 grams. PEEK is a colorless 

organic thermoplastic polymer with a high melting point of 343°C and operating 

temperature of up to 250°C. Considering 360° emission from the emitter, which would be 

composed of both ions and droplets, a flat plate would lose its insulation after several hours 

of operation due to droplets being spread over the insulation plate. For this reason, the 

insulation plate has a wall that would prevent the insulation between housing and the tank 

from breaking. For secondary emissions, the spacer insulation of the extractor would come 
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into play and shall be discussed in the later sections. Figure 2.15 shows the tank and 

housing insulation.  

 

Figure 2.15: PEEK insulation to be used to fix and align tank assembly with housing 

2.1.6. Housing Bottom 

The housing of the thruster is divided into three parts, the top, bottom and the cover plate. 

The bottom of the housing combined with the top provides support for the tank assembly 

with the help of tank and housing insulation. The bottom of the housing has holes for high 

voltage cable for the tank assembly, for the heater casing and threaded holes for attaching 

the Power Processing Unit (PPU). These holes support in outgassing the interior of the 

thruster module. Housing bottom is made up of Aluminum and has a mass of 111.42 grams. 

Aluminum was selected for its space proven physical properties and for being a low-cost 

material. Figure 2.16., 2.17 and 2.18. shows the housing bottom in three different 

orientations. 

 

Figure 2.16: Housing bottom along y-axis 
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Figure 2.17: Holes in housing bottom for heater casing also used for outgassing purposes 

 

Figure 2.18: Housing bottom along z-axis 

2.1.7. Housing Top 

The housing top is one of the main parts of the system as it provides support to the tank 

assembly and is also home to two cathodes that rest at the top of the thruster. It also 

provides space for attaching the cover plate (to be discussed under next heading) that 

supports the extractor and also fixes the cathode to the housing top. Like housing bottom, 

housing top is also made up of Aluminum, keeping in mind the cost constraints. It has a 

mass of 110.01 grams. The housing top has an opening in the wall to allow the extended 

part of the extractor to go out of the housing and get connected to the PPU through high 

voltage cable. Figure 2.19. and 2.20. shows the housing top. 
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Figure 2.19: Hole in the wall of Housing Top for extended extractor 

 

Figure 2.20: Housing Top along z-axis. Two holes for cathodes can be seen in diagonal 

2.1.8. Cover Plate 

The cover plate sits on top of the housing and serves as a platform to hold and align the 

extractor. The cover plate is also needed to protect the interior of the thruster from 

contamination. It provides help in fixing the cathodes to the housing top using a cap like 

structure shown in Figure 2.21. Like housing, cover plate is also made up of aluminum and 

has a mass of 43.35 grams. Cover plate can be seen in Figure 2.22. and 2.23. 
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Figure 2.21: Cathode Cap used to fix the cathode to housing top 

 

Figure 2.22: Cover plate along z-axis 

 

Figure 2.23: Counter bores for screws can be seen in the cover plate 
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2.1.9. Extractor 

The extractor, which is one of the three main components of the system, helps in creating 

the desired electric field between emitter and itself that is used for ion extraction. Being on 

high negative potential, it also helps in accelerating the extracted ions with high velocity. 

For this purpose, a highly conductive yet cheap material was desired, hence the extractor 

is made up of aluminum and has a mass of 23.65 grams. Extractor extends outside the 

housing of the thruster where it gets connected to the PPU using high voltage cable. It is 

fixed to the cover plate using spacer insulation on top and bottom to prevent conduction 

with the housing. Figure 2.24. and 2.25. shows the extractor. 

 

Figure 2.24: Bottom view of the extractor 

 

Figure 2.25: Extractor along the z-axis 

2.1.10. Cathode 

The system uses two COTS cathodes (for cold redundancy) placed inside the housing top 

and fixed using the cover plate and a cap like structure in between. As the propulsion 
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system emits ions to produce thrust, the spacecraft starts charging and to prevent it, 

cathodes are needed. Cathodes emit electrons simultaneously with ion emission from the 

thruster and as required to balance out the stream of ions being emitted. ES-042 Tantalum 

disc cathode mounted on a standard AEI ceramic base by Kimball Physics is being used 

for the current design and can be changed considering the performance parameters of the 

system. ES-042 cathode can be seen in Figure 2.26. 

 

Figure 2.26: KPI ES-042 cathode 

2.1.11. Focus Electrode 

Focus electrode is used to focus a diverging ion beam towards the center. However, focus 

electrode is not a part of current design. The need of a focus electrode can only be 

determined after performance parameters of the system are known and experiments for 

determining beam divergence are conducted. Focus electrode is on high positive potential 

and hence repel any ions moving towards the wall of the electrode and directs them to the 

center.  

