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STUDIES ON THE ION-DROPLET MIXED REGIME IN COLLOID THRUSTERS

by
Paulo C. Lozano

Submitted to the Department of Aeronautics and Astronautics on January,
2003 in partial fulfillment of the requirements for the degree of

Doctor of Philosophy in Aeronautics and Astronautics

ABSTRACT

Colloid thrusters working with mixtures of ions and droplets are gradually becoming an
alternative technology for space micro-propulsion needs in missions requiring high
position controllability, compactness and low power consumption. The mechanics of the
colloid thruster emission process are discussed through a theoretical review of its general
properties and by means of experimental characterization.

Droplets are the most energetic particles in the beam, while ions are emitted with
energies that overlap those of the droplets but extend down a few hundreds of volts in
comparison. A small fraction of the ion current is emitted from the jet breakup region
with considerably lower energies. This energy variety transforms the optical hardware
elements into energy filters by taking advantage of the chromatic aberration property of
electrostatic lenses. The relatively wide ion energy distribution is conceptually explained
as a result of emission from different locations in the cone-jet structure where the normal
electric field is most intense and where the convective current produces drastic changes
in the local potential. The energy spread of purely ionic emission from EMI-BF4 is
measured and is found to be of the order of a few tens of volts.

A high-speed electron multiplier detector is used for the first time to analyze the ion
component emitted directly from electrospray sources. Ion identification is performed
and is found that the most probable degree of solvation is n = 5.1 for (CH3NO)nNa+ ions
in formamide doped with NaI for a conductivity of 2.15 siemens per meter. Two ions are
observed for the ionic liquid EMI-BF4: EMI+ and (EMI-BF4)EMI+. It is found that these
ions are emitted with a small energy differential.

The use of 5 micron ID capillary emitters, working with flow rates close to 20 pico-liters
per second, is successfully achieved. Under such conditions, highly charged droplets with
specific charges in excess of 10 coulombs per gram are obtained, representing the highest
charge state obtained so far in experiments of this kind.

The applicability of colloid thrusters for space propulsion is discussed in terms of
performance parameters in the ion-droplet mixed regime, along with other practical
considerations, such as the problem of beam neutralization.

Thesis Supervisor: Manuel Martínez-Sánchez
Title: Professor of Aeronautics and Astronautics
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Nomenclature

b Impact parameter (m)
c Exhaust gas velocity (m/s)
ci Ion thermal velocity (m/s)

C Capacitance (F ≡ C/V)
dc Needle tip ID (m)

D Electrode separation (m)
Tubing diameter (m)

EL Laplacian Electric field (V/m)

En Electric field normal to n (V/m)

Er Radial Electric field (V/m)

fi
m Ion mass fraction

fi Ion current fraction

f ε( ) F. de la Mora’s factor for electrosprays

F Thrust (N ≡ kg⋅m/s2)
G0 Ion evaporation energy (eV)

ic Input current (A ≡ C/s)

I Total current (A)
Is Surface convection current (A)

Isp Specific impulse (sec)

Îsp Specific impulse normalized to ions

j Current density (A/m2)

K Conductivity (S/m ≡ C2⋅s/kg/m3)
L Tubing length (m)

Separation distance (m)
L0 TOF drift distance (m)
m Particle mass (kg)
ṁ Mass flow rate (kg/s)
n Particle number density (m-3)
ns Most probable degree of ion solvation

P Perveance (A/V3/2)
Pressure (Pa ≡ N/m2)
Jet power (W ≡ J/s)

Pc Vacuum chamber pressure (Pa)

Pin Gas supply pressure (Pa)

Pm Mechanical pump pressure (Pa)

Pr Rocket momentum (N⋅s)

Pv Vapor pressure (Pa)

Po Liquid container pressure (Pa)

P1 2 Legendre polynomial of order 1/2

P∗ Modified perveance (A/V3/2)
q Particle electric charge (C)

qD Droplet charge (C)
q/m Specific charge (C/kg)
Q Volumetric flow rate (m3/s)
Qc Elastic collision cross section (m2)

QiD Ion-droplet collision cross section (m2)

Q1 2 Legendre function of 2nd kind order 1/2

r Radial coordinate (m)
rm Distance of closest approach (m)

ro Initial beam radius (m)

r∗ Electrical relaxation length (m)
R Gas constant (J/kg)
Rc Input resistance (Ω ≡ V/A)

RD Droplet radius (m)

RJ Jet radius (m)

Sp Pumping speed (l/s)

td Signal time delay (s)

t f Time of flight (s)

tr Signal rise time (s)

trel Charge relaxation time (s)

tres Liquid residence time (s)

tw Time of ripple wave propagation (s)

T Temperature (K)
Tnm Maxwell stress tensor (Pa)

us Fluid surface velocity (m/s)

ve Electron thermal velocity (m/s)

vg Gravitational speed loss (m/s)

vrel Relative velocity (m/s)

vs Particle source velocity (m/s)

vz Velocity in the z direction (m/s)

v∞ Particle final velocity (m/s)

Vout Output voltage (V ≡ kg⋅m2/C/s2)

W Energy (J ≡ N⋅m)
xm Gate grid position (m)

xT Particle position at gate closing (m)

x∞ Gate grounded electrode position (m)

x0 Particle position at gate opening (m)

Z Partition function
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α Angular coordinate (rad)
αT Taylor cone angle (49.92°)
χ Scattering angle (rad)

∆ q
m( ) Specific charge spread (C/kg)

∆t Flight time spread (s)
∆v Mission velocity increment (m/s)
∆ε Particle energy change through gate
∆φB Beam potential spread (V)

∆φs Stopping potential spread (V)
ε Relative dielectric constant
φa Applied (needle) potential (V)

φB Beam potential (V)

φex Extraction voltage φa − φx (V)

φ f Focusing potential (V)

φm Maximum gate voltage (V)

φs Stopping (retarding) potential (V)

φx Extractor potential (V)

φo Axial potential (V)
γ Surface tension (N/m)
Γ Particle flux (m-2s-2)
η Nondimensional flow rate parameter:

η ρ γεε2 = KQ o

η p Electric power efficiency

η poly Polydispersity efficiency

η0 Overall efficiency

λD Debye length (m)

λiD Ion-droplet mean free path (m)
µ Ion mobility (C⋅s/kg/m)

µg Gaseous viscosity (cP)

µi Ion chemical potential (J)

µl Liquid viscosity (cP)

µr Reduced mass (kg)

θ Beam angular deflection (rad)
θm Angle of closest approach (rad)
ρ Liquid mass density (kg/m3)

ρc Charge density (C/m3)
σ Free surface charge density (C/m2)
ζ Droplet to ion specific charge ratio

amu Atomic mass unit
(1.66×10-27 kg)

e Electronic charge
(1.6×10-19 C)

g Earth surface gravitational constant
(9.8 m/s2)

h Planck’s constant
(6.626×10-34 J⋅s)

k Boltzmann’s constant
(1.38×10-23 J/kg)

me Electron mass
(9.11×10-31 kg)

NA Avogadro’s constant
(6.022×1023 mol-1)

εo Permittivity of vacuum
(8.854×10-12 F/m ≡ C2⋅s2/kg/m3)



1. INTRODUCTION .........................................................................................11

2. CHARACTERISTICS OF COLLOID THRUSTERS.....................................31

2.1. Efficiency....................................................................................................................................... 31

2.2. Implementation ............................................................................................................................ 35

3. PHYSICS OF COLLOID THRUSTERS.......................................................39

3.1. Droplet Emission Mechanics: Taylor Cones ............................................................................ 39

3.2. Ion Emission ................................................................................................................................. 50

3.3. Space Charge Effects................................................................................................................... 57

3.4. Ion-Droplet Interactions ............................................................................................................. 71

3.5. Neutralization............................................................................................................................... 77

3.6. Summary....................................................................................................................................... 85

4. EXPERIMENTAL METHODS......................................................................89

4.1. Basic Techniques.......................................................................................................................... 90
Single gate continuous TOF.......................................................................................................... 92
Dual gate pulsed TOF with charge accumulation ........................................................................ 96
Single gate continuous/pulsed TOF with fast ion detection......................................................... 97
Stopping potentials ........................................................................................................................ 99

4.2. Hardware and Electronic Setup ................................................................................................ 99
Vacuum chamber ........................................................................................................................... 99
High voltage power supplies ....................................................................................................... 101
Oscilloscope................................................................................................................................. 101
Gate signal and connections........................................................................................................ 102
Electron multiplier (Channeltron)............................................................................................... 104
Signal conditioning and amplification........................................................................................ 106

4.3. Emitter and Optics Design ....................................................................................................... 110

4.4. Electrostatic Gates..................................................................................................................... 122

4.5. Colloid Thruster Liquids .......................................................................................................... 131

4.6. Flow Rate Control ..................................................................................................................... 133



10

5. EXPERIMENTAL CHARACTERIZATION.................................................139

5.1. Needle Emitter Test ................................................................................................................... 139

5.2. Beam Spreading and Focusing................................................................................................. 141

5.3. Dual Gate TOF........................................................................................................................... 146

5.4. Flow Rate and Ion Emission..................................................................................................... 154

5.5. Energy Properties of Colloid Beams ....................................................................................... 157

5.6. Extraction Voltage and Beam Composition........................................................................... 178

5.7. Ion Identification ....................................................................................................................... 183
Formamide + NaI......................................................................................................................... 183
Ionic Liquid: EMI-BF4 ................................................................................................................ 188

5.8. Ion Fractions and Performance ............................................................................................... 194

6. CONCLUSIONS AND RECOMMENDATIONS .........................................205

APPENDIX A: LEGENDRE FUNCTIONS OF ORDER 1/2 ..............................211

APPENDIX B: CAPACITIVE COUPLING ........................................................213

REFERENCES .................................................................................................217



11

1. Introduction

Space Propulsion is the engineering discipline that deals with methods for moving man-

made objects once they leave Earth’s atmosphere. Since the beginning of the space age in

the mid 20th Century, an essential part for the success of every mission has been related to

the ability to produce in-space velocity changes in a predictable and controllable way.

The fundamental distinction between space propulsion and that used to boost the

spacecraft from the planet’s surface is the thrust level for each of them. In general,

several tons of metal and fuel comprise the bulk of the rocket launcher, which is required

to send a given payload into space. In order to be able to counteract the gravitational pull,

the booster engine needs to provide a thrust larger than the overall weight for enough

time to reach orbital velocities.

Once the vehicle is in orbit, it is usually the case that smaller on-board thrusters take over

the spacecraft’s control to maintain proper directional attitude or to make corrections to

orbital elements. These maneuvers usually require relatively small changes in velocity.

On the other hand, sometimes a booster rocket places the vehicle on an initial orbit and a

secondary space propulsion engine is used to take the spacecraft to its final orbit or

escape trajectory. This main on-board propulsion maneuver is more demanding in terms

of velocity changes.
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Since the amount of hardware mass that can be sent into an initial orbit is limited by the

capabilities of the rocket booster, it is highly desirable to optimize the payload’s

propulsion subsystem: it needs to provide the required performance with minimum

weight and power consumption. In particular, every rocket propulsion device consumes

propellant as it is ejected at high speeds. The propellant takes, in most instances, a

significant proportion of the overall payload mass. Quantitatively speaking, the amount

of propellant mass m p  required to perform a given velocity change ∆v  can be found by

applying Newton’s second law to a mass varying system moving at a velocity v v t= ( )  as

shown in Figure 1.1.

Assume that the rocket losses mass at a rate ṁ dm dt= −  while the exhaust is ejected at a

relative velocity c. The momentum of the system (rocket + exhaust) is,

P m t v t m v t c dtr = ( ) ( ) + ( ) −( )∫ ˙ .     (1.1)

The equation of motion is then (the only external force is gravity),

m = m(t)

ṁ , c

v = v(t)

g(t)

Figure 1.1. Mass varying rocket moving at a velocity v under a gravitational field
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dP

dt
m t g tr = − ( ) ( ).       (1.2)

Substitution of Equation (1.1) into Equation (1.2) yields,

m
dv

dt
F mg= −            with           F mc

dm

dt
c= = −







˙ ,          (1.3)

where F is the engine thrust. Equation (1.3) can be solved to obtain the rocket equation in

terms of the propellant mass m m mp final= −0 ,

m m ep

v v

c
g

= −










−
+

0 1
∆

         with        v g t dtg t

t f= ( )∫
0

. (1.4)

∆v  is the ideal velocity change, i.e., that with no account for gravity, specified by the

mission objectives, m0 and m final  are the initial and final masses of the vehicle and vg

represents a gravitational speed loss to account for the finite duration of the impulse in

which gravity is accelerating the vehicle backwards. In gravity-free space, vg = 0. The

payload mass m pay  is simply given by m m mpay final s= − , where ms represents the

structural mass of the propellant containers and other hardware elements, including the

mass of the main engines and other subsystems not to be used by the payload. Equation

(1.4) ignores the effect of other external forces acting on the vehicle, like atmospheric

drag when launching from the Earth’s surface.

Nevertheless, it is evident that, unless the exhaust gas velocity is large enough, m mp → 0

in the limit for large ∆v ’s, thus decreasing the payload mass to very small values, even

for the case when the structural mass and the gravitational speed loss are neglected.



14

The optimization of the propulsion subsystem strongly depends on the ratio ∆v c/ , with

suitable constraints, such as mass and power. The details of such optimization vary

considerably for different mission objectives, but in the most general case, higher exhaust

speed translates into better performance.

The exhaust velocity c is linked to the amount of kinetic energy contained in the particles

that leave the engine. This energy can be derived from a number of sources.

Traditionally, chemical reactions have been widely used to provide the heat that

eventually turns into the kinetic energy of the combustion products. Other ways of

heating the propellant have been explored, for instance, by concentrating solar radiation

into a small gas container or using nuclear reactors to transfer energy from the hot fuel

elements to the propellant. By far, chemical reactions have been the dominant propulsion

technology, especially for booster launcher applications. There is, however, another way

to provide the exhaust particles with energy: it is possible to accelerate particles to high

speeds using electricity. Engines working under this physical principle are usually known

as electric propulsion thrusters.

Traditionally, the performance of rocket propulsion systems has been put in terms of a

quantity known as specific impulse or Isp . From its definition, specific impulse represents

the amount of thrust (F) that can be obtained for a given mass flow rate ( ṁ ). As an

engineering practice, the units of specific impulse are given in seconds, therefore,

I
F

gm

c

gsp = ≡
˙

,      (1.5)

where g = 9 8.  m/s2 is the Earth’s gravitational constant at ground level. The Isp  is closely

related to the exhaust velocity c. For a fixed thrust level, the higher the Isp , the smaller

the required mass flow, consistent with (1.4). The jet power of the exhaust is given by

P mc= 1
2

2˙ . The thrust can then be written as,
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F
P

c
= 2

. (1.6)

In chemical propulsion, the kinetic energy imparted to the gas molecules in the exhaust is

correlated to the stored energy in the electronic bonds of molecules and atoms. In fact, a

way to produce good chemical fuels is to take molecules with very strong and stable

bonds (H2O, HF, N2, etc.) and use some energy to break them into weaker, less energetic

ones and, if possible, light (H2, O2, F2, HNO3, etc.). When these substances recombine

they give up the bonding energy differential as heat, which then transforms into the

kinetic energy of the combustion products. Since the molecular bonding energy per unit

mass is a finite quantity, the exhaust gas velocity is restricted to < 5 km/s, or an

Isp < 500 s  for the most energetic reactions. This figure includes the thermodynamic

expansion of the combustion products through a nozzle. The chemical limit is reached

when every molecule is broken up into free radicals (F, H, O, N, etc.), thus virtually

increasing the specific impulse to about 1500 sec. Unfortunately, there is no technology

available to store free radicals in a stable way [1].

On the other hand, electric propulsion engines are only limited by the amount of power

available on the spacecraft. Optimization parameters are therefore shifted. Power is now

the relevant quantity, while mass and the ∆v c/  ratio, among others, become the mission-

specific constraints. From Equation (1.6), thrust is proportional to the jet power delivered

by the engine and inversely proportional to the gas exhaust velocity. Electric propulsion

devices derive their energy from sources that have relatively high mass/power ratios

(photovoltaic cells, batteries). As a consequence, the thrust levels are low in comparison

to chemical rockets. This is one of the reasons why chemical engines will most certainly

remain as the only alternative for booster applications for the foreseeable future.

Electric propulsion is ideal for power-limited, time-insensitive missions that require large

overall changes in spacecraft velocities for either attitude control or main on-board

propulsion. Higher specific impulses translate into considerable propellant mass savings

when compared with chemical options for a given ∆v , as given by (1.4). The resulting
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lighter spacecraft allows the use of a less powerful, less expensive launch vehicle or, for

the same payload weight, propellant mass can be exchanged for more instruments and

components, thus increasing the overall value of the mission.

There are two sub-divisions in the electric propulsion family: electrothermal and

electromagnetic thrusters. In the first one, electric energy is used to increase the gas

temperature before expanding it in a nozzle, while in the second, electric and magnetic

fields are used to accelerate the exhaust gas, which is comprised of charged particles.

Examples of electrothermal thrusters are the resistojet and the arcjet, while members of

the electromagnetic family includes the ion thruster, the Hall-effect thruster, the pulsed

plasma thruster (PPT), the magnetoplasmadynamic thruster (MPD), the field emission

electric propulsion thruster (FEEP) and the colloid thruster. A brief description of each

technology follows.

Resistojets and Arcjets

There are many types of chemical propulsion thrusters, roughly divided in two

categories: those using solid propellants and those that work with liquid fuels. Gas-

pressurized, monopropellant liquid fuels are widely used in space propulsion. As

mentioned before, the performance of chemical engines is determined by the energy

released from the propellant reaction. A way to increase this energy is by adding heat

from an electrical source.

Figure 1.2. Monopropellant resistojet thruster

tank

valve

T > T0

V

Exhaust gas

catalytic
bed T0
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Figure 1.2 shows a schematic of a monopropellant resistojet thruster. Most of these

devices work with liquid fuels such as hydrazine (N2H4), which undergoes a very

exothermic reaction when exposed to a catalytic bed. The combustion products from this

reaction are further heated by means of an electric source, schematically depicted by the

battery-resistor pair in Figure 1.2. The superheated gas is allowed to expand through a

convergent-divergent nozzle to maximize the exhaust gas velocity. Without the electric

heater, the specific impulse of this sort of chemical monopropellant engine is restricted to

about 230 sec. The electric heat added is limited by the material thermal properties, such

that it maintains its structural integrity. Hydrazine resistojet thrusters can reach a specific

impulse of 310 sec. Additional increases are possible if the propellant gas has smaller

molecular weight. Heated H2, for example, can be used to obtain specific impulses as

high as 700 sec.

Arcjets work under similar principles. They also increase the energy content of a gasified

propellant. The way they work, as seen in Figure 1.3, is by passing some current through

a cathode-anode pair in such a way that an electric arc is generated, heating the gas to

very high temperatures. The power conversion efficiency is slightly less than for

electrojet thrusters, but the specific impulse is higher. For example, hydrazine based

arcjets can reach Isp ≈ 600 s. This value can be increased to 1000 sec if hydrogen is used

as propellant.

Figure 1.3. Arcjet thruster

Exhaust gas

arc
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Unfortunately, the high specific impulse for hydrogen-based arcjets and resistojets is not

easy to implement. Handling of cryogenic propellants, like liquid hydrogen, is difficult,

especially if long-term storage is required. The specific impulse gain is offset by the

additional complexity. Because of this, electrothermal thrusters are, in general, just

marginally superior to their chemical counterparts.

Ion Thrusters

A thruster of this type uses electrostatic fields to accelerate positively charged ions to

very high speeds. Ions are created inside the engine cavity by a cathode discharge while

neutral gas (Xenon, Argon) is injected. Figure 1.4 shows a schematic of the thruster.

There are three power supplies depicted in the figure. One (Vi) provides the necessary

current for the electron current inside the engine body. These electrons collide with

neutral particles while diffusing towards the body anode where they are collected. A

number of these collisions rip electrons from the outer shell of the propellant gas,

ionizing it. In some designs, external magnetic fields provide some electron trapping to

lengthen their lifetime in the chamber thus increasing the ionization efficiency. The

Figure 1.4. Ion thruster

gas feed

Vi

Vn

Va

e

e

ions

e
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electronic current collected by the anode is pumped towards an external cathode by the

potential difference of another power supply (Vn). These electrons are emitted by the

external cathode to provide neutralization of the ion beam, which is generated by the

ionization process inside the thruster chamber and accelerated through a potential

difference (Va) applied to a set of two parallel grids. The potentials on these surfaces are

selected in a way that the grids repel electrons, both inside the ionization chamber and

outside the engine. As a result, a region of positive charge is created within the

acceleration grids. This charge increases to a point where the field is modified and the

amount of ion current, therefore thrust, that can be extracted approaches a maximum

value. It is said that this device is space-charge limited.

The energy conversion efficiency of this thruster is relatively high, as are the specific

impulses that can be obtained from them, which in practice vary from 2500 to 4000 sec.

They are very good candidates for missions that require large velocity changes. Their

power processing units (PPU), however, are complex and relatively heavy.

Hall Effect Thrusters

Developed in Russia, this type of engine makes use of an electrostatic field to accelerate

ions to high speeds. The main difference between this device and Ion thrusters, is that the

acceleration region is quasineutral, in other words, there are both electrons and ions

present, thus eliminating the space-charge limitation. Figure 1.5 shows a cross-sectional

schematic of a Hall thruster.

These thrusters possess an annular shape, thus having symmetry around the axial

direction, as depicted in Figure 1.5. The structure of the thruster is built in such a way

that a radial magnetic field Br is generated, as shown, by either permanent magnets or

external coils. The accelerating axial electric field Ex is introduced by a set of electrodes;

an anode inside the body of the thruster and an external cathode, which is also the

electron source for beam neutralization. Electrons are axially trapped as they perform

Larmor gyrations around the magnetic lines and drift in the azimuthal 
r r
E B×  direction.

They are also radially trapped by thin electrostatic non-neutral sheaths generated close to
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the walls. The neutral gas is ionized by the trapped electrons when collisions occur. Each

collision diffuses the electron into a new trajectory closer to the anode, until it is

collected. Ions are not trapped since their Larmor radius is large compared to that of

electrons; they are simply accelerated by the electrostatic field.

Since the space-charge limitation is removed, there is no theoretical restriction, other than

on-board power, to the current and thrust that can be obtained with these devices. Typical

specific impulses vary between 1500 and 1800 sec. Hall thrusters receive that name

because the thrust mechanism is related to the Lorentz force 
r r
j Be × , where 

r
je  is the

electronic Hall current of the circulating electrons.

Pulsed Plasma Thrusters (PPT)

Perhaps one of the simplest devices in the space propulsion family, PPT’s conceptual

design consists of a Teflon block pushed by a spring between two electrodes, as shown in

Figure 1.6. A power supply/capacitor system is used to provide fast (µs) high current

pulses that evaporate and ionize some of the Teflon. The electric current induces a

magnetic field that couples with the ionized gas producing a Lorentz force 
r r
j B×  that

accelerates the ionized material to high speeds. The efficiency of these devices is

Figure 1.5. Hall-effect thruster

CL

gas feed

e

ionsBr

Ex
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extremely low, while the specific impulse lies between 1000 and 1200 sec. The pulsed

nature of these engines makes them suitable for missions requiring fine control or small

orbital adjustments.

Magnetoplasmadynamic Thrusters (MPD)

The MPD thruster is a very interesting device in which intense currents are used to

induce magnetic fields to produce plasma acceleration. The axially symmetric

configuration is shown in Figure 1.7. As in other electric propulsion devices, the thrust

mechanism is provided by the Lorentz force 
r r
j B× . The azimuthal magnetic field is

sustained by a current discharge produced by the power supply between a cathode-anode

pair. The same discharge ionizes the propellant gas, which is ejected at very high speeds.

Depending on the gas used, the specific impulse can be anywhere from 2000 to 6000 sec.

These thrusters, however, have very low efficiencies when the applied currents are small.

Most spacecraft rely on photovoltaic cells to generate the power required by electric

propulsion thrusters. This power is limited to a few tens of kW for the largest

communication satellites. MPD’s work best in the mega watt regime, producing

relatively high thrust levels. Achieving these powers with conventional methods would

be extremely difficult. On the other hand, nuclear reactors could be used to supply the

required energy. This would be the ideal situation for MPD’s to be considered as a viable

V Teflon
block

r
j

exhaust

Figure 1.6. Plasma Pulsed Thruster
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propulsion technology. There is, however, a continuous debate of whether the use of

nuclear energy in space is safe. As long as this debate continues, MPD’s will remain on

the shelf, along with high-power versions of Ion and Hall thrusters.

Field Emission Electric Propulsion Thruster (FEEP)

The electromagnetic thrusters described so far rely on gas phase ionization to produce the

charged species that are accelerated through suitable fields. An alternative way of

producing charged particles is to use liquid phase ionization. In the case of FEEP, a

power supply is used to generate an electrostatic field between a liquid metal surface and

an electrode, as shown in Figure 1.8. The shape of the liquid meniscus is deformed into a

conical shape, thus increasing the local strength of the field, which reaches values high

enough to extract ions directly from the liquid surface. An external electron emission

cathode (not shown) is required to neutralize the positive ion beam. Most metals need

continuous heating to keep them in the liquid phase. The field required to evaporate ions

is linked to the surface tension of the liquid metal. Except for Cesium (Cs), the surface

tension is very high in most metals, so typical voltages for FEEP operation are > 5 kV.