Dimensions for all the components can be found in the drawings in Appendix A. 

2.2. 3D Model 

The FEEP thruster model being presented here was designed using SolidWorks 2018. The 

system satisfies the size restrictions of 1U (100x100x100 mm) as provided under PISAT 

design requirements. The designed thruster has dimensions equal to 100x100x82.7 mm, a 

dry mass of 821.87 grams and a wet mass of 1061.87 grams, which also is well under the 

4 kg mass limitations of PISAT for propulsion system. Power requirements of the system 

would be determined after performance testing. Assembled model of the thruster can be 
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seen in Figure 2.27., 2.28. and 2.29. Figure 2.30. shows a sectioned view of the thruster 

module. 

 

Figure 2.27: Thruster Module along y-axis 

 

Figure 2.28: Thruster Module along z-axis 
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Figure 2.29: Thruster Module along z-axis 

 

Figure 2.30: Sectioned view of the Thruster Module 

The thruster module can be divided into three main sections, which helps in maintaining 

its modularity and in easy assembling of the system. These three sections are the tank 

module, housing module and cover plate module. The tank module consists of the porous 

tungsten emitter, aluminum oxide heater casing and heating element, the tantalum 

propellant tank and the aluminum tank assembly support that is fixed with the housing 

module using PEEK plate. The tank assembly support acts like a sleeve which fits the 

propellant tank from top and bottom and is joined using stainless steel screws. A high 
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voltage connecter is attached to one of the screws on the tank assembly support using a nut 

and gets connected to the PPU using high voltage cable (Figure 2.31).  

 

Figure 2.31: High voltage connecter is attached to one of the screws on tank assembly 

support 

The housing module consists of the aluminum housing bottom and the PPU that is attached 

beneath the housing bottom. The tank module gets fixed to the housing module and cover 

plate module with the help of PEEK plate to maintain electrical isolation (Figure 2.32.). 

The interior of the thruster has been designed carefully to avoid any enclosed spaces for 

outgassing. The central hole in the housing bottom for heater casing serves as the main 

outlet for outgassing. Additional outgassing support is provided by the hole for high 

voltage cable that connects the tank support to the PPU. Through holes are used majorly in 

the assembly for all joints to support evacuation of trapped air. For blind holes in the spacer 

insulation for extractor, spaces for outgassing are provided (Figure 2.33). 
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Figure 2.32: PEEK plate used to join tank assembly and housing 

 

Figure 2.33: Space for outgassing in the PEEK insulator for extractor 

The cover plate module consists of aluminum housing top, aluminum extractor, aluminum 

cover plate, PEEK spacers for insulation, cathodes and cathode cap. This module has a 

central hole for the extractor, holes for cathodes and holes also for screws that shall be used 

to attach the cover plate to the housing top. Due to space limitations and to avoid any 

screws extending beyond the height of cover plate, customized ultra-low head screws from 

MiSUMi are used to be able to fix the cover plate using counter bores (Figure 2.34.). Using 
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a standard M3 screw with counterbore that has a head height of 1.65 mm with a cover plate 

of 2 mm was not feasible.    

 

Figure 2.34: Counter bore in cover plate for screws. Specially procured MiSUMi ultra-

low head screws are used 

These three modules come together to form the thruster. Dividing the thruster in these 

modules supports modularity and easy assembling of the system. The next section 

discusses step by step assembling process of the thruster.  

2.3. Assembling 

The thruster can be assembled by first assembling the modules discussed in the previous 

section individually. Once all the modules are assembled, they can be joined to completely 

assemble the thruster. 

2.3.1. Assembling Tank Module 

Tank module can be assembled starting with filling the tank bottom with the propellant and 

placing the emitter inside the space on top of the tank bottom. After that, tank top is placed 

on the tank bottom and is welded. Once the tank top and bottom are welded, heater casing 

is placed inside the tank bottom. To fix the heater casing, the tank assembly supports are 

used which would also help in fixing the tank module to the housing module using PEEK 
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insulation in between. Figures 2.35 to 2.38 shows step by step process of assembling the 

tank module.  

 

Figure 2.35: Emitter placement in the tank bottom  

 

Figure 2.36: Welding Tank Top and Tank Bottom 
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Figure 2.37: Inserting heater casing in tank bottom 

 

Figure 2.38: Attaching tank assembly support with PEEK insulation in between. High 

voltage connecter attached 

2.3.2. Assembling Housing Module 

Once the tank module is assembled, housing module can be assembled using the housing 

bottom and fixing the PPU beneath it. One of the high voltage cables from the PPU is 

passed through the hole in the housing bottom which would later be connected to the tank 

module. The PPU is fixed with the housing bottom using four M5 stainless steel screws. 

Assembling of the housing module can be seen in Figure 2.39.  
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Figure 2.39: Assembling housing module 

2.3.3. Assembling Cover Plate Module 

The cover plate module is then assembled in three steps. First the cathodes are placed in 

the housing top and covered with the cathode caps. On other side, spacer insulations are 

placed on top and bottom of the extractor and it is then placed inside housing top making 

sure that the extended side of the extractor passes through the opening in the housing top. 

Once placed in the described manner, the cover plate is then attached to the housing top 

and the extractor insulation spacers using ten MiSUMi ultra-low head M3 screws. Finally, 

a high voltage connecter is attached to the extended part of the extractor using stainless 

steel M3 screw and nut. Step by step assembling of the cover plate module can be seen in 

Figure 2.40 to 2.43. 
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Figure 2.40: Placing cathodes and cathode caps inside housing top 

 

Figure 2.41: Placing PEEK spacers on top and bottom of the extractor 
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Figure 2.42: Placing extractor inside housing top 

 

Figure 2.43: Attaching cover plate to housing top and extractor 

Once all three modules are assembled separately, the tank module is attached to the housing 

module and cover plate module with the help of PEEK insulation. Housing module and 

cover plate module are then fixed using 6 stainless steel M3 screws. The last steps of 

assembling can be seen in Figure 2.44. 
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Figure 2.44: Joining tank assembly module to housing and cover plate modules 

2.4. Propellant Selection 

Selection of a propellant for FEEP system has been studied on multiple occasions to 

determine the physical, chemical, electrical and mechanical properties of FEEP system 

(Bharti & Chalia, 2017). The requirements that a propellant need to fulfil for being 

considered are influenced by various properties that are briefly discussed in this section. 

The propellant must emit ions instead of droplets or clusters under the influence of intense 

electric field. The atomic mass of the propellant is also considered one of the main 

parameters as it defines the maximum achievable thrust of the system. The standard for 

minimum atomic mass was set as that of caesium, 133u, however a secondary standard of 

a 100u was later accepted. Considering limited power availability in small satellites, a 

propellant should have a low melting point that can be readily achieved. To avoid flashing 

and arcing, a propellant with low vapor pressure is desired.  

For capillary feeding to be operational, it is of utmost importance that the propellant wets 

well the tank and the feed system. One of the major factors is the compatibility of the 

propellant with the material of the thruster. It is therefore important that the propellant is 

not soluble in the thruster material(Johannes Mitterauer, 2004).  
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Alta has previously used caesium for their FT-150 thruster. Where caesium on one hand 

shows most promising emission characteristics, there are a few drawbacks to it as well. 

Caesium has a melting point of 28.5 °C which is just a few degrees more than the normal 

room temperature. This means that it would be very difficult to handle the propellant before 

launch. However, to overcome this problem, FT-150 used Cs2CrO4 powder, which is an 

inert compound and releases pure caesium upon decomposition when heated to 660 °C 

(Marcuccio et al., 1993). This process, for a short period of time, requires a lot of power 

and hence is not a feasible option for a micronewton system. Another problem that is faced 

if liquid caesium is used is the difficulty to handle it because of its pyrophoric nature. 

Pyrophoric substances ignite spontaneously in air at or below 55 °C.    

ESTEC being aware of the complications with using caesium as propellant, gave out two 

research contracts to Fulmer Research Laboratories Ltd., England to determine an 

alternative propellant to caesium. The research concluded that caesium has better emission 

characteristics than any alternative propellants tested and indium is the most promising 

additional propellant but requires further tests on pre-wetting techniques (J. Mitterauer, 

2001). 

Considering the facts discussed above, the current system uses indium as propellant. Table 

2.1 shows the comparison between some physical and chemical properties of indium and 

caesium. 