The specific impulse is therefore extremely high, in excess of 10,000 sec. The mass flow

rate, however, is very low, so the thrust and current are, in general, small. Given this,

these engines are good candidates for missions requiring very fine orbital control.

Figure 1.7. MPD thruster
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Colloid Thrusters

Similar to FEEP thrusters, these devices rely on the principle of electrostatic extraction

and acceleration of charged particles from the surface of relatively highly conductive

liquids (still, orders of magnitude lower than metallic conductivities). The emission

mechanics can be viewed as an application of a more general problem in the field of

electro-hydrodynamics, usually known as electrosprays, where droplets are emitted from

a conical-shaped electrically-stressed liquid meniscus.

Figure 1.8. FEEP thruster
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Figure 1.9. Single emitter colloid thruster
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One of the main differences with FEEP thrusters is that, under the right conditions,

colloid thrusters eject charged droplets, ions or a mixture of both. Furthermore, the

surface tension of electrospray liquids allows the use of moderate voltages (~1.5 kV for

emitter ID ~20 µm). Figure 1.9 shows a schematic of a single emitter colloid thruster. As

it will be seen, it is the case that droplets have relatively low specific charge, thus limiting

the specific impulse. On the other hand, higher specific impulses and higher currents can

be obtained by extracting ions from the liquid surface. This additional flexibility of

colloid thrusters makes them very attractive for missions requiring either high resolution

in thrust determination (droplets only, low Isp , low current) or high performance (high

ion fractions, high Isp , high current).

Brief Review of Colloid Thruster Technology

The idea of using electrospray emissions as the momentum exchange mechanism for

space propulsion started in the early 1960’s with the work of Krohn [2,3], in which liquid

metals and very viscous organic liquids, like glycerol, were first considered. In particular,

the ion-droplet mixed regime in colloid thrusters was experimentally observed for the

first time in his work. Some understanding of the behavior of glycerol as propellant was

gained by work like that of Hendricks and Pfeiffer [4] in which models were developed to

explain the flow rate and applied field dependence on specific charge. The first notions

related to a decrease in thruster performance due to mixtures of ions and droplets are

attributed to Hunter [5].

Time-of-flight measurement techniques to characterize colloid emissions were first

developed by Shelton [6] along with Cohen [7] using doped glycerol solutions. The emitters

consisted of arrays of Platinum (Pt) tubing of 200 µm ID, and the extraction voltages

were around 10 kV. Due to the low conductivity achievable with glycerol, the specific

charge was limited to a few hundreds of coulombs per kilogram. In those days, the main

interest in developing colloid thrusters was centered in applications requiring relatively

large thrust densities to serve as main propulsion engines for spacecraft. To increase the



25

specific impulse of these engines, an external 120 kV accelerator was added. Such high

voltages eventually lead to a number of complications, including x-ray emission.

Glycerol was probably selected because of its low volatility (vapor pressure of 0.013 Pa),

which minimized the amount of evaporated propellant when exposed to the vacuum of

space.

Perel et al. [8] also performed experiments with highly conductive liquids, including Cs

and sulfuric acid (H2SO4). Such propellants were adequate for obtaining beams

containing only ions. On the other hand, sulfuric acid was difficult to handle due to its

highly corrosive nature and Cs is also a very reactive element, which spontaneously

ignites when exposed to a large number of elements, including water. Instead of those

exotic propellants, Perel et al. switched back to glycerol and eventually developed a

thruster with annular-shaped emitters [9,10]. The reason for this geometry was linked to an

increase in thrust density, in agreement with the technological expectations. These

thrusters reached specific impulses of about 1500 sec and thrusts of the order of 1 mN

using an extraction voltage of 13 kV. In their work, several thruster parameters, like

emitted current and thrust, were correlated with flow rate. It is interesting to note that

such correlations were in initial agreement with the electrospray scaling laws developed

later [11], even though at such high voltages a multitude of cones should form at the tip of

the emission sites. The annular thruster geometry was also explored by Huberman and

Rosen [12], who built an engine designed to yield about a hundred µN of thrust, using

(probably) glycerol as propellant.

In parallel with Perel’s work, Kidd and Shelton [6] developed a ~5 mN thruster prototype

consisting of 12 arrays, each made out of 36 needles of 130 µm ID. One of such blocks

was tested for 4350 hours, providing the first indication on lifetime for colloid thrusters.

The operation voltage was 12 kV, with the extractor biased to –2 kV to repel plasma

electrons and avoid emitter bombardment. As in all other designs, the liquid was glycerol,

this time doped with NaI.



26

A relatively recent review by Shtyrlin [13] reports on the state-of-the-art in colloid

propulsion in Russia, with designs contemporary to those in the US described above. The

most relevant feature is the development of a 5 kg monoblock thruster capable of

producing 1 mN of thrust and specific impulse of 1000 sec, operating at 15 kV.

Other than this early work, the field of colloid thruster development practically vanished

for nearly three decades, in part due to the fact that main on-board propulsion was

envisioned as its niche application, thus imposing the fundamental requirement of

relatively high thrust density and the subsequent need for very high voltages, which made

component packaging difficult and increased overall losses. Ion engines, on the other

hand, provided the necessary thrust and specific impulse with less complexity, so their

development grew up considerably just before colloid thrusters were abandoned.

Recently, there has been an increasing tendency to miniaturize space components, given

the economic incentive in launching small and light payloads. This trend has given birth

to a categorization of the satellite family by size. Of these categories, of particular interest

are the micro and nano-satellites, which are payloads with sizes ranging from several

centimeters to about one meter and masses around and below 100 kg. Of course, these

values are not rigorously defined, but the important fact is that this family of small

satellites also has limited power generation capabilities, so they require low-power,

miniature propulsion systems to maintain their orbits and/or perform attitude control

maneuvers. Another relatively new application involves the precise control of spacecraft,

for example in formation flying between two or more vehicles that perform combined

measurements (i.e., interferometry). Thrust levels in the µN range are required to cancel

out orbit perturbations, such as the non-homogeneity of the gravitational field of celestial

bodies, the solar pressure over spacecraft surfaces, or high altitude atmospheric drag.

It turns out that these types of applications are ideal for low power, low thrust space

engines, such as FEEP and colloid thrusters, or miniaturized versions of gas phase

electric thrusters. The advantages or disadvantages of each concept is mission dependent

and are studied elsewhere [14,15].
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Colloid thruster technology is gradually earning an important place given its promises of

relative simplicity, performance and compactness. An important step, however, in the

thruster development is to have a complete description of its characteristics, from the

emission mechanisms to the interaction of these emissions with the spacecraft.

The description of the emission mechanisms has been a matter of continuous research

motivated by advances in the field of spray ionization, which practically revolutionized

the area of analytical mass spectrometry [16] by allowing the extraction of intact macro-

molecules from the surface of liquid solutions. There is a vast amount of literature

regarding these advances and it would be practically impossible to make a comprehensive

review. Instead, it will only be mentioned that a good number of such works deal with the

description and elucidation of the processes involved in the formation of droplets from

the cone-jet structures formed on the emitter tips, and their gradual evaporation until

individual ions remain, which are then mass-analyzed [17,18,19].

From an engineering perspective centered on space propulsion, one is mostly interested

in analyzing the accelerated products of the electrospray, namely, droplets, ions or both.

In particular, it is important to quantify their specific charge and energy distributions,

since they provide enough information to compute the thrust and determine also the

performance in terms of efficiency and specific impulse. The emission processes at the

cone-jet level are not completely well understood, even though it is almost certain that

they play an important role on the charged particle’s distributions.

Thesis Content, Objectives and Contributions

The purpose of this thesis is to trace the lines of research followed in the understanding of

colloid thruster emission mechanics in the ion-droplet mixed regime. The document is

organized in six chapters, including this introduction. A brief description of colloid

thrusters’ performance parameters, such as specific impulse and efficiency, are presented

in Chapter 2 as functions of the current ion fraction. Since the exhaust of the engine is
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comprised of a mixture of particles with diverse inertia properties, a decrease in

efficiency can be expected as these particles drift away with different velocities. It will

become clear that, unless the ion fraction is relatively high (> 80 %), there is no increase

in specific impulse from the lighter ions, and therefore no incentive in designing colloid

thrusters working with small ion fractions.

The physics involved in the production of charged particles is discussed in Chapter 3,

along with phenomena relevant to thruster operation in the laboratory and in space. In

particular the interactions between ions and droplets (scattering and collisions) are

analyzed. It is expected that such interactions will be weak, which is fortunate for two

reasons: (1) no interaction provides a way to individually characterize the properties of

these particles and, (2) there is no additional decrease in thruster performance since both

species are independently accelerated.

As in any other charged particle source, the presence of space-charge near the

acceleration region could interfere with the emission process. Several 1-D models suggest

that these effects are small and can be neglected in most cases. The effect of beam

spreading due to self-repulsion forces is analyzed and characterized in terms of

operational parameters using a simple model in the absence of axial forces. It is found

that beam spreading is strong in most cases of interest and therefore should be taken into

account when designing experiments. Finally in this chapter, a brief discussion about

electrical and chemical neutralization is presented.

In Chapter 4, the methods, procedures and limitations in performing experimental

characterization of electrosprays are outlined. In particular, this is the first work of its

kind where 5 µm ID tip emitters are used, thus reducing significantly the evaporation

losses when studying volatile solutions in vacuum. Although commonly used in electron

and ion beams, electrostatic optical elements are designed and tested for their use on

colloid thrusters, therefore increasing the resolution on specific charge measurements and

allowing a detailed analysis of the energy characteristics of beams in the ion-droplet

mixed regime. The use of an electron-multiplier detector is also introduced to study
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colloid beams in this regime, thus providing a way to significantly increase the resolution

of ion time-of-flight measurements. A complete characterization of the electrostatic gates

used to interrupt the flow of charged particles towards the detector in time-of-flight

measurements is presented. It is found that such gates could effectively trap or accelerate

some particles thus modifying the outcome of the experiments. On the other hand, this

analysis is used to determine under what conditions measurements should be performed

to avoid particle-gate interactions.

Experimental results are presented in Chapter 5. The goal of obtaining ion rich particle

beams is obtained by using a highly conductive formamide (CH3NO) solution heavily

doped with 28%W (by weight) of NaI and working with small flow rates close to the

minimum for stability (20 pl/s). As expected from previous works, the ion fraction and

the droplet specific charge increase as the flow rate is decreased. Due in part to the small

emitter ID diameters (5 µm) used in this work, a step forward is achieved by minimizing

the evaporation losses and obtaining the highest droplet specific charges (> 10 C/gr)

observed so far.

The individual energy distributions of ions and droplets is analyzed after recognizing that

the chromatic aberration property of electrostatic lenses can be used to separate particles

by energy and by using a combination of time-of-flight and retarding potential

measurements. It is found that droplets have the highest energies in the beam, while ions

posses a rich energy distribution that overlaps with that of the droplets and extends to

lower values, showing a considerable energy spread. Even lower energy ions are

observed in decreased numbers. Correlated measurements show that these low energy

ions are most probably emitted from the liquid jet breakup region. The wide energy

distribution of ions is qualitatively explained by the relatively strong change in electric

potential along the liquid cone-jet transition region.

In addition, the relatively large energy spread in divergent beams is explained with a

simple geometrical model and experimental results show how it can be reduced after

beam collimation. The possibility of operating in the highly-stressed regime is discussed



30

with some experimental results, which suggest that a given thruster can yield very

different performance by just increasing the applied potential.

Ions emitted from electrospray sources are identified using the electron multiplier

detector for a formamide solution doped with NaI and the ionic liquid 1-Ethyl-3-Methyl-

Imidazolium Tetrafluoroborate (EMI-BF4). The energy spread from the EMI-BF4 ionic

liquid in the purely ionic regime is found to be small compared to the energy widths

observed in formamide.

Finally, some concluding remarks and recommendations are written in Chapter 6,

followed by some complementary information and references. Although not specifically

written for this purpose, this thesis also tries to make the case for colloid thrusters as a

viable technology for future spacecraft. The reasons are to be explicitly discussed in the

chapters ahead. But perhaps the most appealing one is their simplicity. The underlying

physics of electrosprays is very common and was first observed many years ago in the

natural world, for example, in the small water sprays produced by convective weather at

the tips of pine trees, thus generating the characteristic blue haze on dark nights observed

over dense forests [20].

The technology of using electrosprays as space thrusters will advance as long as their

simplicity is translated to the engineering area. The first step to achieve this is to better

understand the way electrosprays work and determine the best conditions for their

application to space thrusters.
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2.  Characteristics of Colloid Thrusters

2.1. Efficiency

As mentioned in the introduction, missions involving very small and precise velocity

changes would benefit from electric propulsion. Current technologies are unable to meet

efficient micro-propulsion requirements. Chemical rockets not only lack the desired high

specific impulse, but also the precise control capability required by some of these

missions [15]. However, electric propulsion also has its limitations when dealing with

miniaturization. Plasma effect thrusters do not scale down in a clean way. To maintain

the thruster parameters and performance at small sizes, the plasma charge density, for

instance, must be larger. In turn, larger densities mean higher rates of material erosion

and decreased thruster lifetimes [21].

The best solution to satisfy micro-propulsion requirements involves a combination of the

ruggedness of chemical propulsion with the benefits gained from an electric propulsion

technology that is intrinsically miniaturized. This is precisely why colloid thrusters

represent a viable technology. They work on the principle of charged particle extraction

from liquid materials, i.e., they are not based on gas phase ionization.

The performance of any electric thruster, including colloid, can be measured in terms of

the energy conversion efficiency from the electric source in the spacecraft to the thrust
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power delivered. It is a measure of how well the energy spent in the propulsion

subsystem is used to produce the required velocity changes.

The electric energy is in most cases furnished by on-board photovoltaic cells, which, by

the way, have relatively low efficiencies. Energy can be further lost by the action of

many mechanisms. For example, the power processing units have an intrinsic energy

throughput that depends on their particular design and operating conditions. These energy

sinks will not be discussed here, since they do not depend directly on the thruster physics.

An efficiency factor η p  can be defined to take into account the different ways in which

energy can be lost in the propulsion device. In the case of a colloid thruster, this factor is

dominated by the energy spent in the formation of the liquid structure from which

charged particles are emitted. Assuming that current is conserved along the transmission

line from the power supply to the thruster itself, this energy loss is reflected on a

decreased acceleration voltage, so that η φ φp B a= , where φB  is the beam acceleration

voltage and φa  is the thruster applied voltage.

Colloid thrusters have the interesting property of being able to accelerate both ions and

charged droplets in a controlled way. This offers an additional degree of freedom that

increases significantly the flexibility of this technology over fixed-composition thrusters.

On the other hand, ions and droplets have very different inertia properties. Since both are

accelerated with the same potential field, an effect on the thruster efficiency can be

expected. This effect, along with that discussed above, can be quantified by the overall

efficiency η0 , defined here as the ratio of the minimum power carried by a polydisperse

beam to the actual power delivered by the electric subsystem. It is straightforward to see

that both parts in this ratio are identical in the case of a monodisperse beam as long as

η p =1, therefore,

η
φ0

2 2= F m

Ia

˙
,   (2.1.1)
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where ˙ ˙m mk
k

= ∑  is the total mass flow rate, I Ik
k

= ∑  is the total emitted current,

F m vk k
k

= ∑ ˙  is the total thrust, and vk  is the kth particle velocity, found by applying

energy conservation,

1
2

2 2m v q v q mk k k B k k B= ⇒ = ( )φ φ .       (2.1.2)

For the simple case of two types of particles, ions and droplets, the overall efficiency can

be written in a simple form as,

η η η0 = p poly             with           η
ζ
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i

i

f

f
=

− −( )[ ]
− −( )

1 1

1 1

2
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where η poly  is the polydispersity efficiency due to the presence of different particles in the

beam, f
I

I Ii
i

i d

=
+

 is the fraction of electric current taken by the ions and ζ = ( )
( )
q m

q m
d

i

 is

the droplet to ion specific charge ratio.

The specific impulse (1.5) follows from these definitions, and can be written for this two-

particle system as a function of the current ion fraction, normalized by the specific

impulse of the ions:

Î
f

fsp

i

i

=
− −( )
− −( )

ζ ζ ζ
ζ1 1

.           (2.1.4)

Finally, in the mixed regime, the amount of ions by mass that leave the thruster are also

of importance. To relate this quantity to previous definitions, the ion mass fraction fi
m  is

written as,
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i

=
+ −( ) −( )−1 1 11ζ

.             (2.1.5)

Figure 2.1.1 shows a typical plot of Equations (2.1.3-5) for a mixture of droplets and ions

with ζ = 0 09.  and considering that η p =1. In later chapters it will be seen that the value

of the power efficiency is less than one. In fact, for the typical ion-droplet mixtures used

in the experiments, it varies from 80% to 90%.

It can be seen that the highest efficiencies are only attainable for cases when the thruster

operates with only ions or only droplets. The efficiency penalty of operating in the mixed

regime, however, is not so large as to be a limiting factor in the performance of colloid

thrusters. Nevertheless, it is clear that in the case of Figure 2.1.1 only ion fractions larger

than 80% will eventually provide substantial increases in specific impulse.
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Yet, colloid thrusters operating in the ion-droplet mixed regime can flexibly adapt to

different mission requirements by varying their operational conditions. For example,

from Figure 2.1.1, a colloid thruster can be run with zero ion fraction and relatively low

specific impulse under certain conditions to cover some mission requirements with 100%

polydispersity efficiency. To meet other mission objectives, conditions could be changed

to operate with an ion fraction of 90%, thus doubling the specific impulse by having 50%

by mass ejected in the form of droplets, allowing larger thrusts with an efficiency penalty

of only 20%, or to pure ions, again with full efficiency and over 3 times the specific

impulse.

Given the importance of the mixed regime on the eventual application of colloid thruster

technology, an important part of the following chapters, in particular the experimental

section, will study it in greater detail.

2.2. Implementation

As mentioned in the introduction, colloid thrusters have already been considered for

space propulsion applications, but the idea was abandoned after finding several

difficulties in providing the required thrust levels. It is almost certain that if the new set

of applications that require high precision, low thrust control of spacecraft had been

included in those days, colloid thrusters would have been considered as a very viable

alternative. As it turns out, scientific and engineering advances in recent years provide a

new avenue for considering colloid propulsion even for those applications requiring

higher thrusts, placing this developing technology back on track to eventually compete

with other systems, chemical or electrical. A few considerations about what can be

obtained from these thrusters will help us to understand this perspective.

The most simply and widely used form of electrospray comes in the form of a capillary

tubing. The liquid to be ejected moves inside the capillary from a reservoir at a given

flow rate. Normally, the end of the capillary is made out of conductive material, such that
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an electric contact can be made between the liquid and the power supply. The end itself is

also tapered down, so that the outer diameter and inner diameter of the capillary almost

coincide, thus helping to avoid wetting of the tubing surfaces that could modify the

properties of the electrospray emission process.

The capillaries vary in size and large inner diameters require very high voltages. Higher

diameters also mean larger surface areas of liquid exposed to vacuum. If the liquid is

volatile, evaporation from the capillary tip could cause several problems, including

propellant loss or even freezing. Because of this, small capillary sizes are strongly

preferable; they behave better, they are easy to use and their operational requirements are

not hard to meet. The size of colloid thrusters is not limited by the physics involved in the

emission process. Its lower bound is otherwise limited by manufacturing issues at the

smallest scales, along with several operational difficulties, such as clogging due to

impurities contained in the liquid.

In practice, electrosprays are efficiently obtained from capillary inner diameters ranging

from roughly 1 µm to 100 µm or more. When operating, each of them consumes

propellant at a rate of less than 1 nl/s emitting charged particles for current levels in the

nA level. Thrust per capillary is typically in the sub µN range. It is not surprising that

great efforts were required to obtain mN thrusts for the main on-board applications

targeted in the past. This was accomplished by changing the geometry of the emitters
[9,10]. Instead of individual capillaries, annular arrangements were explored in which very

large electric fields produced the necessary currents to reach those thrust levels.

Alternative geometries were the best choice to increase the amount of thrust that can be

obtained from colloid thrusters. The reason for this is simple: given the microscopic

thrust per capillary, a very large amount of them would be required. It was just

impractical to manufacture an array of thousands or even millions of emitters in a

reasonable space, with high reliability, low weight and cost.
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When these thrusters were studied, the area of micro-fabrication was just starting to

evolve from the strong technological developments generated by the electronic industry.

By now, this micro, and nano-technology tool permeates practically all areas of

engineering and keeps on growing in response to demanding requirements.

Micro-fabrication of emitter arrays can be performed to obtain practically every thrust

level reached by any electric thruster, thus re-opening the door of on-board main

propulsion applications and giving more flexibility to those requiring high precision

control. There are currently some designs in development [22,23] aimed at converting the

colloid emitter into the nucleus of space propulsion technology, in a way similar to what

the transistor did for the electronic industry. Most of these designs are exploratory in

nature, but would eventually lead to advances in other areas, like pharmaceutical or in the

analytical industry [24].

Another alternative to the capillary system that could benefit from the micro-fabrication

technology would be something similar to what is done with FEEPs, where liquid metals

are used instead of organic solutions. Some liquid metal emitters use solid needles instead

of capillary tubes. Flow towards the needle tip is external and self-controlled by the

applied potential and the shape and texture of the needle surface. As will be discussed in

Chapter 4, there are some liquids that can be used as colloid propellants that exhibit zero

vapor pressure and are therefore excellent candidates for external wetting of solid

needles.
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3. Physics of Colloid Thrusters

3.1. Droplet Emission Mechanics: Taylor Cones

Whenever an electric field is applied in a region where a liquid/solid interface is located,

there will be charge migration to the material interfaces where the conductivity is

discontinuous. In a colloid thruster, a conductive liquid moves inside a capillary cavity

while an electric field is applied by means of an extraction electrode positioned at some

distance from the capillary tip as shown in Figure 3.1.1.

Figure 3.1.1. A single emitter colloid thruster – sequence with increasing φφφφa

E
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extraction electrode
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As the applied potential φa  is increased, the normal electric field En  (assuming that the

liquid is a perfect conductor, tangential components are equal to zero) increases. The

normal force is,

f T n dan nm m= ∫ ,     (3.1.1)

where nm  is the mth component of the unitary normal vector and Tnm  is the Maxwell stress

tensor,

T E E E Enm n m nm k k= −ε εδ1
2 . (3.1.2)

The normal component of the stress tensor (related to the local normal force per unit area,

sometimes known as the electric pressure) is obtained after taking m n=  in (3.1.2),

T E E Enn n t t= − −( )1
2

2
1
2

2
2ε .           (3.1.3)

For a perfect conductor, the tangential components of the electric field in Equation (3.1.3)

vanish, therefore E Et t1 2 0= = . At some specific φa , the surface deforms into a conical

structure. G.I. Taylor, in his classic papers [25] studied the characteristics of this

phenomenon in great detail. Taylor established that the internal angle of these cones is

uniquely determined after constructing a model in which the forces at play are

equilibrated. On one hand, there is the electrostatic pull, or traction, given by (3.1.3). This

force is opposed by the local surface tension force, which strives to keep the liquid

together and is given, per unit area, by,

f nst = ∇ ⋅γ ˆ           with          ∇ ⋅ = +








n̂

R R

1 1

1 2

, (3.1.4)

where n̂  is the unit vector normal to the surface, γ  is the liquid interfacial surface tension

and R1 and R2 are the principal radii of curvature at a particular point over the liquid
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surface. In spherical coordinates (Figure 3.1.2) with the origin set at the apex of a cone

with inner semi-angle α , R1 = ∞  (straight line along the r̂  direction on the cone surface)

and R r2 = tanα  (Meusnier theorem). Making Equation (3.1.3) equal to (3.1.4), an

expression for the normal electric field is found,

E
rn

o

= 2γ α
ε
cot

.     (3.1.5)

The electric field increases with decreasing r and exhibits singular behavior as r → 0. If

it is assumed that the region outside the cone is charge-free, then Laplace’s Equation can

be solved in the axisymmetric case (∂ ∂φ = 0),

∇ ≡






+




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=2
2
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0Φ Φ Φ
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r

r r

∂
∂

∂
∂ α

∂
∂α

α ∂
∂αsin

sin .     (3.1.6)

The solution of (3.1.6) is a superposition of functions containing Legendre Polynomials,

Φ1 1= ( )∑A P r, cosν ν
ν

ν

α    and    Φ2 2= ( )∑A Q r, cosν ν
ν

ν

α .           (3.1.7)

Figure 3.1.2. Geometry of a Taylor cone with inner angle αααα
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The normal electric field ( E En = α) can be calculated from the electric potential

definition,

E
rn = − ∇( ) = − +







Φ Φ Φ
α

∂
∂α

∂
∂α

1 1 2 .     (3.1.8)

Direct substitution of (3.1.7) into (3.1.8) yields,

E A
P

A
Q

rn = +




 −∑ 1 2 1, ,cos cos

sin
ν

ν
ν

ν
ν

ν

∂
∂ α

∂
∂ α

α
,           (3.1.9)

which can be compared against Equation (3.1.5). The two expressions are equal only

when ν = 1
2 , therefore the potential outside the cone is,

Φ = ( ) + ( )( )A P A Q r1 1 2 2 1 2
1 2cos cosα α .    (3.1.10)

In Figure 3.1.3, plots of Legendre polynomials with ν = 1
2  are shown as functions of α .
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The Legendre function P1 2  is singular when α π= , while Q1 2 is singular at α = 0. (More

information on these functions can be found in Appendix A). The goal here is to compute

the electric potential in regions outside of the cone, therefore, for the axis selection shown

in Figure 3.1.2, it is required that A1 0= , for the potential to remain finite.