 Caesium Indium 

Atomic Mass (u) 132.9 114.8 

Surface tension (𝜎) 7 ∗ 10−2 𝐽𝑚−2 5.6 ∗ 10−1 𝐽𝑚−2 

Work function (𝜑) 1.81 𝑒𝑉 4.12 𝑒𝑉 

Ionization energy (𝑊𝑖) 3.90 𝑒𝑉 5.78 𝑒𝑉 

Atomic mass (𝑚𝑎) 133 𝑢 115 𝑢 

Melting temperature (𝑇) 28.5 ℃ 156.6 ℃ 

Vapor pressure at T (𝑝) 1.5 ∗ 10−4 𝑃𝑎 < 10−14 𝑃𝑎 

Table 2.1: Comparison of physical and chemical properties of indium and caesium 
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3. THRUSTER APPLICATIONS 

As discussed in the first chapter, CubeSats have provided access to space to small 

organizations and academic institutes at a lower cost. The reason behind this reduction in 

cost is mainly the shared launch costs and standard dimensions of CubeSats that allows to 

use COTS components. CubeSats have enabled universities and venture-backed startups to 

test their technologies in space in a much cheaper way. They are also used by universities 

as a platform for training their students. The trend in CubeSat launches till 2012 showed 

that university launched CubeSats were more than double of the CubeSats launched by 

commercial, military and civil organizations combined (Swartwout, 2013). CubeSats, 

where on one hand they are cost effective and relatively easy to manufacture, on the other 

hand, there still lies a debate in the space industry on the reliability of these COTS 

components based platforms (“The Space Review: CubeSats: Faster and cheaper, but are 

they better?,” 2017). Like other universities, University of Pisa, in collaboration with 

SITAEL, has also taken an initiative to design and develop a CubeSat (PISAT) for the 

purpose of testing the FEEP thruster, design of which was presented in this thesis.  

This chapter briefly presents the work on mission analysis for orbit selection of PISAT 

done by Giuseppe Di Pasquale. 

3.1. Mission Analysis 

The purpose of doing a mission analysis at this point was to determine the feasibility of 

various mission concepts and envelopes for operative orbits. The analysis was based on 

both theory and the performance parameters taken from already available FEEP thrusters 

as the performance of the thruster design presented in this thesis is yet to be tested. All the 

simulations were done using General Mission Analysis Tool (GMAT), Matlab code ORBit 

Simulator (ORBS) and Debris Risk Assessment and Mitigation Analysis (DRAMA). 

Simulation boundaries were set using the Thrust to Weight Ratio (TWR), calculated using 

performance parameters from already tested FEEP thrusters and Ballistic Coefficient (BC) 

extracted from literature review.  

TWR simulation boundary is determined using Thrust to Power Ratio (TPR) of different 

FEEP thrusters presented in Table 3.1. TWR can be calculated as, 
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𝑇𝑊𝑅 =
𝑇𝑃𝑅 ∗ 𝑃𝐴𝑃

𝑀𝑃𝑅 ∗ 𝑔0
 

Where PAP is the Power Allocation Percentage and MPR is the Mass to Power Ratio 

(kg/W). 

Thruster TPR 

(µN/W) 

IFM-Nano 8 

NanoFEEP 8 

MultiFEEP 10 

FT-150 16 

Table 3.1: Thrust to Power Ratio of previously designed and tested FEEP thrusters 

Using the worst and best combination of TPR and PAP, a lower boundary of 8.12 x 10-7 

and an upper boundary of 4.57 x 10-6 for TWR was determined. For BC, a lower boundary 

of 20 kg/m2 and an upper boundary of 100 kg/m2 was set. 

3.1.1. Orbit Adjustments 

Orbit adjustments are the changes made in the orbital parameters of the spacecraft after 

launch. These changes are made mainly to change true anomaly (𝜃) after launch for 

payloads in launchers with multiple payloads. It is also used in case of injection failure in 

the desired orbit or for debris avoidance. Using a fixed total impulse (It) of 5000 Ns and 

lower boundary condition for BC of 20 kg/m3, possible changes of semi-major axis (SMA) 

is shown in Figure 3.1. It can be seen that the thrust level defines Minimum Maneuver 

Altitude (MMA) as ∆V is lost in drag compensation at lower altitudes.  
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Figure 3.1: Possible change in Semi-Major Axis with respect to initial altitude and 

amount of thrust 

Possible changes in inclination (i) can be seen in Figure 3.2. It can be seen that even at 

altitude as high as 1000 km, it is only possible to change 0.62° in inclination using all the 

resources.  

 

Figure 3.2: Possible change in orbit inclination at different altitudes 
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3.1.2. De-Orbiting 

CubeSats have a limited lifetime because of the COTS components. Generally, lifetimes 

of CubeSats are considered to be less than five years and hence the need of De-orbiting 

arises. Figure 3.3 and 3.4 shows the orbital decay of satellite as a function of initial altitude 

and BC respectively. 