Furthermore, since the cone surface is an equipotential, a specific angle α α= T  for which

Φ is independent of r must exist. Defining the cone potential at the ground level, this

condition is met if (3.1.10) vanishes for any r, in other words Q T1 2 0cosα( ) = . Only one

root for this equation exists, yielding what is known as the Taylor angle, with a value of

αT = °49 29. . This angle determines the cone surface geometry and is independent of the

liquid parameters or the fields involved. Taylor’s result is supported by photographic

studies of electrostatically stressed menisci, some of them showing a remarkable

agreement with his predictions, especially for liquid metals. The constant A2  in (3.1.10)

can be evaluated at the cone’s surface with the help of (3.1.5) to obtain the final form of

Taylor’s solution,

Φ r
Q

Q

r

Q
Q

T

o T T

T

T

,
cot cos

cos sin
,

cos
cos

cos
.

α γ α
ε

α
α α

α
∂ α

∂ α
α α

( ) =
( )

′ ( )












′ ( ) =
( )

=

2 1 2

1 2

1 2

1 2
1 2with

       (3.1.11)

It is evident from (3.1.5), that something has to yield before the singularity is reached as

r → 0. The issue is resolved as the electric stress overcomes the surface tension force,

deforming the tip of the cone into a thin liquid jet that moves away from the conical

structure at high speeds. The force balance close to the tip is broken as the liquid

residence time becomes comparable to the electrical relaxation time. This means that not

enough charge reaches the surface of the liquid and therefore it is not possible to maintain

the conical shape.
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Once the thin jet emerging from a Taylor Cone travels a certain distance, a mechanism

similar to that found in uncharged liquid columns appears, and the jet breaks up into a

spray of droplets. A linear analysis of this mechanism introduces the effect of the electric

field [26] and produces droplets that are slightly smaller than the 1.89 droplet-to-jet radius

predicted by the classic Rayleigh instability analysis for free liquid jets. The model also

predicts a faster instability onset. The emitted droplets are charged approximately to the

Rayleigh limit, depending on the liquid polarity. Although not rigorous, a simple static

analysis in which the internal pressure of 2γ RD  is balanced by the electric pressure of

1
2

2εoE  at the droplet surface ( RD  is the droplet radius) can be used to estimate the scale of

the Rayleigh limit. Assuming that the droplet is spherical, the electric field at the surface

is E q RD o D= ( )4 2πε  with qD  being the droplet charge. The equilibrium condition

specifies the maximum charge that could be stably held in a spherical droplet,

q RD o D
max = 8 3π γε .    (3.1.12)

This maximum, however, is usually not reached since the complete problem should be

treated from a dynamic perspective [27]. In practice, the droplet becomes unstable when

0 5. max maxq q qD D D< <  in (3.1.12) due to fast instability growth when its shape departs

appreciably from the spherical baseline. In a non-neutralized droplet beam made of a

volatile liquid exposed to vacuum, evaporation would increase the charge level beyond

this point, causing coulombic explosions [28] that would create secondary charged species,

smaller in size.

Another important consideration has to do with ion emission. For now it is enough to say

that even though a maximum of the electric field appears near the cone apex, the droplets

emitted can be very small and therefore the self-electric field on their surface could reach

the condition for ion emission. These ions would have energies considerably lower than

those emitted from the cone tip, since they are born at a potential level that is closer to the

extractor voltage.
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The coulombic explosion phenomenon is widely used in mass spectroscopy to extract

ions directly from charged droplets, which, after being electrostatically sprayed, are

gradually evaporated by successive collisions with a heated gas on their way to the

analytical chamber. This technique, primarily developed by Fenn et al. [16], has provided

the means for extracting intact macromolecules from liquid solvents. Previous methods

rely on gas phase ionization, which frequently destroys the molecules, precluding an

accurate study of their masses.

Understanding the mechanics of the transition from the conical shape to the jet has been a

matter of vigorous research in recent years. Several authors [29,30,31,32,33,34,35] have explored

the possibility of building analytical and numerical models to predict the transition and to

quantify the variables involved. However, the problem is not simple since the system of

differential equations needed to be solved is very stiff, given the large disparities in

scales. For example, a Taylor cone base of 0.1 mm in diameter could generate a 100 nm

wide jet, three orders of magnitude difference in size. In addition, most changes occur in

a very small region close to the cone tip. Numerical methods require cumbersome

discretization procedures with adaptive grids, while most analytical approaches, with a

few exceptions [36], can only show the asymptotic behavior at regions far away from the

transition region.

Besides the liquid shape change, another distinctive variation that occurs in the cone-jet

transition region is the charge transport mechanism. For a fixed flow rate, far upstream in

the cone base the fluid velocity is small and only conduction is important, while

downstream in the jet, the contribution from surface charge convection becomes

increasingly relevant. F. de la Mora and Loscertales [11] have proposed an interesting and

useful theoretical approach to estimate the electrospray current from operational

conditions by exploiting this charge transport distinction.

The main assumption behind the model developed in Ref. [11], states that surface charge

convection becomes dominant at regions close to the cone tip where the liquid residence

time,
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t
r

Qres ≈
3

,        (3.1.13)

(where Q is the liquid flow rate and r the local cone-jet radius), becomes comparable to

the electric relaxation time,

t
Krel

o= εε
,        (3.1.14)

where ε is the relative dielectric constant of the liquid and K its conductivity. The

condition t tres rel=  defines a characteristic length r∗, called the electrical relaxation

length in Ref. [11] and is given by,

r
Q

K
o* =







εε 1 3

.           (3.1.15)

If the fluid surface velocity is us, then that part of the current carried by convection is,

I r us T s= ( )2π α σsin .  (3.1.16)

us is obtained from the flow rate Q Aus= , where,

A r T= −( )2 12π αcos ,   (3.1.17)

is the cross-sectional area, which can be calculated directly for the hemispherical surface

delimited by the base of the Taylor cone and σ  is the free surface charge density.

Neglecting the field inside the liquid, by assuming full relaxation, the surface charge,

σ ε= o nE ,        (3.1.18)
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follows from Gauss’ law, where the normal field En is given by (3.1.5) at α α= T . In this

way, the surface current can be written as,

I Q
r

s
o T T

T

=
−( )

2

13 2

γε α α
α

sin cos

cos
.            (3.1.19)

It is assumed that the actual current I emitted from the cone-jet structure approaches the

surface convection current Is when r r→ ∗, thus,

I
KQT

T

=
−( )
sin

cos

2

1
2

α
α

γ
ε

.         (3.1.20)

Extensive experimentation performed by F. de la Mora and Loscertales [11] shows an

excellent correlation between measured current and an expression similar in form to

Equation (3.1.20),

I f
KQ= ( )ε γ
ε

,  (3.1.21)

where f ε( )  is a liquid dependent factor of order 20 for liquids with relatively high

dielectric constants (ε > 40 [11]). The model discussed to obtain (3.1.20) predicts a unique

value for the function f ε( )  that depends exclusively on the Taylor cone angle. Evaluation

of the function in (3.1.20) results in f ε( ) = 2 86. . The difference between this theoretical

value and the experimental observations is possibly linked to the internal field in the

liquid, which is neglected in (3.1.18), but would depend on the dielectric constant ε if it

had been kept in the analysis. Nevertheless, the functional Q  dependence on the emitted

current is extremely important, and with the empirical corrections established in Ref.

[11], it is expected that Equation (3.1.21) will predict accurately the properties of

electrosprays working in the droplet regime.
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The experimental conditions under which (3.1.21) is valid are determined with respect to

the non-dimensional flow rate parameter given in Ref. [11], by

η ρ
γεε

= KQ

o

, (3.1.22)

where ρ  is the liquid mass density. The current calculated by (3.1.21) holds for high

values of η (up to the experimental limitations), but as the flow rate decreases, there is a

point for values of η of order unity where droplet emission becomes intermittent and

eventually stops. The reason why the flow reaches this minimum is still a matter of

debate, but it could be related to a couple of reasons:

a) The specific charge of the emitted droplets increases as the flow rate decreases.

This can be seen by using (3.1.21),

q

m

I

Q

f K

Q
= = ( )

ρ
ε

ρ
γ
ε

.      (3.1.23)

The total charge per unit mass, however, cannot increase beyond the point where

full charge depletion occurs, i.e., the droplets contain the original ion

concentration, but no counter-ions, then,

q

m
c

max

= ρ
ρ

,          (3.1.24)

where ρc is the charge density. The classical conductivity model assumes charges

moving at speed u in a medium due to an external electric field Ec. This force field

is closely (but not completely) balanced by drag, so the equation of motion is,

qE m uc − ≈ν 0, (3.1.25)
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where q and m are the particle’s charge and mass and ν  is the frictional drag

coefficient (in s-1). Defining the charge mobility as µ ν= ( )q m , the conduction

current density is,

j KEc c=      where     K c= ρ µ .          (3.1.26)

Setting Equation (3.1.23) equal to (3.1.24) and using (3.1.26) and (3.1.22), an

expression for the non-dimensional minimum flow rate in terms of the ion

mobility µ is found,

η ρ
ε

ε
ε

µmin = ( )
o

f
.   (3.1.27)

Experimental evidence with several solvents [11] has shown that the value of

(3.1.27) is close to unity. The weakness of this explanation is, of course, the

proportionality to the mobility, which can vary considerably for different liquids

in a similar way to viscosity.

b) From linear analysis theory, the frequency of surface tension waves (similar to

ripple waves generated under the wind action on a flat lake surface) is,

ω γ
ρ

=








 ≈

r tw
3

1 2
1

, (3.1.28)

where r is the characteristic size of the waves. The inverse of (3.1.28) is

proportional to the time of wave propagation tw . The residence time of the liquid

in the cone-jet transition region scales as Equation (3.1.13). If the residence time

is longer than the wave propagation time, then the perturbations created by such

waves (assuming, as is likely, that they are unstable) will have enough time to

grow and eventually disturb the conical structure. The instability condition

t tres w>  can be put in terms of the non-dimensional flow rate (3.1.22) by taking
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the characteristic size of the transition region to be equal to the electrical

relaxation length (3.1.15).

After some simple algebraic manipulations, it is found that the instability criterion

t tres w>  for this order-of-magnitude estimation is precisely η <1. This argument

still needs to be formally developed in a conical geometry with flow properties

and electric stresses, but it at least provides an indication that the cone-jet

disruption may be a result of mechanical instabilities.

3.2. Ion Emission

From (3.1.5), the normal electric field along the liquid surface increases towards the cone

tip. Eventually, the normal field could reach values high enough to start extracting ions

directly from the surface. This process is known as field evaporation, and as mentioned

before, is the mechanism by which liquid metal ion sources work.

Ion emission is an activated process that used to be described using the rate theory of

reactions of ideal substances [37]. Such descriptions, however, are frequently obscure and

imprecise. Instead, statistical mechanical arguments can be directly applied to obtain a

rigorous description of the emission process [38], results of which were first used by

Iribarne and Thomson [39] to explain ion evaporation from charged droplets.

Assume a system of ions that are distributed in a material surface and in a gas adjacent to

it. The equilibrium condition for the reaction,

ion ion
surface gas( ) ↔ ( ) ,     (3.2.1)

which brings ions from the surface of the material to the gas and vice versa is,
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µ µi surface i gas( ) = ( ) ,   (3.2.2)

where µi is the ion chemical potential. For a Maxwell-Boltzmann dilute system this

condition translates into,

−








 = −









kT

Z

N
kT

Z

n
i s

i s

i g

i g

ln ln,

,

,

,

,   (3.2.3)

where k is Boltzmann’s constant and T is the temperature of the system, which is

assumed constant. Ni,s is the number of ions per unit area in the material surface, while ni,g

is the number of ions per unit volume in the gas. The partition functions, Z ,must reflect

that dimensionality in Equation (3.2.3).

For an ion in the surface, assuming that it is free to move in 2 dimensions only, the

partition function is given by,

Z Z
m kT

hi s
i

,
int=







2
2

π
,        (3.2.4)

where mi is the ion mass and h is Planck’s constant, and the ion’s internal partition

function Z int due to rotational, vibrational and excitational degrees of freedom, has been

separated from the 2-D translational partition function. In a similar way, and considering

that the energy zero is established with respect to the surface ions, the partition function

in the gas phase is,

Z Z
m kT

h
ei g

i
G

kT
,

int=






−2
2

3 2 0π
,            (3.2.5)

where 3-D translational degrees of freedom have been considered and G 0 is the

evaporation energy, again, with respect to the zero energy set to the ions in the surface.

Therefore, from (3.2.3),
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n

N

Z

Z

m kT

h
ei g

i s

i g

i s

i
G

kT,

,

,

,

= =




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−2
2

1 2 0π
, (3.2.6)

where it has been assumed that the internal partition functions for ion in the surface and

in the gas are comparable. Assuming further that the distribution function of ions in the

gas phase is isotropic, the ion flux through any plane is given by,

Γ =
n ci g i,

4
,            (3.2.7)

which is also the rate of arrival ions to the surface. For a maxwellian distribution

function, the ion thermal velocity is,

c
kT

mi
i

= 8
π

.  (3.2.8)

The ion flux is then,

Γ =
−

N
kT

h
ei s

G

kT
,

0

.   (3.2.9)

Multiplying times the charge and noting that Ni,s is precisely the surface charge density

σ , the current density coming from the gas side is,

j
kT

h
e

G

kT=
−

σ
0

. (3.2.10)

Now, in equilibrium, this same current must be leaving in the opposite direction (surface

to gas). If one removes the gas ions, the emission rate in this non-equilibrium situation
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should not be very different, because the liquid is only weakly affected by the presence or

absence of the ion gas.

Equation (3.2.10) describes a thermally activated process in which the temperature of the

material surface determines the amount of ion current that can be obtained. The thermal

limitation can be reduced substantially by applying an external electric field normal to the

surface in the direction of ion extraction.

To quantify this situation, the work W (potential energy) of an extracted ion with charge q

in the presence of an electric field E is computed assuming the only force that binds it to

the surface is that of its image inside the material as depicted in Figure 3.2.1. It is

assumed also that the dielectric constant of the material is large enough so that the image

particle has the same charge in magnitude, but with opposite polarity, as the extracted

ion. This is consistent with experimental and theoretical analysis [40] using dielectric

liquids, even though the difference in conductivities with metals is extremely large.

The potential energy is formed by two parts: that of bringing the particle from infinity to

a position x from the material surface under the image force, plus that of applying the

electric field, which is assumed to vanish at infinity

x

material

E

q-q

+x-x

Figure 3.2.1. Image charge model for potential energy
calculation with material of infinite dielectric constant
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W Fdx
x

=
∞∫       with        F

q

x
qE

o

= −
( )

+
2

2
4 2πε

.     (3.2.11)

Integration of (3.2.11) is straightforward, and the potential energy is

W
q

x
qEx

o

= − −
2

16πε
.    (3.2.12)

This potential energy has a maximum, which can be found by setting the derivative of

(3.2.12) to zero and solving for x,

x
q

Em
o

=










16

1 2

πε
.    (3.2.13)

The value of the potential energy at this point is given by,

W
q E

o
max = −











3 1 2

4πε
.    (3.2.14)

This is the so-called Schottky depression, and its net effect is to decrease the potential

barrier G0 in (3.2.10) by (3.2.14). Finally, the emitted ion current density with an external

field can be written as

j
kT

h
e

kT
G

q E

o=
− −

























σ
πε

1

40

3 1 2

.          (3.2.15)

For many solutes, the energy barrier G0, also called the free energy of solvation is of the

order of 1-2 eV [39,41], meaning that, for this case, the condition required for abundant ion

emission is reached when,
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E
G

q
o> ≈ −4

1 20
2

3

πε
V nm.        (3.2.16)

In colloid thrusters, it is expected that ions could be emitted from the surface of the

stressed liquid in regions where the electric field satisfies (3.2.16). Gamero [41] has

postulated that in a cone-jet structure, the electric field reaches a maximum value near the

transition region discussed in Section 3.1. His argument follows from Equation (3.1.5), in

which the electric field increases towards the tip from the base of the cone. The field

generated by the thinning cylindrical jet also increases towards the transition region. As

can be seen by applying Gauss’ law to a jet of radius RJ carrying a current I and a flow

rate Q, this field is given by E R I QJ o= ( )2 ε . These results suggest that the electric field

will be largest in this region. Following similar arguments as those shown in Section 3.1,

Gamero estimates the value of the maximum field in the transition region as [41],

E
K

Qo
max = γ

ε

1 2 1 6

2 3 1 6 .  (3.2.17)

The relevant feature of this equation is its dependence on conductivity and flow rate. If K

is sufficiently large and Q is small, the field could meet the condition of (3.2.16) for ion

emission. Intuitively, the conductivity is related to the amount of ions in the liquid, so the

greater its value the higher the charge concentration on the surface will be, while the

relaxation time will be smaller. The flow rate determines the mechanical behavior of the

cone-jet structure, in particular the curvature, which can be very large in the transition

region, providing a mechanism for electric field magnification.

Figure 3.2.2 shows a plot of Equation (3.2.17) as a function of the non-dimensional flow

rate parameter η as defined by (3.1.22) for three different conductivities. Values used are

liquid density of ρ =1130 kg/m3, dielectric constant of ε =111, and surface tension of

γ = 0 058.  N/m, corresponding to a solvent called formamide (CH3NO). It is observed that
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for small conductivities, condition (3.2.16) cannot be fully reached, since very low flow

rates, well below the minimum for stability, would be required.

The energy of the ions depends strongly on the location at which they are emitted. For

example, for liquid metal ion sources, the emission surface is a small hemispherical area

at the end of a thin jet-like protrusion near the cone apex. This surface is practically

equipotential and therefore, the energy difference of ions emitted from different parts of

this surface will be very small. In general, metallic sources have energy spreads of at

most a few eV [42,43]. On the other hand, in a colloid cone-jet, the ion emission region is

ill-defined, and as will be shown later, it can cover regions where the potential energy

changes considerably. As a result, broad energy spreads for ion emission can be expected.
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Figure 3.2.2 Maximum normal electric field vs. non-dimensional flow rate ηηηη
for a formamide solution with ρρρρ = 1130 kg/m3, εεεε = 111 and γγγγ = 0.058 N/m
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3.3. Space Charge Effects

Laplace’s solution for the ideal Taylor cone eventually loses its validity if the charge

emitted increases in such a way that it appreciably modifies the structure of the field. In

this case, the more general solution of Poisson’s Equation is required. In fact, some

experimental observations have shown the formation of cones with angles different from

those predicted by Taylor. A qualitative explanation would be to assume that the space

charge contribution to the field depresses the shape of the liquid surface [44]. These

observations and theoretical developments suggest that space charge effects are not

negligible and should be studied to determine their influence on theoretical and

experimental approaches and results.

It is expected that the particles emitted from colloid thrusters will follow axially directed

trajectories, forming a conical beam. There exists a vast amount of work [45,46,47] focused

on the explanation of the nature of charged particle beams and on the description of their

trajectories. In general, the perveance, defined from scaling laws as P I B= −φ 3 2 , where I is

the beam current and φB its potential, is commonly used to quantify the effects of the

space charge on beam trajectories. Typically, for electron beams, a value of the perveance

lower than 1 10 8 3
2× − −AV  indicates that space charge effects can be neglected [48,49]. Ions

and charged droplets move more slowly under a given potential than electrons, having

more time for interactions. It can be expected that the effects of space charge on these

particles will be greater. For instance, an electron beam and an ion or droplet beam will

have the same perveance as long as their local charge densities are related by,

ρ
ρ

c k

c e

e

k

q m

q m
,

,

= ( )
( )

      or       
ρ
ρ

c k

c e k

q

m
,

,

.= ×






−

4 2 105
1 2

,   (3.3.1)

where k represents the group of either ions or droplets. The ratio ρ ρc k c e, ,  is large, which

means that the ion or droplet charge density is much larger than the corresponding

electron charge density, thus the stronger interaction.
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Using Equation (3.3.1), the perveance definition can be conveniently modified in order to

generalize the 1 10 8 3
2× − −AV  limit for any charged species,

P
q

m
I B

∗
−

−= ×






4 2 105 3 2

1
2

. φ . (3.3.2)

For example, assuming a current of 400 nA and a potential of 900V, a 400 amu singly-

charged ion beam (similar to those reported later in this thesis) would have a perveance

of P∗ − −= ×1 3 10 8 3 2. AV , while P∗ − −= ×1 4 10 7 3 2. AV  for a droplet beam with a specific

charge of q m = 2000 C/kg. These values, although small, suggest that space charge may

not be negligible under some circumstances.

The effects of space charge on a particle beam could be numerous, but perhaps the most

important are the radial spreading of the beam under self-repulsion forces and the

possible space charge current limitation at emission surfaces. To estimate the spreading

amount, a simple model of a beam composed of particles with identical specific charge is

constructed, as seen in Figure 3.3.1.

The idea is to trace the trajectory of a charged particle under the influence of the electric

field generated by the rest. It is assumed that there are no axial forces, therefore the beam

r

z

Beam

ro r=r(z)

∆z

V

Figure 3.3.1. Beam spreading of a uniform beam
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moves in the z direction at a constant speed vz , which is determined, by energy

conservation, from the emission potential φB ,

v
q

mz B= 2 φ .   (3.3.3)

Under this condition, the beam self-field lies in the radial direction only. The radial

equation of motion for a particle in the outermost trajectory of the beam is then,

m
d r

dt
qEr

2

2 =      or       ′′ =r
q

mv
E

z
r2       where     ′′ =r

d r

dz

2

2 . (3.3.4)

If the trajectory does not change much in a small region ∆z, then the radial field can be

approximated by Gauss’ law,

r r
E dS

Nq

o

∫ ⋅ =
ε

,   (3.3.5)

where N is the number of particles inside the small volume delimited by ∆z. The axial

components of the Gauss integral cancel each other approximately, while the radial part

gives

E
q

r

N

zr
o

=
2πε ∆

.    (3.3.6)

The linear density of charged particles N/∆z can be related to the total current in the beam

by observing that,

I n r qv
N

z
qvz z= ( ) =π 2

∆
,        (3.3.7)
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where n is the number density. Solving for the linear density in (3.3.7) and substituting

into (3.3.6) an expression for the radial electric field is found,

E
I

v rr
o z

=
2πε

.  (3.3.8)

Substituting (3.3.8) into the trajectory Equation (3.3.4),

′′ =r
A

r
         where       A

I m

qo
B= −

4 2
3 2

πε
φ .        (3.3.9)

To solve (3.3.9), multiply both sides with ′r ,

′′ ′ = ′
r r A

r

r
       which is equivalent to       ′( )′ = ( )′r A r2 2 ln .        (3.3.10)

As for boundary conditions, it is assumed that the beam has an initial radius ro  at z = 0

and zero slope, or ′ =r 0 (initially collimated beam) also at z = 0. Integrating (3.3.10)

yields,

′ =r A
r

ro

2 ln         or        
r

r

A

r

r

ro o o










′
= 2

2 ln .    (3.3.11)

By defining u r ro= ln , (3.3.11) can be written as,

e du
A

r
dzu

o

2

2 2= , (3.3.12)

which can be integrated to obtain a functional form for r r z= ( ),
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z
r

A
e duo u

r ro

= ∫2 2

0

2
ln

.    (3.3.13)

A plot of Equation (3.3.13) is shown in Figure (3.3.2), where the normalization factor is

defined as z r Ao o= 2 2 . Note that the initial spreading of the beam is exponential close

to z = 0, while its growth gradually slows down as it moves downstream until it becomes

approximately linear.

To explore the asymptotic behavior of Equation (3.3.13), make use of Dawson’s integral,

defined as,

F e e duuξ ξ ξ( ) = − ∫2 2

0
,     (3.3.14)
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Figure 3.3.2. Beam spreading in field-free region
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which is shown (solid line) in Figure 3.3.3 as a function of the parameter ξ . Integration

by parts of (3.3.14) reveals that in the limit, for large values of ξ ,

F Oξ
ξ

ξ( ) → + ( )1
2

1 3 .        (3.3.15)

The cubic and higher terms in this expansion can be neglected, leaving the first part,

which is shown as the dashed line in Figure 3.3.3. In terms of F ξ( ) , Equation (3.3.13) is,

z

z

r

r
F

r

ro o o

=








ln .    (3.3.16)
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Substitution of (3.3.15) into (3.3.16) gives the behavior of the beam profile in the limit,

r z A
r

r
z

o

( ) =








2

1 2

ln ,    (3.3.17)

where A is given by (3.3.9). Even for large variations of r ro , the square root of the

logarithm changes only slightly. This weak dependence on the beam radius makes

(3.3.17) a good approximation to find the ultimate dispersion angle for a particle beam.

Since the initial beam radius is about the size of one jet diameter, it is expected that ro  is

nanometer sized. Typical experimental dimensions of the expanded beam lie in the cm

scale, therefore ln .r ro ≈ 4 5 . Given this, the dispersion semi-angle will be in the

vicinity of,

θ
πε

φ≈










− −tan 1 3 2

1 2
9
2 2 2

I m

qo
B         or       θ ≈ ( )− ∗tan 1 783 P .    (3.3.18)

Or, assuming a droplet beam charged to the Rayleigh limit (3.1.12), the spreading semi-

angle can be written as a function of the non-dimensional flow rate η (3.1.22),

θ
π

ε εγ
φ

η
ε ρ

≈
( )

( )








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




−tan 1

1 2

2

3
3

1 4 1 8
9

8 2

1f

K B o

.         (3.3.19)

The relevant parameters in this equation are the flow rate (represented by η) and the

beam emission potential. Figure 3.3.4 shows the spreading semi-angles as a function of η

for several emission potentials for K = 2 S/m ρ =1130 kg/m3, ε =111, and

γ = 0 058.  N/m, corresponding to a concentrated formamide solution of NaI.
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Also important to consider is the effect that space charge could have on emission,

especially when operating in an ion-droplet regime, since it is well-known that charge

accumulation near emission sites could effectively reduce the local electric field, thus

limiting the amount of current that can be extracted. An initial estimation for this

limitation can be obtained by solving the 1-D Poisson problem,

d

dz

j

o o
q
m B

2

2
2

φ ρ
ε ε φ φ

= − = −
−( )

(3.3.20)

where j is the beam current density. As for boundary conditions, the potential at the

emission site is set to φ φ( )z B= =0 , while the electric field at that point is

d

dz
z E

φ
( )= = −0 , where E is the extraction electric field. The potential is assumed to drop
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Figure 3.3.4. Spreading semi-angles (deg) for a charged droplet beam (phi = φφφφB), for
a formamide solution with K = 2 S/m ρρρρ = 1130 kg/m3, εεεε = 111 and γγγγ = 0.058 N/m
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to zero a distance D from the emission site, thus φ( )z D= = 0. If space charge were to be

neglected, then the electric field at the emitter site would be simply E DL B= φ .

To solve (3.3.20), multiply both sides by 2
d

dz

φ
 and, noting that 2

2

2

2
d

dz

d

dz

d

dz

d

dz

φ φ φ=






,

integrate once with the proper boundary condition to obtain,

d

dz
E B

B

φ ς φ φ
φ

= + −
1 3 ,        (3.3.21)

where the parameter ς  quantifies the amount of space charge,

ς
ε

φ= 4
3 22

j

Eo

B
q
m

. (3.3.22)

Using (3.3.22), integrate (3.3.21) and arrange terms [43,50] to obtain,

E

EL

= + + −( )[ ]8
27

1 3 1 12
3
2ς

ς ς . (3.3.23)

In the limit when the effects of space charge are known to be small, ς <<1 and (3.3.23)

reduces to E EL≈ −( )1 ς , as well as when ς >>1 (with E 2ς  finite), Child-Langmuir’s

law for space charge limited flow is recovered,

j
D

q

m
o

B= 4
9

22
3 2ε φ .   (3.3.24)

Field reduction can be of concern for some liquid metal ion sources, since the extraction

fields are of the order of 15V nm and the currents are in the micro Amp level [43]. The

way nature corrects this problem is to form the jet-like protrusion that intensifies the

field, counteracting this effect [31,51].
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In the case of ion emission from colloid thrusters, no natural protrusion can form in the

transition region where the field reaches a maximum, so the field reduction could affect

the ability to extract ions. Figure 3.3.5 shows the field reduction curve given by Equation

(3.3.23) for several non-dimensional flow rates as given by Equation (3.1.22) for a

formamide solution with K = 2 S/m ρ =1130 kg/m3, ε =111, and γ = 0 058.  N/m. To

compute the parameter ς  of Equation (3.3.22) a potential of φB =1 kV and a singly-

charged ion of mass 350 amu are assumed. The electric field E is extracted from Equation

(3.2.17) and the current density j is obtained from (3.2.15) with G0 1 5= .  eV , assuming

full relaxation, so that the surface charge is σ ε= oE .
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Figure 3.3.5. Field reduction due to space charge for singly charged 350 amu ions with
G0 = 1.5 eV emitted from a formamide solution with K = 2 S/m ρρρρ = 1130 kg/m3, εεεε = 111,

γγγγ = 0.058 N/m and φφφφB = 1 kV as a function of non-dimensional flow rate ηηηη
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It is experimentally known that ion emission starts near minimum flow conditions, when

η is of order unity. It is seen from Figure 3.3.5 that the field reduction starts roughly

when this flow condition is reached, but it is not too important, at least for η >1. In any

case, for smaller values, the cone structure becomes unstable and no emission occurs. It

has been observed, however, that the flow rate of an ionic liquid can be reduced in such a

way that the droplet emission is completely suppressed and a pure ionic regime is reached
[52]. For some reason, Taylor cones of ionic liquids and liquid metals (or other highly

conductive solutions, like sulfuric acid) do not become unstable for η <1, as most

organic solvents do [11]. The important point is that for such low flow rates, field reduction

could be important, and in fact emission current may reach limitation and obey Child-

Langmuir’s law (3.3.24).

As mentioned in Chapter 2, one of the features about colloid thrusters is the possibility to

micro-fabricate arrays to increase the thrust density. Assume that a large number of

emitters are positioned in a 2-D rectangular matrix, as seen in Figure 3.3.6.

Individual emitters are spaced by a distance d, meaning that the current density will be

given by,

d

d A = d2

Figure 3.3.6. Two dimensional colloid thruster array
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j
I

d
=  (per jet)

2 (3.3.25)

The question arises of whether conditions with this arrangement approach those of a

space-charge limited ion thruster (see the introduction). The model described above can

be used to obtain a preliminary estimation of how the field is reduced by introducing a

cluster of emitters working in the droplet regime. The electrospray definitions of Section

3.1 and the maximum field (3.2.21) are used to write the space-charge parameter in

(3.3.22) as a function of flow rate through η,

ς
ε φ ε γ ε

ρ
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3 2

13 6
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Figure 3.3.7. Field reduction in a colloid thruster array for a formamide
solution with K = 2 S/m ρρρρ = 1130 kg/m3, εεεε = 111, γγγγ = 0.058 N/m, f(εεεε) = 20

and φφφφB = 1 kV as a function of non-dimensional flow rate ηηηη
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Figure 3.3.7 shows the field reduction as given by Equation (3.3.23) for a formamide

solution with K = 0 5.  S/m ρ =1130 kg/m3, ε =111, γ = 0 058.  N/m, f ε( ) = 20, and

φB =1 kV, assuming emitter separations of 0.5, 1 and 10 µm. Space-charge is strong for

cases with very small separations and relatively high droplet currents, however, it is

unlikely that micro-fabricated arrays would have separations smaller than d =10 mµ . It

appears that space-charge limitation would not be a constraint for operating arrays of

colloid thrusters, which could constitute an operational limitation by itself, since it

implies that thrust densities as high as to those of ion engines cannot be reached.

As already mentioned, beam spreading is a significant phenomenon, for both ions and

droplets. In the design of analytical hardware to study particle beams one is most

concerned in estimating the trajectories that such particles will follow, not only under the

effects of the beam self-repulsion, but also under the influence of external fields. A more

general beam description is required, but given the difficulty that self-consistent problems

like this pose, more approximations need to be made.

A very useful approach to the self-consistency is to assume that the particle trajectories

remain close to the directional axis (z), that externally applied fields are symmetric

around this axis and that the beam density profile is uniform. The symmetry can be used

to write the equations of motion for the particles in cylindrical coordinates as (with φ < 0,

v = 0 at φ = 0 and θ  lies in the azimuthal direction, no magnetic fields),

˙̇ ˙ ,

˙̇ ˙ ˙ ,

˙̇ ,

˙ ˙ ˙ .

r r E

r r E

z E

r r z

q
m r

q
m

q
m z

q
m

− =

+ = =

=

+ + = −

θ

θ θ

θ φ

θ

2

2 2 2 2

2 0

2

   (3.3.27)

To find the fields, first solve Poisson’s Equation for the potential φ ,

1 1
2

2

2

2

2r r
r
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∂
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∂φ
∂

∂ φ
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∂ φ
∂

ρ
ε







+ + = − ,     (3.3.28)
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where ρ  is the charge density. Since this is an axially symmetric problem, ∂ ∂θ → 0. To

solve (3.3.28), the potential and the charge density can be expanded in power series,

φ φ φ φ φ

ρ ρ ρ ρ ρ

r z r r r

r z r r r

o k
k

k
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4
4

2
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K

       (3.3.29)

where φ2k  and ρ2k  are functions of z only. Substitute back into Poisson’s Equation to

obtain the following recursion formula,
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The fields can then be computed with 
r
E = −∇φ . Recalling the assumption that particle

trajectories remain close to the z-axis, only linear terms in r are extracted to obtain,

E rr o oo
≈ ′′+( )1

2
1φ ρε         and        Ez o≈ − ′φ .          (3.3.31)

Substitution of these fields into (3.3.27) yields the paraxial ray equation,

′′ + ′ ′ + ′′ =
−( )

r
r r I

r
o

o

o

o o
q

m o

φ
φ

φ
φ πε φ2 4 4 2 3 2

,       (3.3.32)

in which the uniform beam profile assumption provides a relationship between the axial

density ρo and the beam current I. Notice that Equation (3.3.9) is a particular case of

(3.3.32) when ′ = ′′=φ φo o 0 (the definition of φ  there is the −φo here, hence the negative

sign on the right).
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In the paraxial approximation (3.3.32), φo  is the external electrostatic potential along the

axis of symmetry (z), while the effects of space charge are lumped together in the right

hand side, where the total beam current I and the specific charge q/m appear. The paraxial

ray equation with the space-charge term in its RHS can be used to compute laminar beam

trajectories only, i.e., there are no crossovers (where r → 0). In Chapter 5 the paraxial

theory will reappear in the context of the experimental work.

3.4. Ion-Droplet Interactions

In a thruster application the interest centers around ions born at energies close to that of

the emitter and with lives long enough to gain kinetic energy as they fall through the

acceleration voltage. If it is assumed that both ions and droplets have a common emission

region and travel in the same direction, then some ions could eventually interact with

droplets that share similar trajectories.

The concern here, from the experimental point of view, would be to lose the ability of

characterizing the ions in the beam because of some perturbing interaction with the

Figure 3.4.1. Geometry for ion-droplet encounter

droplet

ion trajectory

θ
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b

vrel

θm
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v’rel
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droplets. The possibility of scattering could eventually send ions into trajectories very

different from the original ones, hence modifying the measurements. To quantify the

amount by which ions are scattered by droplets, a traditional model is used, as shown

schematically in Figure 3.4.1. Here it is assumed that the mass of the ions is small when

compared to that of the droplets. The reduced mass in the relative system is then the ion

mass µr i D i D im m m m m= +( ) ≈ . The relative velocity is given by v v vrel i D= − , where i

and D are subscripts for ions and droplets, respectively.

For this analysis, take a single ion moving towards a droplet of radius RD with an impact

parameter b. Once inside the droplet’s potential sphere of influence, the ion modifies its

trajectory and makes its closest approach at a distance rm from the droplet center

corresponding to an angle θm . The scattering angle is given by χ π θ= − 2 m . Assume for

now that r Rm D> , i.e., ion trajectories do not intersect with the droplet surface.

Momentum and energy conservation results in,

bv r

v v V r
rel

r rel r rel

=
= ′ + ( )

2

1
2

2 1
2

2

θ̇
µ µ

      with        V r
q q

r
i D

o

( ) =
4πε

,       (3.4.1)

where V r( ) is the potential energy of interaction at a distance r and q
i
 and qD  are the ion

and droplet charges, respectively.  Since ′ = +v r rrel
2 2 2 2˙ θ̇ , the angle of closest approach is,

after making ξ = b r ,

θ ξ
ξ ξ µ

ξ
m

rel

d

V v

m=
− − ( )( )∫

1 22 2 1 20
.      (3.4.2)

The value of r bm m= ξ  is found by setting the denominator inside the integral symbol

equal to zero, thus defining the upper bound that determines the angle θm ,
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Equation (3.4.2) can be integrated to obtain the scattering angle as a function of the

impact parameter and, since r Rm D> , the scattering angle is limited to,

tan χ 2
1 2

( ) <
−
b R

b R
o D

o D

. (3.4.4)

If ions and droplets are accelerated through the same potential φB , then the relative

kinetic energy can be written as,

1
2

2 1
2

2
2

1m v m vi rel i i= −( )ζ       with     ζ = ( )
( )
q m

q m
d

i

.      (3.4.5)

Assuming that the droplets are charged to the Rayleigh limit (3.1.12), an expression for

the size of the impact parameter with respect to the droplet radius RD  can be found after

some manipulations,
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6 1
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1 3

2

γ
ε ρ φ ζ

,     (3.4.6)

where q m
D( ) , the droplet specific charge, can be put in terms of the non-dimensional

flow rate by using (3.1.22-23),

q

m

f K

D o





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= ( )ε
εη ε ρ

.   (3.4.7)

For a concentrated formamide solution with K = 2 S/m ρ =1130 kg/m3, ε =111,

γ = 0 058.  N/m, f ε( ) = 20, and φB =1 kV, close to the minimum flow rate condition

η =1, the following can be computed: b Ro D = 0 01.  for q m
D( ) = 3 6.  C/gr  and

ζ = 0 013. . From Equation (3.4.4), the upper bound for the scattering angle is then
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χmax .=1 16o . This is an important result, which shows that absorption, or collision, is

much more likely than scattering.

To obtain an idea of the collision probability, the same model is used to estimate the

mean free path of ions in a droplet beam. Collisions will occur, for values of the impact

parameter smaller than the one that would make r Rm D= ,

b R
b

RD
o

D
max = −1 2 .      (3.4.8)

The collision cross section is given by Q biD = π max
2 , the area delimited by this critical

impact parameter. Therefore,

Q RiD D= π ψ2          with           ψ = −1 2
b

R
o

D

.           (3.4.9)

The parameter ψ  will usually be very close to unity, as shown in the example given

above. The mean free path for ion-droplet collisions is,

λiD
D iDn Q

= 1
.            (3.4.10)

The droplet density nD  can be related to the droplet current I given by (3.1.21),

n
I

v q AD
D D b

=        with       v
q

mD
D

B
2 2=







φ ,        (3.4.11)

where Ab  is the droplet beam cross sectional area. Considering that the beam diverges at

an angle θ  due to the space-charge repulsion while moving along the axial distance z, the

beam area can be modeled as,
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A
d

zb
b= =π π θ
2

2 2

4
tan .      (3.4.12)

For a fixed collision cross section, the mean free path (3.4.10) will depend on the droplet

density (3.4.11). A way to assess the probability of collision would be to compute the

ratio of the mean free path to the axial distance z. If this relative mean free path is close to

unity, the probability of collision will increase. If, on the other hand, the ratio is large,

collisions will be rare. Again, using the assumptions already discussed, an expression for

the mean free path to axial distance ratio in terms of the non-dimensional flow rate η is

written as,
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Figure 3.4.2. Relative mean free path vs. axial distance for a formamide
solution with K = 2 S/m ρρρρ = 1130 kg/m3, εεεε = 111, γγγγ = 0.058 N/m, f(εεεε) = 20,

φφφφB = 1 kV and θθθθ = 20°°°° as a function of axial distance z
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Figure 3.4.2 shows a plot of Equation (3.4.13) for three different values of η. A

spreading angle of θ = 20o  is used and K = 2 S/m ρ =1130 kg/m3, ε =111,

γ = 0 058.  N/m, φB =1 kV and f ε( ) = 20. It can be seen that, for small flow rates, the

relative mean free path is close to unity only when the axial distance is of the order of 1

nm. For larger flow rates, the ratio is unity for distances slightly larger than 10 nm. These

dimensions are very small and comparable to the jet size. The jet radius can be calculated

with the same set of tools already presented and by considering that droplets are 1.89

times larger,
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Under the above conditions, the jet radii (3.4.14) for three values of η are also shown in

Figure 3.4.2 as the three squares superimposed on their respective lines. Their values can

be read in the abscissa. This means that only those values to the right of the squares can

be considered in this analysis, since no droplets could exist at smaller distances. This

argument does not take into account that the jet length may be considerably longer than

the axial dimensions shown. This would effectively move the squares in Figure 3.4.2

further to the right.

Of the three cases shown, only the one with η = 4  makes the relative mean free path

close to unity for small axial distances. This makes sense, since for that flow rate the

droplet is bigger and therefore presents a relatively large cross section to incoming ions.

But, as seen in Figure 3.2.2, such a high flow rate does not generate a sufficiently large

electric field to meet the required conditions for ion emission.

For cases where ion emission is possible, the collision probability is small as shown in

Figure 3.4.2, which is a worst-case scenario, in the sense that, because the emission

mechanisms of ions and droplets are very different, the trajectories of ions and droplets
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are unlikely to overlap in regions near the Taylor cone apex. If they do, it will occur

relatively far away where the droplet density is low and the relative mean free path is

extremely large. For example, note in the figure that only one mm downstream of the

emission point, this ratio is about 106 for η =1, almost zero collision probability if the

ion trajectories intersect the droplet beam at this point.

3.5. Neutralization

Most electric propulsion thrusters eject charged particles, thus transferring opposite

charge to the vehicle’s components. If no action is taken, extremely high potentials can

be reached, disturbing the payload and system components, or in the worst case, causing

catastrophic failures. To avoid this situation, electric propulsion devices make use of

charged particle sources (usually electron sources, if the particles emitted are positive) to

dispose of the extra charge and neutralize the thruster exhaust. The problem of

neutralizing positive droplets with electrons is different from ion neutralization since

droplets are large enough to be considered an electron sink, i.e., there is no need for

three-body recombination.

For a preliminary quantification of the neutralization process, assume a colloid thruster

emitting a beam of monodisperse positively-charged droplets that spreads at a semi-angle

θ  along the z-axis. A flux of electrons,

Γe f v vd v= ( )∫ r r3 ,    (3.5.1)

with maxwellian distribution,
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is applied and encounters the droplets at the axial distance where the beam has a radius

ro . W  is the electron’s total energy and me  its mass. The orbital motion limit for the

electrons can be assumed, as long as the Debye length,

λ ε
D

o e

e

kT

n e
= 2

,   (3.5.3)

(where Te  and ne  are the electron temperature and number density) is large compared to

the droplet radius, which is 1.89 times the jet size (3.4.14),

λD

DR
>>1.        (3.5.4)
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Figure 3.5.1. Debye length to droplet radius ratio for a formamide
solution with K = 2 S/m ρρρρ = 1130 kg/m3, εεεε = 111, γγγγ = 0.058 N/m, f(εεεε) = 20,

φφφφB = 1 kV and θθθθ = 20°°°° as a function of axial distance z
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Figure 3.5.1 shows a plot of the ratio of the Debye length to droplet radius as a function

of axial distance z using the same values of the previous section (taking ro → 0) and

assuming quasi-neutrality, so that the electron density is given by,

n
q

e
ne

D
D= .           (3.5.5)

The droplet density nD  is computed from (3.4.11-12). The droplet beam is also assumed

to spread according to (3.4.12). In the same sense as in Figure 3.4.2, the small squares

superimposed on the lines represent the jet radii for the three conditions. Given this, the

analysis can only be applied for values to the right of them, where droplets exist.

It is evident that condition (3.5.4) only applies for axial distances roughly larger than one

micron. This means that there is a small region adjacent to the emitter where this analysis

cannot be applied. But, as will be discussed below, electrons will most likely be forced to

stay away from the emitter, thus increasing the local value of the Debye length in an

important way. With no more considerations, it is assumed that electron-droplet

interactions can be described using the orbital motion limit.

Since W mv e D= +1
2

2 φ  ( φD  is the droplet potential), the integral (3.5.1) can be evaluated

to find the current density of electrons into the attractive droplets,
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where the droplet potential φD  is given by (3.4.8) as a function of the droplet charge qD

and the thermal velocity for the maxwellian electrons is,
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Given a fixed volumetric flow rate Q , the droplet density can be written as

n Q R v r zD D D o= +( )[ ]−
4
3

3 2 1

π π θtan . Equation (3.5.6) can be used to compute the rate at

which electrons neutralize a droplet, therefore a differential equation can be set up for the

droplet charge. Using (3.5.5-7), this can be written as,
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,            (3.5.8)

where the parameters ξ  (a distance) and ψ  (an inverse charge) are written in terms of the

non-dimensional flow rate η,
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Equation (3.4.8) can be integrated directly, resulting in,
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where the variable z∗ is,
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tanθ ,   (3.5.11)

and the initial droplet charge qD0
, at the Rayleigh limit, in terms of η is,
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By analyzing the asymptotic behavior of (3.5.10) some useful information about the

neutralization mechanics of liquid droplets by electrons can be extracted. Take a look at

the limit when z ro>> tanθ , the case far downstream from the beam source. It can be

seen by (3.5.11) that z ro
∗ ≈ tanθ . The droplet charge stops decreasing, reaching a

constant value given by,

q q
e

q e
D D
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0

0

01 1

ξ θ

ξ θψ

tan

tan
.      (3.5.13)

After this limit charge is reached, the jet continues as a “dusty plasma”, i.e., it is still

quasineutral, but with a finite electron density balancing the residual spray charge.
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Figure 3.5.2. Characteristic dimensions for droplet neutralization for a formamide
solution with K = 2 S/m ρρρρ = 1130 kg/m3, εεεε = 111, γγγγ = 0.058 N/m, f(εεεε) = 20, φφφφB = 1 kV

and θθθθ = 20°°°° as a function of the non-dimensional flow parameter ηηηη
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Since the spreading angle is relatively fixed, the amount by which the droplet charge

decreases is given by the ratio ξ ro . If this ratio is close to unity, then droplets are almost

fully neutralized. If on the other hand, the ratio is small, the droplet neutralization process

is incomplete, although the jet is still fully neutralized, both by charge and by current. As

a result, the parameter ξ  introduced in (3.5.9) can be considered as the characteristic

dimension for droplet neutralization. Figure 3.5.2 shows curves of the parameter ξ  as a

function of the non-dimensional flow rate η for different electron energies with θ = 20o ,

K = 2 S/m ρ =1130 kg/m3, ε =111, γ = 0 058.  N/m, φB =1 kV and f ε( ) = 20.

The way in which the initial beam radius ro  modifies the final value of the droplet charge

can be seen in Figure 3.5.3. The terminal droplet charge as given by (3.5.13) is shown,

normalized by the initial charge qD0
 as a function of η for 1 eV electrons, for different

values of the ratio ξ ro .

Finally, note that the terminal value of the droplet charge (3.5.13) will be reached once

the axial distance becomes a few times larger than ro . Since in general ro  is a small

number, the neutralization, complete or incomplete, occurs very quickly. This increases

the concerns about possible electron bombardment of the emitter or the neutralization of

charges still within the accelerating region that have not reached their maximum velocity,

thus decreasing the thruster performance. Of course, this analysis assumed overlapping

droplet-electron sources. In a real design, electrons could be maintained away from the

emitter by biasing the extractor negatively with respect to the electron emitter cathode,

and placing it downstream of the extractor. This situation could effectively reduce the

ratio ξ ro  to the point that no direct neutralization may occur. What would happen is

something similar to ion “neutralization” in other electric thrusters, where charges do not

physically recombine, but they leave the spacecraft vicinity in an intermixed plasma

cloud that is basically neutral, macroscopically speaking.
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On a related note, it is not clear what happens with the neutralized counter-ions in the

solution when only one polarity is emitted. One possibility is that the counter-ions travel

to the attractive electrode, where they neutralize and then leave with the liquid droplets.

On the other hand they could react on the electrode surface (anodic oxidation), degrading

its properties. A third possibility is that the neutralized counter-ions pass into solution,

but stay in the capillary or its supply plenum, changing the liquid’s chemistry. A way to

test these ideas would be to run with a measurable liquid sample until completion and

then analyze any residues. Given the small flow rates, this study could take long times
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Figure 3.5.3. Droplet terminal charge - 1eV electron neutralization (ratio = ξξξξ/ro) for a
formamide solution with K = 2 S/m ρρρρ = 1130 kg/m3, εεεε = 111, γγγγ = 0.058 N/m, f(εεεε) = 20,

φφφφB = 1 kV and θθθθ = 20°°°° as a function of the non-dimensional flow parameter ηηηη
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and has not been performed so far. The performance of colloid thrusters depends on the

liquid properties. It is then of primordial importance to clarify this chemical

neutralization issue.

A very interesting way around the problem of both electrical and chemical neutralization

can be achieved by noting that it is possible, at least in principle, to operate colloid

thrusters in a bi-polar mode by merely switching the polarities of the emitter-extractor

assembly.

Figure 3.5.4 conceptually shows how a bi-polar colloid thruster might work. In the

picture are two separate plenums containing the propellant and each feeding a thruster

capillary (could be an array of emitters). Charged particles are extracted by two separate

Figure 3.5.4. Conceptual bi-polar operation mode
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V2

+

+

-

-
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power supplies V1 and V2 and a single extractor grounded to the spacecraft. If V1 0>  then

positive charges will be extracted from this emitter. To establish electrical neutrality, the

second power supply should be set to V2 0< , thus emitting negative charges. It is clear

that chemical neutrality is not guaranteed with this arrangement (counter-ions will be

accumulated in each plenum) unless the supply voltages are alternated periodically. The

frequency of voltage switching would be determined by factors such as the speed of

counter-ion accumulation/reaction in the thruster materials among other engineering

considerations.

Voltage alternation could be avoided by using an arrangement in which a single plenum

is used to feed both emitters, set to ground potential. Charge extraction would then be

achieved after biasing separate extractors to negative and positive voltages. This device

would keep electrical and chemical neutrality since both ions and counter-ions are

emitted simultaneously. On the other hand, it could not be used as a thruster, since

charged particles are originally at the same potential inside the plenum and they end up at

the same potential at infinity after being emitted, thus no work is done.