 

Figure 3.3: Orbital decay as a function of initial altitude at constant BC 

 

Figure 3.4: Orbital decay as a function of BC at 400 km altitude 
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For de-orbiting with fixed BC and TWT, using thrust value of 221 µN from IFM Nano 

FEEP thruster (Krejci et al., 2018) and for an It of 4000 Ns with 3-month decay constraint, 

a maximum altitude of 640 km was determined. De-orbit cost can be seen in Figure 3.5. 

 

Figure 3.5: Total burn time in days for a decay constraint of 3 months at a thrust of 221 

µN 

3.1.3. Drag Compensation 

Drag compensation is used to avoid premature decay of spacecraft at low altitudes for 

increasing mission time. It depends on the altitude, BC, TWR and tolerance. Tolerance is 

the envelope of altitude of spacecraft, values outside which are not desired. For zero 

tolerance, a continuous drag compensation is required which is not feasible. An example 

of drag compensation is presented in Figure 3.6 using TWR of 7.4 x 10-7. 
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Figure 3.6: An example of 2 years of drag compensation is presented with a tolerance of 

15 km and a fixed BC at an altitude of 500 km 

3.1.4. Propellant Requirements 

Propellant requirements for a 5-year Sun Synchronous Orbit (SSO) mission, at an Isp of 

3000s and using lower boundary conditions for TWR and BC is presented in Table 3.2. 

These requirements are excluding orbit adjustment budget. Propellant requirement for 

using two different Isp is shown in Figure 3.7 and for different mission lifetime in Figure 

3.8. 

Altitude (km) Drag Compensation (g) De-Orbiting (g) Total (g) 

350 2490 22.4 2512.4 

400 760 59.1 819.1 

500 126 149 275 

600 26.5 227.5 254.4 

700 6.5 291.7 298.2 

800 <1 360.9 361.1 

900 <<1 441.4 441.4 

Table 3.2: Propellant requirements for different operations at 7 different altitudes using 

worst case BC and TWR 
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Table 3.3: Propellant Mass required for drag compensation and de-orbit at 2 different Isp 

for different altitudes 

 

Table 3.4: Propellant Mass required for drag compensation and de-orbit for different 

mission durations at different altitudes 

Considering the propellant requirements, a 600 km SSO orbit was selected which has a 

requirement 254.4 g of propellant for drag compensation and de-orbit maneuver.  
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4. CONCLUSION 

The thesis presented a 3D model of the designed FEEP thruster for micro-/nano-satellites. 

A literature review was done to better understand the principles of electric propulsion and 

the need of such technology for small satellites. Furthermore, the working of a FEEP 

thruster and its advantages were studied along with the state-of-the-art in this field. The 

designed thruster was well inside the mass and volume limitations provided by the PISAT 

team. Table 4.1 summarizes all different components that come together to make the 

thruster, with their materials and masses. Screws, nuts, high voltage cable, high voltage 

connecter, cathodes, cathode caps, insulation spacers and power processing unit are not a 

part of this table. Detailed drawings of each component and the system can be found in 

Appendix A.  

Part Material Mass (g) 

Porous Emitter Tungsten 3.79 

Tank Top Tantalum 31.78 

Tank Bottom Tantalum 303.87 

Heater Casing  Alumina 3.37 

Tank Assembly Support Aluminum  80.79 

Tank and Housing Insulation PEEK 37.85 

Housing Bottom Aluminum 111.42 

Housing Top Aluminum 110.01 

Cover Plate Aluminum 43.35 

Extractor Aluminum 23.65 

Table 4.1: Thruster components with material and masses 

The thruster has a size of 100x100x82.7 mm without PPU. and a dry mass of 821.87 grams. 

The tank designed has an internal volume of 32.75 cm3 and can hold approximately 240 

grams of indium (density of indium = 7.31 g/cm3).  

The mission analysis done for orbit determination proposed a sun synchronous orbit of 600 

km altitude with a propellant requirement of 254.4 grams. However, the designed thruster 

can only hold 240 grams of propellant. For this purpose, as future work, some design 

changes can be made in the tank bottom by increasing the height of the tank. Also, a smaller 

heater casing can be used, and the tank bottom can be totally covered with insulation to 
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prevent discharge between tank and housing. Another solution can be to decrease the 

duration of the mission to further reduce propellant requirement.  

The design of the FEEP system is still on-going and some changes would be made in the 

future according to the mission requirements and additive manufacturing techniques. The 

system still misses a power processing unit (PPU) which is only presented as a PVC plate 

in this design. Design of the PPU and its integration to the system would also bring some 

design changes to the thruster.   
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