3.6. Summary

This chapter provides a general review about the relevant features in colloid thruster

emission physics. In Section 3.1, the basic phenomena involved in the formation of the

cone-jet structure are outlined. Relevant results are cited and some of them are

reproduced in light of their usefulness for the discussions to follow. In Section 3.2 a link

is created between the cone-jet description and the mechanics of ion emission. These two

sections provide the theoretical background required to understand the nature of the ion-

droplet mixed regime.

In the rest of the sections in this chapter, further theoretical analyses are developed to

investigate the way in which ion-droplet emissions can interact either with themselves or
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with electrons. The problem of space-charge limitation is reviewed in Section 3.3 through

a 1-D model. It could be argued that the lack of dimensionality could yield some

inaccurate results. Nevertheless, as in other examples in plasma physics, these simple

models provide an adequate estimation of the magnitude of these effects. It is found that

space-charge limitation is not significant unless the non-dimensional flow parameter η is

less than unity (abundant ion emission). Most solutions, however, become unstable

before this condition is reached. Another important result, that may have a technological

impact, suggests that space-charge limitation is negligible for droplet emission from

emitter arrays, unless they are extremely dense. As explained in this section, the most

relevant effect of space-charge appears to be the initial beam spreading due to self-

repulsion forces among charged particles. A simple model in which charged particles

repel each other while drifting at constant velocity is used to find the terminal beam

spreading angle. It is important to note that this model can be considerably improved by

allowing acceleration in the axial direction, thus reflecting more accurately what actually

occurs under circumstances where the local potential is still very different from the

extractor potential at the point where the jet breaks up into a droplet spray. This

improvement, however, is difficult to implement analytically, instead, a version of the

paraxial ray equation (3.3.32) should be solved numerically with the Taylor potential

(3.1.11) to obtain the complete set of trajectories between the emitter and the extractor.

In Section 3.4, the possibility of interaction between ions and droplets is analyzed. From

an experimental point of view, this analysis is of great relevance since measurement of

individual properties of droplets or, in particular ions, would be extremely difficult if

these particles interact with each other, such that the relative magnitude of the signals

becomes function of the cone-jet operational parameters. Fortunately, the theoretical

analysis estimates that such interactions are small enough and can be neglected. This has

an implication for space propulsion as well; for example, for a colloid thruster operating

in the ion-droplet mixed regime, the performance gains due to the presence of ions in the

beam depend on their unaffected acceleration by the local potential generated by the

cone-jet structure and the external electrodes. If these ions collide with neighboring
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droplets before they fully accelerate, their contribution to the total thrust would be lost,

decreasing the overall efficiency.

Another important consideration for actual colloid thrusters is the way in which

neutralization will be provided. Two alternatives are mentioned in Section 3.4. In the first

one, externally supplied electrons ejected from a cathode are considered. As shown, these

electrons will move very quickly to regions close to the emitters and could neutralize the

liquid even before it fully accelerates. It is suggested that external electrodes should be

biased to lower potentials than the one from the cathode to keep the electrons at some

safe distance from the emitters. The second alternative is to operate colloid thruster arrays

in bi-polar mode. This has the advantage of eliminating the additional complexity of

electron sources and provides additional thrust while generating a quasineutral beam.
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4. Experimental Methods

The fundamental objective of this work is to provide a description of the behavior and

characteristics of colloid thruster emissions. For this description to be as complete and

accurate as possible, different experimental observations are required for properties in

every regime of electrospray operation.

The experimental hardware is designed to provide several important pieces of

information about the charged beam, by being able to:

• Measure the spreading angle. It is expected, from the discussion in Section 3.3,

that the dominant effect of space-charge emission is the initial self-repulsion of

charged particle beams.

• Verify the applicability of electrostatic focusing. Given the beam spreading, the

resolution of time-of-flight measurements is limited by the drift distance in the

analytical device. By being able to counteract this initial divergence using ion

optical elements, longer distances are possible, thus higher resolutions.

•  Operate at low flow rates, down to cases with η ≈1. Ion emission from the

liquid cone-jet structure occurs when the flow rate reaches this condition.

• Measure the beam energy. The specific impulse and the thrust are determined in

part by the energy of particles in the beam. From a scientific point of view, these
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measurements would provide useful information to understand the mechanics of

droplet and ion emission from electrospray sources.

•  Determine whether ion emission occurs or not. Time-of-flight spectrometry

techniques are ideal to study the beam composition, thus distinguishing ions from

droplets. Together with the beam energy, these measurements characterize

completely the emissions from colloid thrusters, thus determining the specific

impulse and thrust.

• Measure the beam ion fraction. The performance of the thruster in terms of the

efficiency is established by measuring the individual contributions of ions and

droplets to the total current.

•  Identify the ion or ions emitted. High-resolution time-of-flight measurements

can be used to establish the nature of the ions emitted from colloid thrusters.

In order to accomplish these tasks, a number of experimental techniques are evaluated. A

brief description of each one of them is given in this chapter.

4.1. Basic Techniques

Besides the experimental determination of the spreading angle, every aspect of colloid

thruster beam characterization requires information about the particles emitted, the

relevant quantity being the specific charge, or charge per unit mass. The reason for this is

that once known, the specific charge q m  can be used to determine the exhaust velocity

and therefore the specific impulse. This can be seen from Equation (3.3.3), which is

rewritten here:

v
q

mz B= 2 φ .  (3.3.3)
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Complete determination, however, cannot be made unless the beam accelerating potential

φB  is also available. Assuming that these quantities are known, in addition to the beam

current I, the thrust can be calculated directly,

F I
q m

B= 2φ
.  (4.1.1)

In a space mission, it is likely that the only available information for thruster operation

will be the current I and the applied voltage φa . The specific charge should be known a

priori, from experimental tests. As for the beam potential φB , though closely related to

the applied potential φa , the two are not identical because loss mechanisms such as the

energy spent to create the cone-jet, make φ φB a< . The beam potential, and its

relationship to the applied voltage also need to be obtained experimentally. Furthermore,

both the specific charge and the potential are usually distributed quantities, as opposed to

being fixed numbers.

The inverse procedure can be used in the laboratory to determine the distribution of

specific charges from the beam potential and the velocity distribution. A common way of

doing this is by the time-of-flight (TOF) technique [53,54,55,56,57,58].

The basic idea behind the TOF method is that one can measure the time required for a

charged particle to traverse a certain distance in a region free of external fields thus

giving enough information to calculate the particle’s velocity. If that velocity is acquired

by an initial acceleration through a known potential, then (3.3.3) can be inverted to

compute the specific charge. There are many ways to perform TOF measurements. Three

methods have been used in this study, as follows.
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Single gate continuous TOF

In this approach, the needle electrospray source (Section 4.3) is operated continuously at

a specific flow rate Q , applied beam voltage φa , extractor voltage φx  and focusing

potential φ f . In front of the emitter, there is an electrostatic gate that allows particles to

flow out of the emitter when it is open or stops them when the gate is closed. A schematic

of this system is shown in Figure 4.1.1.

At a distance L0  from the gate a metallic plate measures the beam current in time. The

signal from the plate is taken through an amplifier and displayed on an oscilloscope

screen. If the gate remains open, the recorded signal is a single flat line displaying the

magnitude of the total current, as shown schematically in Figure 4.1.2.

Po

liquid

Vacuum tank
Extractor/optics Gate

Amplifier/ data
recorder

Collector

Needle
L0

φa

φx

φ f

φs

Figure 4.1.1. Schematic of the single gate TOF
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On the other hand, if the gate is closed, the current goes to zero on the scope screen, as
shown in Figure 4.1.3.
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Figure 4.1.2. Schematic of the scope screen with opened gate
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Figure 4.1.3. Schematic of the scope screen with closed gate
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If the closing of the gate is synchronized with the zero time reference of the oscilloscope,

the variation of the measured current as it changes from its total value to the zero

reference is obtained. If the gate closing is instantaneous, the scope will continue to

measure the current until the last set of particles reaches the collector, thus determining

their time of flight. For example, Figure 4.1.4 shows the TOF signal curve for a particle

beam, where the indicated zero time reference coincides with the moment at which the

gate is closed.

Assuming that the beam potential φB  is known and is the same for every particle in the

beam, from the curve shown it is found that there are two families of particles with

different specific charge,
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Furthermore, the contribution of each particle family to the total beam current can also be

calculated. From the figure, the current fractions are simply given by,
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Figure 4.1.4 is of course an ideal representation in which the TOF steps are located at

precise moments in time. In reality one would measure time distributions, i.e., the fall

time is not zero. The origin of the time spread can be attributed to two sources:

• Experimentally induced spreads:

o Gate voltage: The power supply used to control the voltage to the gate has

finite rise and fall times that propagate in the measurements.

o Gate non-idealities: As will be described in Section 4.4, the way in which

the gate is constructed introduces some time perturbations that also affect

the measurements.

o  Detector speed: The amplifier used to magnify the signal prior to

connection to the oscilloscope has an associated time constant.

• Intrinsic spreads:

o  Beam potential: Instead of being a fixed quantity, φB  has an associated

energy distribution that modifies the flight time via (3.3.3).

o Specific charge: It is possible that particles, in particular droplets, are not

monodisperse, thus having different sizes or charges distributed around a

particular value.

The first type of source will be explored in more detail in following sections, while the

second will become a point of discussion when the experimental results are presented.

In any case, a sensitivity analysis for the time resolution, defined here as the time spread

∆t divided by the nominal time of flight t f , can be easily done in terms of the beam

potential and specific charge resolutions,
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This equation will be very helpful in determining the actual distributions in the

experiments, assuming that each possible source of time spread can be individually

explained.

Dual gate pulsed TOF with charge accumulation

Also tested in the laboratory is a TOF system analogous to the classic Fizeau experiment

for measuring the speed of light. This involves the use of two gates, one located in front

of the emitter, as in the previous case, and one just before the collector plate. This

configuration is shown in Figure 4.1.5.

Figure 4.1.5. Schematic of the dual gate TOF
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In this configuration, both gates are normally closed and open only for a very short time

with a relative delay between the gates. The delay is selected to accept a specific narrow

range of flight times. The width of the pulses that open the gates determines the spread of

the observed specific charge assuming that no other spreading mechanism exists. The

pulse sequence is repeated, with a period long enough to avoid intermixing of particles

with different velocities, until enough charge accumulates at the collector. The current is

then measured using a sensitive electrometer. The spectrum of the beam is constructed by

sweeping the opening delay time between the gates. The advantage of this technique is its

potential for wide dynamic range, since the delay can be controlled to almost any value

without any constraint. Another virtue of this approach is that it avoids the requirement of

high-speed amplifier electronics in the detector. As long as the current is measurable, it is

possible to extract time of flight information. The resolution of this technique is limited

to the pulse width ∆t used to open the gates and can be calculated directly from (4.1.4).

The specific charge resolution increases linearly as the pulse width decreases. The current

collected, however, decreases with smaller pulses.

Single gate continuous/pulsed TOF with fast ion detection

Finally, a third technique is tested. The configuration is essentially the same as the one

shown in Figure 4.1.1, the only difference being the detector type. Since the application is

mainly to study fast ions and not droplets, a fast electron multiplier (Channeltron) is

installed in the system instead of a metallic collector.

A complete description of this type of detector will be provided in Section 4.2. Suffice it

to say for now that an electron multiplier significantly reduces the burden on the

amplifier electronics, since they provide formidable gains and extremely short response

times.

As for the gate operation sequence, two types are used. The first one is the same as the

one shown in Figure 4.1.4, operating in a continuous mode. The second one is pulsed
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operation in which the gate is normally closed and only opens for a short time in a single

pulse with a repetition period large enough to avoid re-measuring ions. Every time an

opening pulse is sent to the gate, a small sample of all particles is allowed to drift towards

the electron multiplier detector. The signal is then conditioned and displayed on the

oscilloscope screen. Figure 4.1.6 shows the spectrum that would be obtained using this

method under the same ideal conditions established for Figure 4.1.4.

The signal peak width shown in Figure 4.1.6 is the same as the pulse width in the ideal

situation where there are no other spreading sources. Given this, the resolution can also

be computed with (4.1.4). The advantage of this gate operation mode is that the spectrum

can be directly displayed on the scope screen and the peak widths and positions can be

clearly detected. Of course, another method of obtaining the spectrum would be to take

the derivative of the signal shown in Figure 4.1.4. But the signal is often noisy and taking

numerical differences in the data produces more noise in the final spectrum, outweighing

the advantage of infinite resolution in the ideal case where the derivative of the step

yields a delta function.
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Stopping potentials

As mentioned before, it is not enough to know the velocity distribution in the particle

beam to obtain the distribution in specific charge. So far, it has been assumed that the

beam potential φB  is known, but as was briefly discussed above, this is not usually the

case. Although there is a relationship between the beam and the applied potentials, the

real potential distribution needs to be experimentally measured.

The potential of the beam is measured directly by introducing a controlled potential

difference to retard the motion of the particles. Varying the retarding potential while

measuring the beam current provides the means to measure the potential distribution.

This potential is set by applying a voltage φs  to a set of parallel grids located near the

detector, as shown in Figure 4.1.1.

It is possible to combine the TOF experiments with this stopping potential (SP) technique

to measure the energy of individual particle families. This will prove to be extremely

useful in establishing some important properties of the emission physics of colloid

thrusters.

4.2. Hardware and Electronic Setup

Vacuum chamber

It is highly desirable to study colloid thruster emissions under conditions similar to those

expected in space. It is very difficult, however, to simulate the same levels of high

vacuum that exist in earth orbit. Because of the large difference in pressures between an

earth-bound vacuum chamber and outer space, it is important to determine how non-ideal

laboratory conditions modify experimental outcomes. As long as the charged particles do

not interact with the residual gas inside the vacuum chamber, it can be safely assumed

that ground testing is representative of actual thruster operation. The best parameter to
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quantify this effect is the mean free path of emitted particles, which is roughly

proportional to 1 nQc , where n is the residual gas number density and Qc is its collision

cross section. The density can be estimated assuming an ideal gas from P nkT= , where P

is the gas pressure, T is its temperature and k is Boltzmann’s constant. The cross section

can be related, to first order, to the individual projected area of each gas molecule and it

decreases with increasing incoming particle energy. Assuming Qc = × −3 10 19 2m

(relatively large residual molecules) and a minimum mean free path of 3 m, the pressure

inside the vacuum chamber must be below 3 5 10 5. × −  Torr  to avoid interactions [59].

The vacuum system (Varian Inc) installed in the laboratory consists of a stainless steel

cylindrical chamber with an inner diameter of 19.7 cm and a length of 49.5 cm. A

cylindrical stainless steel extension with 5.6 cm ID and 36.5 cm in length is attached at

the rear end of the main chamber. The total volume of the vacuum system is about 16

liters. The chamber is evacuated by a couple of small turbo pumps (Varian V-70) with a

pumping capacity of 68 liters/s (N2) each. A primary mechanical pump (Varian SD-40) is

used to provide the required foreline pressure for both turbo pumps. Ultimate pressure,

Figure 4.2.1. Vacuum chamber
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with no volatile substances inside the chamber and leak tested, is about 6 10 8× − torr . The

vacuum system is pictured in Figure 4.2.1.

High voltage power supplies

A total of 6 regulated high voltage power supplies are used in the experiments, as can be

seen in Figure 4.1.1. Not shown are the two supplies dedicated to the channeltron

operation. Their functions and models are:

• Needle emitter: Bertan 205B-05R, 5 kV max.

• Retarding grid: Bertan 205B-10R, 10 kV max.

• Extractor electrode: Acopian P03.5HP17, 3.5 kV max.

• Lens electrode: Acopian P03.5HN17, -3.5 kV max.

• Channeltron: Two Keithley 246, 3 kV max.

Oscilloscope

The data are acquired and displayed using a four-channel digitizing oscilloscope (Agilent

54835A) with 4 GSa/s sample rate in 2-channel mode and 2 GSa/s sample rate in 4-

channel mode. The bandwidth of the system is 1 GHz. Rise time into the 1MΩ inputs is

700 ps, while it decreases to 350 ps if 50Ω inputs are used instead. The scope is fully

programmable and can be used to analyze and store data in a number of ways. Its

memory depth feature is particularly useful in performing average analysis over the

observed data. The bandwidth characteristic of this system exceeds any other used in the

experiments. The contribution of the oscilloscope to the overall time spreads discussed in

the previous section is negligible.
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Gate signal and connections

A programmable four-channel pulse/delay generator (BNC 555) is used to produce the

gate signal. This device has the ability of generating square pulses from 10 ns to 100 s in

width with a 1 ns resolution. The output signal can be either TTL or adjustable up to 12 V

with a slew rate of 1 V/ns. The gate voltage needs to be higher than the beam potential

φB  in order to stop every particle on its way towards the detector. Typical beam

experimental potentials vary from 500 to 1500 V. Obviously, the pulse generator output

voltage is not enough to meet this requirement.

To increase the voltage from the generator output, a pulse amplifier module is used (DEI

PVM-4210). This module provides two simultaneous differential voltage pulses of up to

±950V (1900 V differential), with pulse rise and fall times <15 ns, and pulse widths

adjustable from <40 ns to DC.

Many of the measurements are performed using a metallic collector plate as the particle

detector. There is, however, a continuous problem with capacitive coupling between the

high voltage pulse generated in the gate and the collector. This coupling manifests as

induced noise with a certain time constant that often is longer than the time of flight of

the fastest particles. The magnitude of the noise increases as the distance between the

gate and the collector decreases. This eventually transforms into a severe limitation for

cases where the signal is very small in magnitude, in particular for the dual gate TOF

method discussed in Section 4.1.

This capacitive coupling is mainly induced by the high frequency harmonics that give

shape to the square pulse generated by the high voltage amplifier. A solution to this

problem is to filter out these high frequency harmonics from the gate signal. Since the

gate is basically a capacitive load, a low pass filter can be directly applied by adding a

resistor in series between the amplifier and the load. The cut-off frequency is determined

by the size of the resistor - the smaller its value, the higher the number of high frequency

harmonics allowed through the transmission line. Measuring the capacitance of the gate-

collector system is not done, but several resistor values are tried until the noise is reduced
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well below the weakest signals from the emitter. A resistor value of 2.3 kΩ is finally

selected. The result is an amplified signal with slower characteristic times than the

original square wave.

Figure 4.2.2 shows direct measurements from both the pulse generator and the amplifier

module for a 1 µs pulse. The first thing to note is that there is a delay between the rise of

the reference signal and the amplifier response. This delay is very close to td =100 ns

and is intrinsic to the amplifier, i.e., has nothing to do with the applied filter. This means

that, using (4.1.4) and assuming zero energy spread, the specific charge spread due to the

amplifier delay is about 1% for a typical 20 µs time of flight for the fastest ions observed.

The effect of eliminating high frequency harmonics in the amplified signal is to slow

down its rise and fall times as shown in Figure 4.2.2. The rise time is actually slightly less

than 500 ns, meaning that, again for a baseline 20 µs time of flight particle, the induced

spread in specific charge will be less than 5%.
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When working with fast signals it is also important to avoid reflections in the

transmission line. Reflection is the main cause of ringing, which results in signal

degradation to the point that no measurements can be obtained at all. The way to avoid

reflections is to use a homogeneous line (matched impedances) between the signal source

and the capacitive load. Ringing is eliminated completely after isolating the amplifier

module ground from the global ground inside the chamber. This is done by connecting

every grounded element in the vicinity of the gate (third lens electrode, described in

Section 4.3 and the gate’s grounded apertures, seen in Figure 4.4.4) to the module ground

through a separate, isolated cable.

One final word about capacitive coupling: it is important not to neglect it under any

circumstances, even with the application of a low pass filter. The larger the exposed area

of the gated electrode, the larger the effects of this coupling. This is particularly

important for the transmission lines, which need to be shielded and grounded as well as

possible, outside and inside the chamber. The use of shielded coaxial cable is strongly

recommended, and it is always a good practice to remove the external insulation when

exposing the cable to vacuum, thus avoiding air traps that would degrade the pumping

performance. It must be kept in mind, however, that the shield should not make contact

with any conductive part of the setup besides its ground connection. Shielded vacuum

feedthroughs should also be used to further reduce any possibility of interference.

Electron multiplier (Channeltron)

The principles of operation of the electron multiplier are simple to understand. Whenever

a sufficiently energetic particle collides with a low work function material (a 200 Å layer

of SiO2 for the one used in these studies), it can extract electrons from it. If there is an

electric field that now redirects those electrons towards the material surface, then each

one of them could detach many electrons in a new collision. This chain of events would

eventually produce a cascade of electrons that could then be collected at an appropriate

electrode. These detectors have the formidable property that a single ion can multiply its
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charge by many orders of magnitude when detected - gains around 106 are typical and

larger ones are possible. The other important feature about electron multipliers is their

response time that lies in the sub nano second level. This is due to the large voltages used

(1.5 to 1.8 kV, negative) to accelerate the electrons towards the anode. In The electron

multiplier installed in the experimental arrangement (Channeltron from Burle Electro-

Optics Inc.) is similar to the one shown in Figure 4.2.3.

This is an off-axis electron multiplier. The ion beam is detected by the channeltron after

biasing a deflector plate located near the casing aperture with a positive voltage between

100 and 300 V. This potential, together with the negative voltage applied to the cone

surface, generates an electric field that bends the ion trajectories towards the cone. Figure

4.2.4 shows a schematic with the connections and parts of this type of detector.

The advantages of using an off-axis detector are twofold. First, the deflector plate can

also be used as an independent collector plate to monitor the beam current. Second, the

emissive channeltron surface is not constantly bombarded, thus extending the device

lifetime, especially when beams in the mixed ion-droplet regime are explored. It is also

interesting to note that it seems that droplets do not have enough energy to extract

electrons from the sensor surface material. However, they can impinge over the sensor

Figure 4.2.3. Off-axis Channeltron (from Burle handbook)
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surface and degrade it, especially if the vapor pressure of the liquid is very small. One

disadvantage of these detectors is that they only provide “event detection”, i.e., no

absolute current measurement. In other words, they are excellent for ion identification

purposes, but not to determine relative fluxes.

Signal conditioning and amplification

There are different approaches to signal management depending on the type of detector

used and the kind of measurement desired. For example, if monitoring the beam current

is required, an electrometer operating in the current mode is the ideal solution. The

electrometer used (Keithley 6514) has extremely high sensitivity and can measure

currents down to a fraction of a pico amp, with resolution in the femto amp level. Such

unique specifications are well suited for doing experiments in the dual-gate scanning

mode described in Section 4.1. Unfortunately, induced DC noise from capacitive

coupling due to the proximity of the second gate to the collector plate produces spurious

signals, often in the nA level, high enough to bury the small signals from the TOF

measurements.

Figure 4.2.4. Off-axis Channeltron schematic (from Burle handbook)
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Nonetheless, the electrometer is a very valuable tool to monitor the behavior of the beam.

This is particularly true for the startup process in which a stable cone operation is sought

and also when operating for long periods of time, since the electrometer is able to

measure the stability of the current signal.

It is usually the case that high speed and high sensitivity is a difficult combination to

achieve. In this case the electrometer, operating with relatively slow response times, of

the order of milliseconds or higher, has an outstanding sensitivity to very low currents. If

high speed is desired, then some sensitivity must be compromised.

In the market today there is an abundant source of discrete electronic components that

have extraordinarily high bandwidths. For any given electronic device, the bandwidth

decreases as more sensitivity is demanded. TOF measurements represent one of those

particular applications in which high sensitivity and high speed are simultaneously

required.

In these experiments, operational amplifiers, or op-amps, which are considered among

the most useful and flexible discrete electronic components in terms of fast response

speeds and high sensitivities, were used. To take advantage of the raw speed

characteristics of op-amps, some of the most basic configurations are used to analyze the

signals from the TOF detectors: the non-inverting amplifier, the trans-impedance

amplifier and the follower or buffer. These configurations are shown in Figure 4.2.5.

The type of signal generated by the detectors is a current ic  varying with time. In the case

of the metallic collector plate this current is the same as the beam current, while for the

channeltron the current is composed of electrons generated inside the device. Op-amps

draw virtually no current at their inputs. This very high impedance makes them ideal to

work with voltage signals. In all cases, the current needs to be converted to a voltage in

order for the op-amp to work with appropriate sources.
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To measure weak signals, the most useful operation modes are the non-inverted and the

transimpedance amplifier shown in Figure 4.2.5(a, c). The gain is determined by the

relative values of the resistors shown. The larger the gain, the lower the response speed of

the circuit. The follower, or buffer, shown in Figure 4.2.5(b) is ideal for signals that do

Figure 4.2.5. Op-amp configurations: (a) Non-inverting amplifier,
(b) follower or buffer and (c) trans-impedance amplifier
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not require amplification. This unity gain configuration has the advantage of transforming

the current source to a voltage source, and the low impedance from the Rc resistor to a

high impedance determined by the op-amp inverting input. Two high-speed op-amp

components are used in the experiments (TI’s OPA602 and OPA655). Their typical

responses to small and large signals are shown in Figs. 4.2.6(a) and (b) along with the

gain variation with bandwidth.

The OPA602 has similar time characteristics to the filtered pulse generator shown in

Figure 4.2.2, while the OPA655 is considerably faster, at small gains. The errors

associated with the use of these devices at unity gain will be similar to the 5% time

spread induced by the pulse generator. These error sources apply simultaneously and

Figure 4.2.6(a). OPA602 - Gain and response characteristics
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their contributions are not additive, i.e., the dominant source is the one that gets reflected

in the measurements. Op-amp errors will increase if higher gains are used.

4.3. Emitter and Optics Design

The emitter is perhaps the most important part of the system. It is designed to produce

droplets or ions in a suitable way for the detector to measure them. Since its introduction

a few years ago, electrospray science has evolved and grown in considerable ways.

Presently there is a well-established industry tailored for the chemical analyst who uses

electrosprays to extract macromolecules from liquid solutions [16]. The needle emitters

Figure 4.2.6(b). OPA655 - Gain and response characteristics
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used in this study are commercially available (New Objective Inc). They consist of a

fused silica capillary 5 cm in length, 20, 50 or 75 µm ID and 360 µm OD. One end of the

capillary is gradually tapered to the final tip diameter of 5, 10, 15 or 30 µm. The capillary

needle is covered with a noble metal conductive layer, except for the tip, which is left

uncoated. Needle description, connections and a close-up of the tip section can be seen in

Figure 4.3.1.

A modified capillary union (Upchurch Scientific) is used to make the electrical contact

between the power supply and the liquid. This contact actually occurs between capillary

connections, where the distal end of the coated needle meets the liquid, as seen also in

Figure 4.3.1. As explained before, the liquid is injected into the needle at a certain rate

while a potential between the emitter and a downstream electrode (extractor) provides the

electric field that deforms the meniscus in the tip into a Taylor cone, from which a spray

of charged droplets is emitted and diverges as it moves downstream.

There are two advantages of leaving the tip section uncoated: (1) fused silica is

transparent and with the aid of a microscope one can troubleshoot the system for trapped

bubbles and (2) there is no coating that can be damaged because of unintentional arcing

between the tip and the extractor electrode, so the electrical contact remains intact.

Figure 4.3.1. Distal coated needle emitter, from New Objective Inc.
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Another important aspect of the emitter is that a higher voltage is required to form the

cone and start the emission than that required to keep the conical shape in steady state.

This hysteresis behavior indicates that it takes more energy to produce the initial

instability than to maintain it. A geometrically sound model has been used [60] to estimate

the starting voltage as a function of the needle tip ID dc, the surface tension of the liquid

γ  and the distance from the extractor electrode D,

V
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Figure 4.3.2 shows the starting voltage for three different tip-extractor separation

distances as a function of needle tip diameters for γ = 0 058.  N/m (formamide).
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Since the steady-state operation voltage is only slightly less than the starting voltage, it is

desirable to operate with small tips and separation distances, in order to keep the beam

potential lower than the gate potential, as discussed in Section 4.2.

Once emitted, charged particles travel towards the detector. It is clear from (4.1.4) that

the longer the flight time t f , the better the resolution in specific charge. There are only

two ways of increasing the time of flight for fixed particle properties. One is simply by

increasing the flight distance between the gate and the detector plate. The second is to

slow the particles down so they arrive at a later time. In either case, the initial beam

spreading can be quite large, thus reducing the amount of charge density with distance

considerably.

To obtain measurable signals at long distances, with relatively small detectors, a way of

focusing the beam to counteract the initial spreading is needed. The theory of focusing

charged particles is well developed [48,49]. In fact there is a complete analogy between light

optics and ion optics, to the point where the same models can be used indistinguishably if

the ion beams meet the conditions that lead to the homogeneous version of the paraxial

ray Equation (3.3.32). As discussed in Section 3.3, space charge effects are important if

the perveance is high. If that is the case, the RHS of (3.3.32) becomes important, possibly

dominating the behavior of the beam, especially for trajectories very close to the

propagation axis.

The use of external electromagnetic fields is the only way in which charged particles can

be forced to modify their trajectories. Instead of building lenses out of materials with

different indices of refraction as in the case of light optics, ion optics make use of

electrodes set at different potentials, and of magnets. Assuming, as in Section 3.3, that the

beams are axisymmetric, it is logical to use fields with the same symmetry to construct

optical devices. This restricts the type of elements for electrostatic focusing to conductive

apertures and cylinders.
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In particular, one could make use of a focusing device commonly known as an einzel or

equipotential lens. In a lens of this type, a potential gradient is generated in the path of

the charged beam, followed by a second opposite gradient that leaves the particles with

the same axial kinetic energy they had before entering the device, while providing a net

focusing effect in the radial direction.

The most widely-used einzel lens configuration is comprised of three cylindrical

electrodes as shown in Figure 4.3.3(a). The first and third electrodes share the same

potential, usually ground, while the second is biased either up or down with respect to the

other two.

Figure 4.3.3(b) shows a result from ion simulation software (Simion) able to trace

charged particle trajectories as they travel through the lens. As can be seen in Figure

4.3.3(c), an important effect that needs to be considered is that near the electrodes, the

electric fields are distorted considerably with respect to the fields at the propagation axis,

Figure 4.3.3. (a) Einzel lens configuration, (b) focusing property
and (c) radial effect: spherical aberration
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thus changing the focusing properties of those particles that move too close to the

electrodes. A good design avoid this form of spherical aberration by using cylinder

diameters at least twice as large as the expected beam size inside the lens. Of course, the

larger the lens, the higher the focusing voltage. The best design results from a

compromise among all these factors.

An interesting property of the einzel lens is that it always has a focusing effect on

charged particles, regardless of the charge sign or of the focusing voltage polarity for a

given particle charge. Figure 4.3.4 exemplifies this situation. Shown is a trajectory

simulation in the electric potential space of 200 eV positive singly-charged ions passing

through an einzel lens in the cases where (a) the focusing potential is positive and (b)

Figure 4.3.4. Einzel lens focusing with (a) positive and (b) negative voltage
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where it is negative. As can be seen, similar optics properties are obtained despite the

applied voltages being quite different. The reason is simple; in case (a) the positive

potential retards the axial motion of the particles, thus allowing more time for radial

movement before they accelerate again to their original speed. The opposite occurs in (b)

where the negative field accelerates the beam, considerably decreasing the residence time

inside the lens and therefore limiting the perpendicular movement of charged particles.

For the experiments, two einzel lenses using different approaches are designed. In the

first design the paraxial ray approximation described in Section 3.3 is used. With the help

of an elliptic solver (Matlab’s PDE toolbox), the electric potential can be obtained after

solving Laplace’s Equation for a given electrode geometry and boundary conditions.

Figure 4.3.5 shows the geometry of the emitter, extractor and the lens, superimposed on

the mesh and the solution itself. It is clear how the grounded electrodes effectively shield

the strong negative potential in the middle region of the lens.

The next step is to extract the axial potential from this configuration and use it to solve

(3.3.32) with the conditions expected during the focusing experiments. Figure 4.3.6

shows the result of the calculation. This particular beam shape is obtained with a negative

Figure 4.3.5. Computational domain – emitter, extractor and einzel lens
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potential φ f = −5 5. kV . The rest of the required parameters are extracted from

experimental conditions (Section 5.2).

It is interesting to note from Figures 4.3.5-6 that trajectory changes occur precisely at

regions with large potential gradients. It is also worthwhile to mention that this solution

retained the space charge term on the RHS of (3.3.32). The most important effect of this

term is the initial spreading of the particle beam observed close to the emitter.

This design was the first to be tested in the laboratory. Its main purpose was to validate

the use of an einzel lens to focus charged particles from colloid beams. The experimental

arrangement is pictured in Figure 4.3.7, where the needle emitter with its electrical

connection and the extractor aperture can be seen.

Note from Figs. 4.3.5-6, that some of the computed trajectories suffer from a problem

mentioned a few paragraphs above, namely, they get too close to the electrode surface,

therefore introducing spherical aberration like that of Figure 4.3.3(c).

Figure 4.3.6. Trajectory calculation from the paraxial ray equation
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In order to prevent the signal from being deteriorated by the lens, a new design was made

using commercially available simulation software (Simion). Figure 4.3.8 shows a design

view of the emitter-lens components along with some particle trajectories. Only

conductive materials are shown in this representation.

Figure 4.3.7. Needle emitter and einzel lens

needle

extractor einzel
lens
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Labeled number 1 in Figure 4.3.8 is the needle emitter, which is distal coated, and

therefore abruptly ends between electrodes 2 and 3, although its uncoated tip is very close

to the extractor aperture 3. As seen in the previous design shown in Figure 4.3.7, the

needle was mounted on a movable device. Centering the tip with respect to the extractor

was manually done, a difficult task. Instead of this manual approach, a simpler way is to

introduce the needle into a self-centering pinhole slightly larger than the 360 µm needle

OD, drilled in the center of plate 2, which is kept at the same potential φa  as the emitter.

Fused silica needles are extremely fragile, especially in the tip section. To avoid damage,

the needle insertion is made with the help of a microscope. The extractor plate 3 has a

small aperture in its center and is connected to its own power supply set at a potential φx .

The net extraction voltage is then φ φ φex a x= − , while the beam potential is φ φB a< .

Electrodes 4, 5 and 6 form a non-symmetric einzel lens [61]. The reason it is called non-

symmetric is because grounded electrodes 4 and 6 have very different shapes; electrode 4

is an aperture, while number 6 is a cylinder. This configuration is selected to minimize

the axial distance, and therefore, the beam spreading, before the region of high potential

Figure 4.3.8. Configuration of the colloid emitter
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gradients is reached in electrode 5, which is also a cylinder and is connected to a power

supply set at a voltage φ f .

Figure 4.3.9 shows a view in electric potential space of the simulated emitter. In this case

φa = 900V  and φx = −200V , so that φex =1100V. The lens voltage is φ f =1200V.

By setting the extractor voltage to a negative value, the emitter potential and therefore the

beam potential can be decreased proportionally, thus allowing the use of the gate

amplifier discussed previously. As pointed out, this has the advantage of improving the

time resolution by increasing the time of flight. The problem is that this advantage could

be canceled out since energy resolution is lost via (4.1.4) at lower beam potentials. The

dimensions of the emitter are shown in Figure 4.3.10

SIMION

Figure 4.3.9. Emitter design in electric potential space with φφφφa = 900 V,
φφφφx = -200 V, φφφφex = 1100 V and φφφφf = 1200 V



121

Figure 4.3.11 shows a picture of the assembled emitter and lens. Most of the components

used to put the emitter together are commercially available (Kimball Physics Inc).

Stainless steel is the material used for every conductive component. The cylinders are

spot-welded to appropriate apertures. Alumina tubes and spacers are used to separate

individual electrodes. Also shown in this picture are a set of deflection plates used to

steer the beam into the detector and the electrostatic gate.

Thickness of the Extractor and Lens 1 plates is 0.025” = 0.635 mm

Longitudinal separations:

N = 0.3 mm
A = 2.54 mm
B = 0.64 mm

Aperture diameters:

E = 5.08 mm
LD1 = 11.4 mm
LD3 = 16.25 mm

Cylinder lengths:

L2 = 5.59 mm
L3 = 7.87 mm

Needle

Extractor Lens 1 Lens 2 Lens 3

N

E LD1 LD3

A A

B

L2

L3

φa

φx φ f

Figure 4.3.10. Emitter dimensions
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4.4. Electrostatic Gates

A common part of many TOF spectrometers is the electrostatic gate, which stops the flow

of particles when activated. The gating mechanism introduces electric fields in the

direction of motion of the particles that could modify the velocity, and therefore the

Figure 4.3.11. (a) Assembled emitter with einzel lens, electrostatic gate
and deflection plates, (b) close-up of the needle and (c) emitter inside

the vacuum chamber with electrical connections.

pinhole needle
tip

extractor
aperture

(a)

(c)

(b)
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energy level of those that are not stopped because of the gate non-idealities [62]. The

perfect gate would present symmetric potentials upstream and downstream along the

particle’s path when active and therefore no electric forces would show up in the

direction of motion. The interleaved comb gate is an example. It is constructed from very

thin, closely-spaced conducting filaments having alternating positive and negative

potentials [63,64]. The most elementary type of symmetric gate would be a set of parallel

plates. The problem with these is that they behave non-ideally near the plates, and also

require very high voltages to produce important deflections.

Very fine interleaved comb gates may be unsuitable for colloid experimentation since

liquid could deposit in the filaments, causing possible short-circuits. If non-ideal devices

need to be used, gate effects that would modify the measurements can be expected. In

this section, a model to describe these effects is presented.

The electrostatic non-ideal gate used in the experiments introduces a potential barrier that

allows particles to reach the current collector or be stopped and reflected. The simplest

model (which could also be the correct one in a charge-free region) for the gate is a linear

barrier grounded at its extremes as shown in Figure 4.4.1. The parameters that completely

describe this barrier are the positions of the pulsed and grounded grids; xm  and x∞

respectively, and the grid voltage φm . Shown also is the potential level φB  of the particle

beam. It is clear that, since φ φB m< , all particles are stopped when the barrier is up.

φm

φ

xm x∞
x

0

φB

Figure 4.4.1. Electrostatic gate potential barrier
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In some of the experiments, the barrier is normally closed and opens only for a small time

T. Defining x0  as the position of a particle at the time when the barrier is opened, the

position of the particle at the moment when the barrier closes is,

x x T
q

m

x

x

x x T
q

m

T B m
m

T B

= + −






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

= +

0
0

0

2

2

φ φ

φ

    

for
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0

0

0

0

>

<

,

.

(4.4.1)

If the particle has enough energy to pass the potential barrier by the time it closes, it will

in general leave with a different energy than it had prior to entering the barrier influence

zone. This is evident since the fields generated by the potential distribution are axially

directed and they either accelerate or decelerate charged particles depending on their

positions. The different regions that share an energy level in the exit plane are shown in

Table 4.4.1 in terms of the non-dimensional parameters,

ξ ξ ξ α φ
φ

α φ

0
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2

= = = =

= ( )

∞
∞x

x

x

x

x
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q

m
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T

m
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B

m

T m m

,

.

         (4.4.2)

Region ξ0 ξT

A1 ξT < 0

A2 0 1< <ξT

A3 1< < ∞ξ ξT

A4

ξ0 0<

ξ ξT > ∞

B1 ξ ξ0 1< <T

B2 1< < ∞ξ ξT

B3

ξ0 0>

ξ ξT > ∞

Table 4.4.1. Regions with different energy characteristics
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For each of these regions the non-dimensional energy gain (or loss) is given by,

∆ε φ φ
φ

=
−( )T

B

0 ,    (4.4.3)

where φ0  and φT  are the local potentials corresponding to x0  and xT  respectively. Table

4.4.2 shows the energy level for each region and whether it contains particles that pass

through or bounce from the potential barrier.

R ∆ε Pass the barrier?

A1 0 No

A2 ξ α α
α

0 2+ v T

v

If ξ0 is larger than

1 2− −α α αv v T

A3

ξ ξ α α
α ξ

∞

∞

− −
−( )

0 2

1
v T

v Yes

A4 0 Yes

B1

2 0α α ξ
α

T v

v

−( ) If ξ0 is less than

α α
αv

v

T

−
−( )1

2

2

B2

ξ ξ α α ξ
α ξ

ξ
α

∞

∞

− − −( )
−( )

−0 0 0
2

1
T v

v v Yes

B3 − ξ
α

0

v

Yes

Table 4.4.2. Energy change of particles

The velocity at which particles leave the gate is then,

v vs∞ = +1 ∆ε         with         v
q

ms B= 2 φ , (4.4.4)
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where vs  is the original particle velocity. Plotted in Figure 4.4.2 are lines of v vs∞ /  with

respect to the initial position ξ0 for three cases with T = 30µs, xm =10mm, x∞ =15mm,

φB = 700V and φm = 950V. In the first case (q m/ =100 C/kg), all particles exit the gate

with a velocity v vs∞ > . The net effect for these conditions would be a shift and

broadening of the measured spectrum. In the second and third cases, particles start to fall

into region A4, in which their velocity remains unchanged. Also for these cases, a

fraction of the particles leave the gate with velocities lower than the source velocity.

Figure 4.4.2 gives a preliminary indication that the fraction of particles that leaves the

gate with a different velocity than the original will be smaller for larger values of specific

charge, i.e., for larger particle velocities. The reason for this is that the larger the particle

velocity, the smaller the residence time inside the gate, and therefore the smaller the time

for interactions.

-2.5 -2 -1.5 -1 -0.5 0 0.5 1

0.5

1

1.5

v in
f/v

s

q/m = 100 C/kg

-2.5 -2 -1.5 -1 -0.5 0 0.5 1

0.5

1

1.5

v in
f/v

s

q/m = 300 C/kg

-2.5 -2 -1.5 -1 -0.5 0 0.5 1

0.5

1

1.5

v in
f/v

s

q/m = 500 C/kg

Particle initial position x
0
/x

m

Figure 4.4.2. Velocity maps for different specific charge
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The fraction of total current f dvv∞ ∞  contributed by particles in [ v∞ , v dv∞ ∞+ ] is written in

terms of f x dxx0 0 0( ) , the fraction of passing particles in the range [ x0 , x dx0 0+ ] and

f q m dq m
q
m( ) , the fraction of current emitted by the source in [ q

m , q
m

q
md+ ],

f dv f x dx f q m v x d q mv x q m∞ ∞ ∞−∞

∞
= ( ) ( )( ) ( )∫

0 0 0 0, .     (4.4.5)

Note that q m q m v x= ( )∞, 0  through Table 4.4.2 and Equation (4.4.4), since v∞  depends

on location x0  at gate opening and particle q m . If x0  and v∞  are fixed, this determines

q m , although maybe non-uniquely. For a line of constant q m ,

dv
v

x
dx

v

q m
d q m

v
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and the exit velocity distribution function is,

f v f q m f x v q m
d q m

v x v q mv q m x

q m

∞ ∞ ∞
∞ ∞

∞( ) = ( ) ( )[ ] ( )
( ) ( )∫

0 0
0

0
,

,∂ ∂
.   (4.4.7)

Defining n x0( )  and v x0( )  as the number of particles per unit length and particle velocity

at x0 , the fraction of passing particles per unit length dx0 in the interval between x0  and

x dx0 0+  is,

f x
n x

n x dx
x

x

x0

0

00
0

0 0

( ) = ( )
′( ) ′∫

min

max ,          (4.4.8)

where x x0 0min max,[ ]  defines the interval in which particles pass the barrier. Since the

particle flux Γ  must be conserved,
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Γ = = ( ) ( )nv n x v x0 0 .       (4.4.9)

Substituting (4.4.9) into (4.4.8) and using Tables 4.4.1 and 4.4.2, the passing particle

fraction is,

f x Bx
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(4.4.10)

in which the coefficient B is given by,

B xm v v T v T= + −( ) +( )α α α α α2 1 1 2 .           (4.4.11)

Equations (4.4.1-4, 4.4.10-11) and tables 4.4.1 and 4.4.2 can be used to compute the

elements of (4.4.7) for a given set of physical parameters, with the exception of those

particles contained in region A4 for which a special treatment is required.

Since all particles in region A4 pass the barrier without energy change, the function

f xx0 0( ) is a constant and the partial derivative in (4.4.7) is zero. This means that,

f x v

v x
x0 0

0

∞

∞

( )[ ]
→ ∞

∂ ∂
, (4.4.12)

is a Dirac delta function whose contribution can be added to the rest of the terms in

(4.4.7). The delta function can be written as,

f x v

v x
C v vx

s
0 0

0

∞

∞
∞

( )[ ]
= −( )

∂ ∂
δ

A4

.           (4.4.13)

Using (4.4.10) and performing the integral in the A4 region, the value of C is computed,
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Figure 4.4.3. The effects of using non-ideal gates for increasing
particle velocity



130

C
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Equation (4.4.14) depends on q m  through αT . The additive contribution of region A4

for the distribution function (4.4.7) is,

∆f f q m v C q m v
q m

v q m
B

∞
= ( )[ ] ( )[ ]∞ ∞A4

2
φ

, (4.4.15)

after noting that δ δv v dv q m v d q ms∞ ∞ ∞−( ) = ( )( ) ( ) . This analysis can be used to improve

the design of non-ideal gates by assessing how the experimental parameters modify the

outcome of the measurements. For the same set of values used for Figure 4.4.2, the

velocity distributions, as calculated with (4.4.7), are shown as the continuous line in

Figure 4.4.3. The dashed line represents the assumed source gaussian-shaped q m

distribution. The normalized area under the curve is proportional to the probability of

having particles with such velocities.

For the three cases shown in Figure 4.4.3, the fraction of particles that leave the gate with

different energy is smaller for larger source velocities. In particular it is seen that for

q m = 600 C/kg, the fraction of particles leaving with higher velocities is very small.

Most the experiments in this study involve the use of highly doped solutions with

relatively large conductivities, thus yielding specific charges about one order of

magnitude higher for the droplets and almost three orders of magnitude for the ions when

compared with the largest number used in the previous example. It can be concluded that

the effects of using this type of gate will be negligible in the measurements.

The final design of the gate is schematically shown in Figure 4.4.4. The gate is composed

of three stainless steel plates with apertures separated by alumina tubes. A tungsten mesh
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with a transparency of about 90% covers the inner aperture. Practically all experiments

were performed with xm = 2 5.  mm, x∞ = 5 mm, and φm = 950V. This gate size is smaller

than the one shown in the examples above, further reducing the residence time of

particles inside it and therefore the effects on their energies.

4.5. Colloid Thruster Liquids

Perhaps one of the most relevant issues having an impact in thruster development is the

propellant selection. If high specific impulse is desired, then liquids with relative high

conductivities are necessary. In other words, good polar solvents with high dielectric

constants are required. These type of solvents can be doped with salts very close to

saturation, to reach conductivities larger than 1 S/m. It is also desirable to work with low

volatility liquids, since operation in space would cause large evaporation losses unless

very small emitters are used - difficult since clogging problems increase as inner

diameters decrease.

F. de la Mora [11] and Gamero [58] performed an extensive search for propellants and found

there are several liquids that meet the criteria. In particular, formamide (CH3NO) seems

1.5’’

0.6’’

0.1’’

0.1’’

Figure 4.4.4. Diagram of the electrostatic gate used for the TOF experiments
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to be an ideal solvent for this application. It has both high dielectric constant and low

volatility. This formidable solvent is used to obtain measurements in the ion-droplet

mixed regime. Experiments are also done with Tributyl Phosphate or TBP [58], which has

a much smaller dielectric constant. This provides a relatively low conductivity, ideal to

explore pure droplet beams.

Even though solvents such as formamide appear to be ideal for colloid thrusters, their

non-zero vapor pressure is still problematic when considering in-space operation. If the

thruster is required to stop during any period of time, liquid remaining in the emitter tip

will evaporate, leaving behind salts that could block the flow when a re-start is attempted.

One solution would be freezing the liquid while the thruster is not working and then

thawing it moments before a re-start. However, phase changes like this modify the

material volume and lead to a possibility of structural failure as well as the additional

complexity required to perform this thermal cycling.

Romero, Bocanegra and F. de la Mora [52] have also explored the possibility of using pure

ionic liquids as colloid thruster propellants. Ionic liquids [65,66,67,68] have the important

property of remaining in the liquid state down to ambient temperature (organic molten

salts). They were discovered recently and new ones with different properties are

continually being developed, potentially the ideal liquids for space propulsion. Ionic

liquids have relatively high conductivity, which increases dramatically with temperature.

Their viscosity also depends strongly on temperature. The controlling parameter in a

colloid thruster using this type of propellant could then be the liquid temperature. Perhaps

the most important aspect of ionic liquids is that they have practically zero vapor

pressure, thus eliminating the problems associated with volatile liquids.

The final liquid used in this study is an ionic liquid 1-Ethyl-3-Methyl-Imidazolium

Tetrafluoroborate (C6H11BF4N2), or EMI-BF4, first used by Romero et al. [52] for this

purpose.
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All the liquids used in the experiments share the property of being hydrophilic, so they

need to be dried prior to introducing them into the vacuum chamber by:

• Exposing them to vacuum

• Increasing the temperature

• Providing an ultrasonic bath

It is found that it is very important to follow these steps with care, since any quantity of

gas or water dissolved in the liquid will evaporate as the pressure in the line decreases,

creating bubbles that would make thruster operation very difficult, if not impossible.

Table 4.5.1 shows the physical properties of the liquids used in this study.

Solvent Solute Concentration K (S/m) ε
ρ

(kg/m3)

γ

(N/m)

µl

(cP)

Pv

(Pa)

Formamide LiCl 5%W 1.02 111 1130 0.058 3.8 ~1.9

Formamide NaI 28%W 2.15 111 1130 0.058 3.8 ~1.9

TBP EMI-BF4 7%W 0.05 8.91 976 0.027 3.4 0.58

EMI-BF4 1.3 1294 0.052 43 0

Table 4.5.1. Liquid properties at room temperature (25 °°°°C)

4.6. Flow Rate Control

Delivering the correct amount of liquid to the emitter is very important, experimentally

speaking. As explained in Chapter 3, the relevant parameter, which controls almost every

aspect of droplet and ion emission, is the flow rate. The magnitude of the flow rate for

single emitter operation, at the levels aimed to achieve, is extremely small. For example,

for the formamide + NaI solution, it is desirable to deliver flow rates close to η =1,

which translates to Q = × −2 5 10 14. m s3 , or 25 pico-liters per second. To put this in

perspective, a 1 ml liquid sample would last for 15 months of continuous operation.
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Two methods of injecting the liquid are evaluated and used in this study. The first one

consists of a positive displacement programmable syringe pump (Cole-Parmer model A-

74900-10). This pump delivers liquid in a wide range of flows and is easy to install in the

system. According to the model specifications, the lowest flow rate that can be achieved

by the syringe pump is 0.28 pico-liters per second, or about η = 0 1.  for the formamide +

NaI solution described in Table 4.5.1.

In spite of these formidable specifications, operating the syringe pump is very difficult

for a sample injection into vacuum. The main problem is to match the flow rate delivered

by the pump to the hydraulic impedance given by the tubing line and the fact that there is

a positive pressure constantly pushing the syringe piston, due to the pressure differential

(1 atm) between the inside and the outside of the chamber. The hydraulic impedance of

the line sets the minimum flow rate that can be achieved, while the syringe piston is

required to move faster than this flow. This increases the pressure of the line to very high

values, sometimes causing leakages, particularly in the interface between the syringe and

the tubing. This pressure accumulation in the syringe piston also causes flow rate

oscillations that are very difficult to eliminate, and in the end, there is a large uncertainty

of whether or not the programmed flow rate is actually delivered. All these problems

multiply for lower flow rates. It is quite obvious, after using the pump for a while, that if

low flow rates are desired, a different approach is needed. Nevertheless, some very useful

data were obtained using this system at larger flow rates, as will be shown in the next

chapter.

The second method consists of a gas pressurization system to control the flow rate,

similar to that used by Gamero [58]. This is the selected technique for most experiments.

Given the importance of flow rate, a full description of this pressurization system is

presented. A schematic showing the different components and connections can be seen in

Figure 4.6.1.
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The basic idea is to control the pressure P0 inside the liquid container by using a gas tank

(delivery pressure = Pin ) and a mechanical vacuum pump. Once the pressure P0 is

known, the liquid (laminar, Poiseuille) flow rate is given by,

Q
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where µl  is the liquid viscosity. The rest of the quantities can be read in Figure 4.6.1. P

relates to pressures, D is for tube diameters, and L represents tube lengths. The gaseous

mass flow rates are also modeled as laminar flows,
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Figure 4.6.1. Gas pressurization system for liquid injection
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where µg  is the gas viscosity, R is the gas constant, and T is its temperature (assumed

constant). The exit choking has been neglected.

In steady state, there should be no mass depletion or accumulation inside the liquid

container, and therefore ˙ ˙m min out= . Using this condition and (4.6.2) an expression for the

container pressure is obtained,

P
P PM in
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In general, the mechanical pump pressure PM  is much lower than the inlet gas pressure

Pin  or even the container pressure P0. This depends of course on the pumping capacity of

the mechanical vacuum pump. A more complete analysis can be used to compute PM  as a

function of the gas flow and the pumping speed SP ,

P RT
m

SM
out

P

=
˙

.  (4.6.4)

ṁout  is given by (4.6.2), then substituted into (4.6.4) and back into (4.6.3) to obtain an

algebraic equation for P0. If SP  is large enough, then PM  can be neglected in (4.6.3). For

example, for a vacuum pump (Varian SD-201) with SP = 3 25.  l/s , the pump pressure PM

is more than two orders of magnitude smaller than P0, even for the largest values of Pin .

Under these conditions, (4.6.3) can be written simply as,

P Pin0 1
=

+
β

β
.     (4.6.5)

Finally, the pressure at the needle inlet can be computed with (4.6.1),
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The chamber pressure Pc is known and is much smaller than any other pressure in the

system by at least 4 orders of magnitude, therefore its contribution to (4.6.6) is negligible.

Table 4.6.1 contains the model parameters used for the experiments with formamide +

NaI. Figure 4.6.2 shows a plot of flow rate (4.6.1) and the container pressure (4.6.5) as

functions of the gas inlet pressure Pin  for the parameters of Table 4.6.1.

Tube ID µm Tube length cm

Dn  (needle) 20 Ln 4.5

Dc 50 Lc 70

Din 63.5 Lin 100

Dout 381 Lout 20

DM 3680 LM 100

Table 4.6.1. Pressurization system parameters for formamide + NaI

These values were obtained by the following procedure. (1) An initial set of values is

determined from the actual dimensions of the system’s connections. (2) Three calibration

measurements of the flow rate at different inlet pressures are then conducted. Measuring

the flow rate with macroscopic tools is difficult and time-consuming, so it is attractive to

make a model that provides a one-to-one correlation between the easily measurable inlet

pressure and the flow rate. To measure the flow rate for this calibration, a small bubble is

injected into the 50 µm fused silica tubing used to transport the liquid from the container

to the needle. Given the small dimensions and low flow rates, the bubble has to be

tracked using a microscope. Knowing the time it takes the bubble to move a certain

distance, the flow rate can be estimated. The three experimental measurements are shown

as the diamonds in Figure 4.6.2.
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(3) The tube length model values are finally tuned (tubing diameters are kept fixed) to

obtain the best fit with respect to the measurements, as shown by the solid line in Figure

4.6.2. For this calibration, a 5 µm needle-emitter ID tip was used, working with an

extractor voltage of φex =1250 V .

As can be expected, there are several sources of uncertainty in this approach. One is the

measurement error when determining the time and distance while following the bubble.

Another is the neglect of the pressure drop in the cone, even though it should be small

since the surface tension is closely balanced by the electric pressure, but still might

depend on the applied voltage.
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5. Experimental Characterization

5.1. Needle Emitter Test

The first experimental run was aimed at testing the performance and reliability of the

needle emitters selected for this study. The system setup consisted of the syringe pump to

inject the liquid through a 100 µm capillary that ran into the vacuum chamber and then

was connected to a higher flow impedance line of 20 µm, finally arriving to a 75 µm

needle emitter with a tip diameter of 30 µm. The extractor plate was positioned at about 3

mm from the tip. For these conditions and from Figure 4.3.2, a starting voltage of about 2

kV was expected. The tip of the needle could be directly monitored with the help of a

450x video microscope. A metallic collector plate was positioned 5 cm away from the

extractor, and its current was continuously monitored with an electrometer.

The purpose of this test was to determine the lifetime of the needle emitter and to observe

if flow control could be obtained with the syringe pump. An initial voltage of φa =1913V

was applied to the needle and a stable cone was obtained after reducing the voltage to

φa =1850V . The pump was initially programmed to deliver a flow rate of 0.1 µl/min (1.7

nl/s) and an initial current of 800 nA was detected. The chamber pressure at start-up was

9 10 6× −  Torr . The liquid used for this test was formamide + LiCl - its properties can be

found in Table 4.5.1.
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The current was monitored with time for the 117 hours that the system was in operation

and is shown as the solid line in Figure 5.1.1. The dashed line in the same plot results

from calculating the current from Equation (3.1.21), using the flow rate programmed into

the syringe pump, which was varied at different times in order to observe how the current

responds to flow rate variations.

Note that the magnitude of the measured current differs from the calculated current by

about a factor of 2. It, however, roughly follows the same shape as the calculated current.

This is an indication that the syringe pump is delivering higher flow rates. Of course,

some calibration could be performed to correlate the indicated and the real flow rate.

The real problem with the pump is reflected in some of the transients. At startup, the flow

rate is decreased but the current increases and then decreases until reaching a steady

value. After that, every time the flow rate is changed the current changes accordingly but
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Figure 5.1.1. Current profile for the needle emitter test
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in general, do not reach a consistent value. This is apparent in the time ranges 20-40, 50-

65, 70-90 and 90-116 hours. Not only the reading of the flow rate from the syringe pump

is incorrect, but also the real flow delivered is different after a transient, though the

reading is the same. These inconsistencies are the main reason why the syringe pump was

substituted by a gas-pressurized system, as discussed in Section 4.6.

On the other hand, this test was extremely useful to characterize the general behavior of

the needle emitter. It was observed that, except for the transients, the current lines were

stable in time. Under the microscope the cone appeared stable as well. The needle ran

continuously without any problems. In fact, the only contingency happened at about 90

hours into the sequence. For some reason, the syringe pump stopped working and

therefore the current decreased until reaching minimum flow conditions. The cone

disappeared and the residual meniscus evaporated, leaving some LiCl salts that

accumulated on the needle tip. Increasing the voltage momentarily to φa = 2300V  while

resetting the syringe pump solved the problem. The salts accumulated were extracted

from the tip and the cone formed again.

The test was intentionally stopped after 117 hours of operation. Once the system was

disassembled, the needle was inspected and no damage was observed to either the tip or

the conductive coating.

5.2. Beam Spreading and Focusing

Given the interest in performing reliable TOF measurements of colloid beams and, since

electrospray emissions suffer from space-charge effects (the most noticeable being the

initial spreading), it is decided that measuring the terminal angle at which particles

diverge is important to determine whether ion optics are necessary for improving the

overall resolution of TOF experiments [69].
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The colloid beam source consisted of a single fused silica needle with ID of 75 µm and

final tip ID of 30 µm. As in the previous experiment, the syringe pump was used to inject

and monitor the liquid flow rate. The liquid solution was also formamide + LiCl. As

already discussed, capacitive effects due to pump operation under vacuum did not allow a

precise determination of the flow rate from the setting of the pump alone. Nevertheless

the results from Section 5.1 are used to estimate Q = × −2 10 12m /s3  (2 nl/s).

For this experiment, the emitter design shown in Figure 4.3.7 was used. The needle tip

was positioned at the center of a circular aperture of 6 mm in diameter that served as the

grounded extractor electrode. For the focusing experiments, the electrostatic lens was

positioned close to the extractor and was biased negatively with respect to ground by

using a high voltage power supply.

The current collector (Figure 5.2.1) is comprised of a single circular plate, 1 cm in

diameter, surrounded by a series of 10 concentric metallic rings, each with a width of 3

Figure 5.2.1. Current collector
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mm and a maximum radius of 3.5 cm. Each ring is electrically isolated from the rest and

has an individual connection to a chamber feed-through.

With this setup, the collected current can be measured at different angles from the

centerline with a radial resolution given by the number of rings. The electrometer is used

to record the signal from each ring while the emitter is in operation. It is assumed that the

beam angle is basically constant, except for regions very close to the needle tip, as

discussed in Section 3.3. By measuring the current profiles for each ring at different

distances L from the extractor to the collector and without using the lens, the beam profile

can be built, assuming good alignment with the detector centerline. If the lens is used, the

effect of different focusing potentials on the recorded current can be obtained. The

experimental arrangement, including the lens and the collector, is shown in Figure 5.2.2.

The background pressure during tests was about 5 10 6× −  Torr . The emitter to extractor

Figure 5.2.2. Experimental setup for the beam
spreading, focusing experiments
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potential was held at 1.9 kV. This value was determined by visual inspection of a stable

cone at the needle tip and measurement of a stable current.

The amount of spreading of the charged beam was determined first. The lens was taken

out from the system and current density measurements were performed at three different

axial positions from the extractor/emitter plane. The results are summarized in Figure

5.2.3. It is interesting to note that for the first two measurements ( L = 3 5.  and 7 cm), a

more or less uniform charge density profile can be observed. For the third measurement

( L =13 cm), the profile is roughly uniform but spreads out covering the whole area of the

detector. From the cutoff values of the current and the distances involved, a semi-angle of

about 18o  can be estimated.
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Figure 5.2.3. Current density distributions from experiments with formamide +
LiCl and Q = 2 nl/s, Pc = 5××××10-6 Torr and φφφφa = φφφφex = 1.9 kV for a 30 µµµµm ID emitter
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The non-dimensional flow rate for this case, from the liquid properties of Table 4.5.1 and

Equation (3.1.22) is η ≈ 6 36. . Substituting this value into (3.3.19), a spreading semi-

angle of 19 06. o  can be calculated, using f ε( ) = 20. These measurements prove that the

divergence semi-angle is usually large, and unless very large collectors are used at

relatively short distances, TOF measurements would not be able to reach high resolution.

As will be shown later in this chapter, divergent beams introduce an additional energy

spread in the measurements. This means that the larger collector, longer distance solution

is not ideal at all. Ion optics is a necessity for analysis of colloid thruster emissions. The

next experiment was done to determine if colloid beams, made out of charged droplets,

could be electrostatically focused.

The einzel lens was installed in the system, as shown in Figure 5.2.2 and the current

collector was positioned at a distance L =13 cm from the extractor plate. If the lens

works as expected, then the current collected in the inner circular electrode at the detector

will increase as more trajectories are directed towards it by the focusing effect.

Figure 5.2.4 shows the current collected by this electrode as a function of various

negative lens potentials. A maximum in current (72 nA) is obtained when φ f ≈ −5 5.  kV .

It is interesting to observe that for higher negative values the current starts to decrease.

The reason for this might be related to space charge itself, since the self-repulsion forces

get stronger as the local charge density increases, which happens when the beam becomes

too concentrated near the propagation axis (focused ahead of the collector).

The einzel lens behaves as designed, but it also suffers from the anticipated problem (see

Section 4.3) regarding the closeness of some trajectories to the electrode surface. The

total current collected by the detector can be extracted by integrating the curves in Figure

5.2.3. It can also be calculated with F. de la Mora’s law (3.1.21). In both cases, the

current is close to 400 nA. The current collected in Figure 5.2.4, however, is about 1/4 of

the emitted current, including the measurements of adjacent electrodes at φ f ≈ −5 5.  kV .

This means that most of the current is lost in the lens itself. This is the reason why the

focusing system is re-designed, as explained in Section 4.3.
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5.3. Dual Gate TOF

The idea behind this method, as described in Section 4.1, is to design a TOF technique

well suited to measure specific charge distribution in electrosprays when ions and

droplets are simultaneously present in the beam. It would be desirable to obtain at least 1-

Dalton resolution for the ions, so as to be able to identify them and their solvatants. The

very precise methods used in analytical chemistry for the detection of trace impurities,

where small fractions of 1 Dalton resolution are possible, suffer from one defect: the

dynamic range will not extend to the droplets.
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with formamide + LiCl and Q = 2 nl/s, Pc = 5××××10-6 Torr and φφφφa = φφφφex = 1.9 kV
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In addition to specific charge, a measurement of the acceleration potential of each particle

type is needed for a complete diagnosis. As explained in Section 4.2, this is typically

done through stopping potential analysis. An alternative, which does not require

differentiation of the data, is to use some form of an electrostatic reflector, which will

segregate an incoming beam into emerging beams at angles dependent on the potential,

but independent of specific charge. The goal is to design an apparatus with these

considerations in mind. A schematic of such system is shown in Figure 5.3.1.

In this design the single-needle emitter/extractor is followed by an einzel lens, which has

the dual purpose of beam focuser (as already demonstrated) and beam decelerator for

increased flight time. For centering of the beam in its target, a charged particle deflector

is required. The drift length is split into two halves by the use of an electrostatic mirror,

which accomplishes three objectives: (a) it increases the TOF working distance, (b) it de-

sensitizes the TOF measurements to variations about a nominal accelerating voltage, and

(c) it provides lateral separation of the beam into components of different energy.

As discussed in Chapter 4, the TOF determination is analogous to the classic Fizeau

technique for measuring the speed of light. A systematic rejection of the much slower

droplets must be made in order to individually analyze the faster species in the beam. To

Figure 5.3.1. Conceptual design of a dual gate, high resolution TOF

electrostatic
mirrorbeam deflector

-Extractor
-Ion optics
-Electrostatic gate #1

emitter

-Electrostatic gate #2
- Current collector

energy spread
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accomplish this, opening pulses for both gates are synchronized in such a way that ions

with a narrow specific charge range will reach the detector before the fastest droplet from

the first opening of gate 1 reaches the second gate. The sequence is repeated after the

slowest droplets have cleared the drift length. This process is illustrated in Figure 5.3.2.

Before building the complete system, a validation experiment was performed, in which

the mirror was omitted and only droplets were present in the beam, which allowed use of

less rapid pulses [70].

For this experiment, the TBP solution described in Table 4.5.1 was used. As pointed out

earlier, its conductivity of 0.05 S/m is insufficient for ion emission and therefore is ideal

to investigate pure droplet beams. The fused silica needle emitter was 75 µm ID in the

body and 15 µm ID in the tip. Unlike every other experiment, the whole needle was

coated with a metallic multi-layer (New Objective Inc). As in Section 5.2, the syringe

pump controlled the liquid feed. Including the associated uncertainties, the flow rate is

estimated to be close to Q = × −5 10 13  m /s3  (0.5 nl/s), which is about 11 times the

minimum stable flow for cone-jet formation as given by η =1 in (3.1.22).

Gate 1

Gate 2

The pulse width is
selected to maximize duty
cycle and resolution

Gate 2 follows gate 1 with a phase shift
that selects the specific charge spread that
is allowed into the detector

After a given number of pulses, both gates
remain closed to allow for the slowest
droplets to be removed from the flight path

The closed time between
pulses removes non-selected
ions from the flight path

TIME

Figure 5.3.2. Functioning of the TOF spectrometer in the ion-scanning mode
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As mentioned in Section 4.2, capacitive coupling induces electrostatic noise in the

detector, which is anticipated to be a problem since the detector is required to be

relatively close to the second gate. To minimize these effects in this experiment, a

shielded Faraday cup was used as the detector, and was placed 2 cm from the second

gate. A 15 mm diameter grounded stainless steel tube was placed between gates, to

provide a zero-field drift region. The distance between gates was set at L =15 cm. The

high-voltage lines connecting the pulse generators were shielded using coaxial cable, and

were routed as far apart as possible from the detector lead, which was also shielded using

low-capacitance cable. Despite this, the 1 sq. inch plate supporting the gate grid in front

of the collecting Faraday cup was found to interact strongly with the output signal during

fast pulses. Two grounded shields were interposed, one physically identical to the pulsing

plate, at about 3 mm from it, and an open mesh covering the 10 mm open area of the

Faraday cup itself. After these additions, the input capacitance (10 pF) of the electrometer

somewhat reduced the spurious signals during pulses. The general arrangement is shown

in Figure 5.3.3, where the emitter needle would be on the left side, and the collector is

seen on the right.

Figure 5.3.3. Apparatus configuration for validation experiment

drift tube

faraday cup

gate 2gate 1

extractor
and lens
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The emitting needle was biased with respect to ground at +700 V, while the extractor was

set at –500 V. The detector was grounded. The focusing potential was biased at

increasingly negative voltages, until the current reading was maximized at about –6 kV.

Figure 5.3.4 shows experimental results under these conditions. Two droplet population

distributions are apparent, centered at flight times of 120 µs and 270 µs, corresponding to

speeds of 1250 m/s and 560 m/s. The faster population constitutes approximately 17-20%

of the total current. A background current of 25 pA, due in part to the remaining

capacitive coupling and gate leakage, is also present. In both cases, the pulse repetition
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Figure 5.3.4. Time of flight spectrum taken with two different pulse widths for
TBP and Q = 0.5 nl/s, φφφφa = 700 V, φφφφex = 1.2 kV, and φφφφf = -6 kV for a 15 µµµµm ID

emitter. Pulse repeating period is 500 µµµµs
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rate was 2 kHz (500 µs between pulses for each gate). Comparison of results with two

pulse widths of 20 µs and 30 µs shows that the current level is higher with longer pulses,

while introduction of time spread causes a shift towards lower times. The peak widths,

however, appear to be insensitive to pulse size, which suggests that the observed broad

time distribution may be related to some intrinsic distribution in either the specific charge

or the beam potential.

The electrospray current can be estimated by using Equation (3.1.21). Gamero [71] has

used various TBP solutions, and a value of f ε( ) ≈ 7 is extracted from his data. Using the

properties in Table 4.5.1, a total droplet beam current of I = 62 nA is computed.

However, with both gates open, a current of only 8.2 nA, or about 13% of I was detected.

The discrepancy may be due to a number of reasons, such as the 85-90% transparency

grids installed in the gates and shields. Since four of them are used in series, a 50-65%

transmission can be expected. Other losses may be due to the ~ 16o  spray angle computed

from (3.3.19), which is larger than the 13o acceptance angle of the einzel lens and account

for an additional 20% loss. But as explained in Section 4.3 and as seen in Figure 4.3.3(c),

the loss effect is magnified by the aberrations introduced by the proximity of the outer

trajectories to the electrode surface.

The expected droplet charge/mass ratio can be computed using (3.1.23). This gives

q m =127 C/kg. Assuming that the net acceleration potential for these droplets is the

same as the needle voltage, a speed of 422 m/s  is calculated, which corresponds to a

TOF of 355 µs. This time is larger than the 270 µs observed for the slow component in

Figure 5.3.4. In fact, these experimental data indicate a specific charge q m = 224 C/kg

for the slow component and q m =1120 C/kg for the fast.

The reason for this inconsistency was traced to what was already explained in Section

4.4. As can be seen in the first plot of Figure 4.4.3, when working with particles with

relatively low specific charge, the gate non-idealities will have the undesired effect of

increasing the net velocity of all particles, and in this particular case, creating a second

family at much higher velocities.
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To validate this assumption, the effect the gate has on a specific charge distribution

function was calculated using the set of tools presented in Section 4.4. The source

distribution was assumed to be gaussian with a single peak centered at the expected

q m =127 C/kg, or a TOF of 355 µs. The result of this calculation is shown in Figure

5.3.5. The dashed line represents the experimental data for the 30 µs pulse, from Figure

5.3.4.

As explained in Section 4.4, the effects of the gate on faster particles (larger specific

charge) would be very small, as evidenced by Figure 4.4.3. The same setup can be used

to validate this assumption by changing the fluid to one with higher conductivity. With

this in mind, a set of experiments were made using the formamide + NaI solution with its

properties outlined in Table 4.5.1. The flow rate in this case was estimated to be close to
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Q = × −8 10 13  m /s3  (0.8 nl/s). The result from sweeping the time delay between gates is

shown in Figure 5.3.6. Error bars have been included in the plot, showing the stability of

the current during operation.

From (3.1.23) the specific charge is q m = 660 C/kg, which corresponds to a velocity of

961 m/s, or a TOF of 156 µs. This value is very close to what is observed in the

measurements of Figure 5.3.6, thus validating the assumption that the effect of the gates

is negligible for sufficiently fast charged particle beams.

Similar to the measurements done with TBP, the peak FWHM (full width at half

maximum) is about 80 µs in Figure 5.3.6, or about 50 µs larger than the pulse used to

create the spectrum, thus revealing that the time spread cannot be attributed to the gate

width alone, but also to an energy distribution and a specific charge polydispersity

centered around the nominal value of 660 C/kg. Unfortunately, no stopping potential
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Figure 5.3.6. Dual gate TOF measurements with formamide + NaI
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measurements were performed to identify the relative contributions of these spreads. The

small peak precisely centered at 30 µs is artificially introduced by a gate resonance

mechanism.

Given these results, it is not difficult to understand why this method was eventually

abandoned before implementing it to obtain high-resolution TOF spectra of fast ions.

Among the drawbacks are extremely weak current signals, just above the capacitive

coupling and gate leakage levels. As faster species are analyzed, shorter pulses are

required for the resolution to remain constant. The distance between pulses, however, is

dictated by the speed of the slowest droplets, and therefore the duty cycle, i.e., the current

throughput, decreases. Furthermore, faster pulses increase the amount of capacitive

coupling. This reduction of the signal to noise ratio is more than the system can handle,

and practically no current was detected in the trials with faster particles. Despite this, the

experiments presented in this section are useful to characterize the properties of the

electrostatic gates.

5.4. Flow Rate and Ion Emission

As mentioned in Section 3.2, ion emission from a colloid thruster will occur whenever

the ratio K/Q exceeds a certain value. The extreme case is pure ion evaporation in liquid

metals, where the conductivity is orders of magnitude higher than in either organic-based

or ionic colloid thruster liquids. The two quantities in this ratio play a role in the onset of

ion emission. As the flow rate is decreased, the surface curvatures induced by the external

voltage in the Taylor cone tip become very high and with enough charge transport from a

high conductivity solution, the normal electric field can reach values sufficiently large to

start surface evaporation of ions. But as explained in Section 3.1, the flow rate cannot fall

below a minimum value or else the cone goes unstable. Above this value, the current

follows the F. de la Mora’s law (3.1.21) down to almost all values of Q, except for cases

when sufficiently large liquid conductivities induce ion emission. In such cases, the
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current increases with decreasing flow rate. This behavior was first reported by Gamero

and F. de la Mora [41] for several formamide + NaI solutions with different conductivities.

For this experiment the syringe pump was substituted by the more reliable gas

pressurization system described in Section 4.6. The flow rate was estimated using the

calibration lines of Figure 4.6.2. The distal coated needle emitter had a 20 µm ID body

section followed by a 5 µm ID tip. This small size is particularly useful for minimizing

evaporation losses, for reducing the starting voltage (as seen in Figure 4.3.2) and for

working with the small flow rates required for ion emission. The applied voltage was set

to φa =1250V  with respect to the grounded extractor. No lens is installed in the system

and a sufficiently large detector plate is placed 2 cm from the extractor, close enough to

contain the whole beam.
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NaI and φφφφa = φφφφex = 1250 V for a 5 µµµµm ID emitter. Detector distance

from the extractor = 2 cm
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The solid line in Figure 5.4.1 shows measurements made at different flow rates with the

formamide + NaI solution described in table 4.5.1. The segmented curve represents

Equation (3.1.21) with f ε( ) = 20. This particular formamide mixture has a high ion yield.

Almost every possible ion fraction is covered for the range of flow rates shown.

Assuming that the I(Q) law valid for droplets alone continue to be valid in the presence of

ion emission, the droplet current, as given by (3.1.21), can be subtracted from the

measured total current in this experiment to find the ion current as a function of flow rate.

The result of this operation can be seen as the solid line in Figure 5.4.2. The relationship

between the flow rate and the non-dimensional parameter η (3.1.22) is depicted in the

same figure as the dashed line.
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5.5. Energy Properties of Colloid Beams

For measurements of the energy properties of colloid beams, the same setup as the one

described in the previous section was used (including voltages and distances), except for

a pair of metallic grids positioned close to the detector surface. As described in Section

4.1, one of these grids is grounded while the one closer to the detector is biased to a

potential varying from zero to slightly above the beam potential, thus retarding the

motion of the charged particles and allowing a determination of their energy distribution.

Many measurements of current as a function of flow rate are done for different stopping

potentials (SP). Several of those curves are plotted in Figure 5.5.1.
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Note that the stopping potential effect is generally different for the range of flow rates

shown. To illustrate this, SP data from three flow rates are extracted and plotted in Figure

5.5.2: curve (a) is for the highest Q shown in Figure 5.5.1, or about 0.6 nl/s, curve (b) is

for the flow rate where the current value is close to its minimum, or about 0.2 nl/s, and

(c) is for the smallest flow rate shown, near 10 pl/s, which is very close to the instability

limit, corresponding to a value of the non-dimensional flow rate of η ≈ 0 5. . The curves

have been normalized to show them on the same scale.
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The shape of curves (a) and (b) reflects the previously reported [71] behavior of

electrospray emissions at comparable flow rates; for high Q , curve (a), the beam is

composed of multiple-sized droplets, some of which are ejected at different (lower)

potentials, thus the relatively fast current decline between 700 and 800 V. For lower Q,

curve (b), the current decreases gradually, starting at higher voltages than in (a), and

therefore suggesting that particles are emitted from regions where the potential does not

change as much. For lower flow rates, curve (c), ion current dominates and the structure

of the remaining droplets becomes richer and more difficult to characterize.

In any case, what is most noticeable about these results is the fact that electrospray

emissions, particularly in the ion-rich regime, show a relatively broad energy distribution.

It is virtually impossible to find a charged particle source with zero energy spread. Even

if the source spread is very small, a number of possible mechanisms could magnify the

intrinsic energy distribution once the particles drift away. For example, space charge

forces could modify the axial speed of particles (Boersch effect) by individual charged

particle interactions. In this case, statistical/numerical analyses are required to determine

the energy broadening and are usually very difficult to come by if the charge density is

very high, as in focused ion or electron beams. In fact, mechanisms such as these are the

main cause of the observed energy spread in liquid metal ion sources (LMIS).

As mentioned before, LMIS work in a very similar way as electrosprays. Identical Taylor

cone mechanics explain the deformation of a liquid metal meniscus. The difference

between the technologies lies mainly in the fact that LMIS eject only ions, at least for

moderate currents. As mentioned in Section 3.3, the LMIS emission surface is a

hemispherical cap at the end of a small protrusion located at the tip of the Taylor cone.

This metallic surface is practically an equipotential and therefore, ions leave it with

extremely small energy differences, if any. Experimental measurements [43] of LMIS

energy spreads in terms of the FWHM for several metals at different temperatures as a

function of current can be seen in Figure 5.5.3.
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It can be observed that, for the smallest currents, the FWHM of the energy distribution is

below 5 eV, assuming singly charged ions emitted with potentials of a few kV. This is

drastically different from the hundreds of volts in spread for the ion-rich electrospray

measurements shown in Figure 5.5.2.

In addition to the intrinsic energy spread in particle beams, an additional broadening

mechanism is introduced as the particles diverge from the propagation axis. The larger

the angle, the less axial direction energy the particles carry.

To see this, assume all particles, originating from a common potential φB , leave the

needle with a speed v and are distributed over a semi-angle θ  as shown in Figure 5.5.4.

Figure 5.5.3. Energy distribution of LMIS, from [30]
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For any given diverging “ray”, its velocity component in the x direction is v vx = cosθ .

The energy associated with this component is E mv mvx x= =1
2

2 1
2

2 2cos θ . Since the

retarding electric field lies in the –x direction, particles under its influence will only lose

this component of the kinetic energy while climbing the potential barrier φs . Defining

E mv qo B= =1
2

2 φ  as the nominal (on-axis) energy of the beam and taking variations of

the stopping potential with respect to the beam potential ∆φ φ φs s B= − ,

∆φ
φ

θs

B

= −sin2 .  (5.5.1)

As a test for Equation (5.5.1), an experiment was performed in which the detector was

segmented into two concentric plates isolated from each other. The inner collector was

circular in shape with a radius of 10 mm while the outer collector was annular with inside

and outside diameters of 10 mm and 20 mm. The detector was positioned 20 mm from

the extractor-needle assembly. These dimensions were chosen such that the inner

electrode would collect all trajectories with θ < 20o . The flow rate was 0.05 nl/s (ion-rich

spray). The beam needle potential was set at φa =1650V  and the needle emitter had a 15

θ

v

vx

source

Figure 5.5.4. Beam divergence
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µm ID tip. The results of making SP measurements with this arrangement are shown in

Figure 5.5.5.

The plot shows current density values, so the difference in collector areas is already taken

into account. Note also that, as planned, most of the current is measured in the inner

electrode. The decrease/increase of current density for the first 1000 V applied to the grid

voltage is due to the change in particle trajectories while climbing and descending the

stopping potential barrier, i.e., particles that were moving directly into regions close to

the edge of the inner electrode got deflected enough to end up in the outer electrode.

It is observed that the potential curve of the outer electrode is shifted about –190V with

respect to the inner potential curve. Taking θ = 20o  and φs =1500V, ∆φs = −175V can be
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Figure 5.5.5. Energy distributions for the segmented detector with
formamide + NaI and Q = 0.05 nl/s and φφφφa = φφφφex = 1650 V for a 15 µµµµm

ID emitter. Detector distance from the extractor = 2 cm
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computed from (5.5.1), which is close to the observed shift. This suggests that the

intrinsic energy spectrum of the particles collected in both angular ranges is actually the

same, the shift being an artifact due to the lack of beam collimation.

The question now is to figure out how much of the observed energy spread can be

attributed to this beam divergence effect. The energy spread ∆φs depends strongly on the

divergence angle. This can be seen in Figure 5.5.6, where the experimental curve of an

energy distribution centered at about φB =1110V  is superimposed with calculations

using (5.5.1), where initially monoenergetic beams have been assumed for three different

divergence semi-angles.
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Figure 5.5.6. Comparison between experimental SP measurements and energy spreads
calculated from an initially monoenergetic beam at different divergence semi-angles
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Since the divergence angle is fixed at ~ 20o , it is seen from Figure 5.5.6 that beam

spreading explains part, but not all of the observed energy distribution. The logical step

towards understanding this issue would be to explore the energy distribution of focused

beams.

To do this, the einzel lens was installed in the emitter, as shown in Figure 4.3.11 and the

working distance was increased from 2 cm to 74 cm. The detector active surface was also

smaller; a 1.5 cm radius circular plate was used. The maximum energy spread due to the

difference in TOF of particles that travel close to the axis with those that travel in

trajectories near the focusing electrode can be estimated from the diagram in Figure

4.3.10 and is just 0.6%. Figure 5.5.7 shows the difference between the focused beam

energy spread and the divergent beam of Figure 5.5.6.

Figure 5.5.7. Effect of beam focusing on the energy distribution
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The energy distributions shown in Figure 5.5.7 are quite different. In particular it is

evident that the focused version has a significantly smaller energy spread than the

divergent beam. In fact, the energy distribution FWHM is about 122 V, still large

compared to what is observed in LMIS, but definitely smaller than the 300 V of the

divergent beam.

The use of the einzel lens reduces the amount of energy spread of an otherwise divergent

beam. It would be tempting to think that this is a consequence of beam collimation alone,

but in reality the electrostatic lens is an energy sensitive device; it brings into focus

charged particles independent of their specific charge as long as they share the same

energy level.

This brings up an important aspect about the ability to focus ion beams. It turns out that

the size of the disc of least confusion, or spot generated by a focused ion beam will

depend strongly on the energy distribution. In lithography applications tailored to micro-

fabrication, it is highly desirable to work with beam sizes smaller than the features to be

generated. This is one of the reasons why LMIS are well suited for this sort of

application. Given the relatively large energy spread in the colloid beam, it can be

anticipated that the einzel lens would not be able to focus every particle on a single spot,

but rather would introduce chromatic aberration, thus scattering away those particles

with energies different from the nominal focusing potential, set by the characteristics of

the lens and the applied voltage.

To analyze this in detail, it is required to have a complete knowledge of the structure of

the beam. To obtain it, TOF experiments were performed at different flow rates with the

formamide + NaI solution of Table 4.5.1 using the single-gate continuous TOF apparatus

described in Section 4.1 and shown schematically in Figure 4.1.1. Depicted in Figure

5.5.8 is a typical measurement with this device using φa =1000V , φx = −250V ,

φ f =1100V, and φs = 0V. The flow rate was set to 0.1 nl/s. The flight length was

L0 74 2= .  cm and the needle-emitter had an ID of 5 µm. The signal was amplified using
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the OPA602 op-amp (described in Section 4.2) with a gain of 100, thus limiting the

bandwidth response, as seen in Figure 4.6.2(a).

The significance of this plot can be better understood by comparing it with the ideal TOF

shape presented in Figure 4.1.4. As mentioned in Section 4.1, the current drop in real

measurements is not abrupt, denoting a distribution, either in specific charge, energy or

electronic equipment response.

There are two current drops in the figure. One is relatively sharp and centered at about 30

µs, while the second is very wide and centered at about 190 µs. Each current drop

represents a charged particle family. The first one is fast, almost monodisperse. The

specific charge, as estimated by Equation (4.1.2), is orders of magnitude higher for these
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Figure 5.5.8. TOF measurement for formamide + NaI with Q = 0.1 nl/s, φφφφa = 1 kV,
φφφφex = 1.25 kV, and φφφφf = 1100 V, for a 5 µµµµm ID emitter and L0 = 74.2 cm
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particles than what would be expected from the F. de la Mora’s law (3.1.23) for droplets

charged to the Rayleigh limit (3.1.12). These fast particles must be ions. The second

current drop occurs at much longer times, and the specific charge is now in agreement

with (3.1.23) and the Rayleigh limit, thus suggesting that droplets are also emitted.

The difference in relative time spreads of both species is clear. If it is assumed that both

families have similar energy spreads, then the wide time distribution of the droplet

component can only be explained if they have been formed with different physical

properties, i.e., size and charge [18,19].

Perhaps the most intellectually appealing question that can be posed about the results

shown in Figure 5.5.8 is whether ions and droplets share the same emission energy and

the same energy spread [72]. To investigate this further, several TOF measurements were

performed at different stopping potentials. This technique and some of its results have

also been performed and corroborated by Gamero [73].

Figure 5.5.9 shows a typical example of these measurements. The inset in the top right

corner of this figure represents the stopping potential measurements for the ion

component. The applied voltage was set at φa = 970 V. There is much useful information

that can be extracted from this plot alone. To clarify the matter, some labels have been

added to the figure. ∆φ  is the stopping potential change between two given curves, and

∆I  is the corresponding percent change in ion or droplet current with respect to their

totals. Here are the relevant aspects:

•  There is a slight decrease of about 8% in the ion current for φs < 500 V .

Meanwhile, the droplet current remains practically constant.

•  From 700 to 840 V, or ∆φ =140 V , the ion current decreases 46% from its

nominal value, while the droplet current decreases only by 15%.

• From 840 to 950 V, or ∆φ =110 V , the ion current goes close to zero, losing 42%

of its total value, while the droplet current vanishes, losing 85% of its total in this

voltage range.
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• Changes in ion and droplet currents in the range from 840 to 950 V are nearly

proportional, i.e., they decrease at the same rate.

• The change in ion current in the overall range from 700 to 950 V is smooth, i.e.,

there are no steps in the inset shown in Figure 5.5.9.

The first conclusion that can be extracted from these observed facts is that ions and

droplets have different energy. In the particular case of Figure 5.5.9, more than half of the

Figure 5.5.9. TOF measurements at different stopping potentials for formamide
+ NaI with Q = 0.06 nl/s, φφφφa = 970 V, φφφφex = 1.2 kV, and φφφφf = 1065 V, for a 5 µµµµm ID

emitter and L0 = 74.2 cm
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ions have smaller energies than most of the droplets, while the remainder 42% has

roughly the same energy as most of the droplets.

The second conclusion is that the energy spreads are very different, mainly because of the

difference in emission energies cited above. In general terms it is observed that about

85% of the droplet current has an equivalent energy spread of 110 V, while the energy

distribution of roughly the same fraction of ion current spans 250 V.

As cited above, and in more detail in Section 3.2, the normal electric field reaches a

maximum near the transition region. Ion emission then occurs if this field is large enough

to overcome the potential barrier given by the ion solvation energy. Those ions that leave

the liquid surface do it with practically zero kinetic energy. Once extracted, they

accelerate under the local potential gradient outside the liquid, which is closely related to

the surface potential distribution.

Numerical simulations of the cone-jet structure performed by several authors [30,35,36]

provide a plausible explanation for the energy spread observed in ions. These electro-

hydrodynamic models describe the liquid behavior through a system of differential

equations that include force balances and conservation laws. Some results from Carretero
[35] are shown in Figure 5.5.10, where the grounded collector has been placed 300 µm

from the emitter tip.

These results were computed for a formamide solution with a conductivity of only

K = 0 001.  S/m. This was chosen to keep the relaxation time εεo K  from being too small,

since this time dictates the size of the simulation’s discrete increments. As it turns out,

high conductivities, such as those found in the experiments, would make these models

take 2000 times longer to converge. This is why most of the numerical results show

examples with low conductivities. Despite this difference, it is relevant to observe the

general shape and scales of these plots.
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Figure 5.5.10(a) represents the liquid surface as it changes from a conical shape to a

cylindrical jet. The normal electric field in Figure 5.5.10(b) increases towards the

transition region, reaching a maximum value that is not sharply defined, i.e., the field can

be relatively intense along the liquid surface. The electric potential in Figure 5.5.10(c) is

roughly constant close to the origin (as assumed in Taylor’s theory) and then decreases

relatively fast within the transition region. Assuming that an electric field of

Figure 5.5.10. Numerical results from [35]: (a) liquid surface shape, (b)
normal electric field and (c) electric potential as functions of axial distance
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7 3 107. ×  V/m is enough to extract ions, it is observed that there is a range of axial

distances (~45 to 90 µm) in which ions can be emitted. In this same region, the electric

potential changes from about 890 to 610V. This means that ions will have a potential

distribution at least a few hundred volts, thus possibly explaining what is experimentally

observed.

Gamero [73] has postulated that low energy ions are emitted from the region where the jet

breaks up into droplets, while high energy ions come from the transition region where the

cone turns into a cylindrical jet. However, these low energy ions actually have at least

80% of the emission potential of the droplets and the most energetic ions. This fraction is

almost identical to the one observed in measurements for the ions in the stopping

potential range from 700 to 840 V in Figure 5.5.9.

As discussed in Chapter 3, the strongest gradients of the pertinent quantities (fluid

velocity, electric fields, potential, curvature, pressure, etc.) occur in the cone-jet transition

region. Therefore, the electric potential near the end of the jet, where it collapses forming

droplets, must be smaller than the potential levels near the transition region. This is also

suggested by numerical calculations, such as the one shown in Figure 5.5.10(c). It is

possible that the amount by which the potential decreases along the jet depends on

parameters such as the liquid viscosity and the flow rate. This is still a matter of current

research and more work needs to be done to fully characterize these dependences and

therefore estimate the surface potential at the jet breakup region.

In the extreme case where the jet breakup occurs so far away that the potential practically

vanishes, the ions, if emitted, will have a velocity similar to that of the droplets, and

therefore a significantly smaller energy. If this is the case, the potential of such ions φion

compared with the potential of the energetic droplets φdroplet  will be,

φ
φ

ion

droplet

droplet

ion

q m

q m
=

( )
( )

.       (5.5.1)
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In general, as seen in the previous examples, the specific charge of ions is very large

compared with that of even the most heavily charged droplets. This means that the ratio

given by (5.5.1) is in most cases less than 3%, definitely smaller than the 80% observed

in the experiments.

One could argue that the potential level in the breakup region may not be exactly zero,

but a finite value. Regardless, the potential there must be small since its variation along

the jet is slow compared with the drastic changes that occur in the transition region
[32,33,34]. Unless the potential in the breakup region is relatively large (~80% of the most

energetic droplets’ emission potential), the argument that every ion with lower energy is

emitted from the breakup region is not complete.

This conclusion is reinforced by the fact that the stopping potential curve for ions, shown

in the inset of Figure 5.5.9, is continuous in the range of stopping potentials from 700 to

950 V. On the other hand, it is observed in Figure 5.5.9 that there is a relatively small

fraction of ions (about 8%) that have significantly less energy than any other component

in the beam. Furthermore, the inset in the same figure shows what appears to be a

relatively broad step for stopping potentials of less than 500 V. It is possible that these

less energetic ions are in fact emitted from the breakup region. This will become clearer

in Section 5.7, where the problem of ion identification is discussed.

The fact that ions and droplets have different energies has an important implication

regarding the focusability of colloid beams. As mentioned above, the einzel lens is

sensitive to energies, although not to specific charge. It must be possible then to use the

lens to physically segregate the ion flux from the droplets in order to analyze them

separately.

Figure 5.5.11 shows trajectory simulations using the emitter design used to obtain the

results in this section. In agreement with the TOF-SP measurements shown in Figure

5.5.9, two particle families with different energies are injected from the needle. The high-

energy component has a mean potential of φB = 895 V, while the low-energy has
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φB = 770 V . The difference between the two cases is the focusing voltage for the lens. In

(a), the lens voltage is set to φ f =1350 V , bringing the low-energy beam into focus on

the plane located in the far right side of the figure. The high energy component is also

focused, though much less efficiently. In (b), the lens potential is increased to

φ f =1570 V , thus overfocusing the low energy component and effectively scattering it

away. Under these conditions, if the plane was a collector plate, it would pick up a very

small contribution from this particle family. Conversely, the high-energy component is

brought into focus with the higher lens potential.

Figure 5.5.11. Trajectory simulations of two beams with different
energy. (a) φφφφf = 1350 V and (b) φφφφf = 1570 V

lower energy component, φB = 770 V

higher energy component, φB = 895 V

(a)

(b)

SIMION

lower energy component, φB = 770 V

higher energy component, φB = 895 V
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As previously discussed, the low-energy component is made out of ions, while the high-

energy component is comprised of both ions and droplets. As long as there is a mixed

beam, the best configuration for separating the ion component from the droplet

component is what is shown in Figure 5.5.11(a), thus leaving a droplet background in the

measurements.

To test this hypothesis, a set of experiments was performed combining TOF with

variations in the focusing potential φ f . Figure 5.5.12 is an example of measurements with

φa = 500 V and φx = −700 V. Several curves taken at different times for a given φ f  are

superimposed to show the repeatability of the experiment. It is observed that there are

both ions and droplets in this beam. The less energetic ions are brought into focus along

with some droplets by applying a focusing potential of φ f = 520 V . When this potential
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Figure 5.5.12. Effect of varying the focusing potential on measured particle
distribution for formamide + NaI with Q = 0.1 nl/s, φφφφa = 500 V, and φφφφex = 1.2 kV,

for a 5 µµµµm ID emitter and L0 = 74.2 cm
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is increased to 620 V, the signal from the higher energy component, i.e., droplets and

some ions, increases, in agreement with the explanation given above. This separation

technique is very useful in performing a detailed analysis of the ion component.

Another interesting effect of using the lens with particles of different energies is revealed

when bringing into focus the high-energy beam component as the lens potential could

virtually reflect some of the lowest energy particles, sending them into trajectories in the

opposite direction as the original. Figure 5.5.13 shows a computer simulation in which

the lens potential is increased to φ f =1670 V  for a beam of two families with energies of

φB = 770 V  and φB = 895 V, identical to those used in the previous example, shown in

Figure 5.5.11.

The potential field generated by the focusing electrode is large enough to make the low

energy component in this simulation to collide with the pinhole electrode plate used to

keep the needle emitter aligned with the setup centerline. The effect would be more

noticeable for particles with smaller energies, such as ions emitted from the jet breakup

region, as described above. If such collisions actually occur, then there should be some

Figure 5.5.13. Trajectory simulations of two beams with different
energy with φφφφf = 1670 V. The 770 V component is deflected and

hits the pinhole electrode held at a potential φφφφa = 970 V

lower energy component, φB = 770 V

higher energy component, φB = 895 V

pinhole plate

SIMION
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physical evidence on the pinhole plate. After operating the emitter assembly for several

hours with different focusing potentials, there is a noticeable coloration change of the

stainless steel surface of the pinhole plate in regions around the small central aperture. It

is assumed that this coloration is a result of charged particle collisions after being

reflected by the lens focusing electrode. A step towards the verification of this

assumption was made after characterizing the plate surface composition with help of an

scanning electron microscope (Busek, Co). Several spectra from various regions on the

plate were obtained. Two of such measurements are shown in Figure 5.5.14, where the

various labeled peaks represent traces of various elements.

The pinhole plate material is 304 stainless steel, which has the following composition [74]:

• 0.08% Carbon (C)

• 2% Manganese (Mn)

• 0.045% Phosphorus (P)

• 0.03% Sulfur (S)

• 1% Silicon (Si)

• 18%-20% Chromium (Cr)

• 8%-12% Nickel (Ni)

• 65%-71% Iron (Fe)

It can be observed in Figure 5.5.14(a) that, except for S, Mn and P, the rest of these

elements appear on a scan performed on a region far away from the pinhole aperture,

where practically no deposition can occur given the geometry of the extractor aperture.

Therefore, this spectrum serves as the reference against which other measurements can be

compared. The second spectrum, shown in Figure 5.5.14(b), was obtained from a region

that presented considerable visual coloration, thus suggesting maximum material

deposition. The background composition of the SS 304 seems to be repeated in this

spectrum, as expected, but there are several differences. The most relevant are the

appearance of resonances indicating the presence of Sodium (Na), Carbon (C) and

Oxygen (O).
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The solution used in these experiments is formamide (CH3NO) heavily doped with NaI. It

is interesting to note that the ratio of the peak magnitudes of C to Na is about 5:1. If we

assume that Na+ ions solvated with formamide molecules are being deposited in the plate,

and that the C and Na stick to the SS surface without being degenerated, then the degree

of solvation (number of formamide molecules for each Na+) should be ns ≈ 5, which is

consistent with ion identification experiments to be presented in Section 5.7.

(a) SS 304 background

(b) Maximum coloration

Figure 5.5.14. Electron microscope composition spectra for the pinhole plate:
(a) from a region far from the central apperture where no deposition is

observable, and (b) from the spot with greatest visual coloration
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5.6. Extraction Voltage and Beam Composition

The experiments presented in previous sections were performed under certain values of

the extraction voltage, φ φ φex a x= −  selected to obtain a stable current in the

electrometer’s DC mode and from visual inspection of a stable cone structure. As

mentioned in Section 3.1, F. de la Mora [11] performed an extensive investigation into the

relationship between emitted current and liquid properties, including flow rate, for

droplet beams. This investigation eventually led to Equation (3.1.21), a universal law for

electrosprays in the cone-jet regime. As for the extraction voltage dependence, it could

vary in a relatively narrow range without changing the amount of current emitted. Below

this range, the extraction potential is not enough to sustain the conical structure and

emission stops. Above this range, the cone angle increases gradually, while it is not

uncommon to observe the jet moving towards the rim of the tip. Further increase of the

voltage produces a very interesting phenomenon; at some critical voltage, the depressed

cone breaks suddenly into two cones, each emitting a liquid jet. If the voltage continues

to increase, more cones are formed, up to the point where no conical structures can be

observed. These cone formations happen very rapidly, each time producing a sudden

increase in measured current.

Figure 5.6.1. Current vs. voltage, from [75]
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Figure 5.6.1 shows measurements by Gamero [75] in which this behavior is depicted for

glycerol. In this case, the current remains fairly constant up to 3250 V. Above this value,

a second cone appears and the current roughly doubles. Additional current steps occur at

about 4000 and 4250 V. Beyond these values, the current continues to increase with

voltage. This high-voltage range is usually referred to as the highly stressed regime.

Since the main interest of this research is on colloid beams in the mixed ion-droplet

regime, it would be important to separately explore the effect that the extraction voltage

has on the ion and droplet components. For this purpose, a set of measurements was

performed while varying φ φ φex a x= − . To keep the TOF constant, the applied voltage

was not changed; only the extractor voltageφx  was modified.

Figure 5.6.2 shows the beam composition for increasing extraction voltages at a given

focusing potential for the formamide + NaI solution. The first plot in the sequence shows

a “nominal” composition of ions and droplets, similar to that encountered in previous

TOF experiments. This composition remains relatively fixed up to about φex =1300 V .

Beyond 1350 V the droplet component suddenly changes to lower magnitudes and higher

specific charges, suggesting the appearance of a secondary cone, characteristic of the

highly stressed regime. Further increases in φex  cause the droplet current to decrease

considerably, while the ion current dominates. It is interesting to note that this effect is

produced as long as the flow rate is small enough initially to be in the ion-droplet regime.

It needs to be remembered that the einzel lens filters out some particles and therefore the

plots, as shown, cannot be used directly to compute the ion fraction in the beam. This

calculation will be done in Section 5.8 for suitable experimental conditions.

In any case, what is observed is the possibility of controlling the ion/droplet ratio of a

colloid beam. This could have important engineering implications, since it allows

additional flexibility in the design, as pointed out in Chapter 2.
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The observed increase in ion current and decrease in droplet contribution is reproducible

under a number of conditions. Another phenomenon is also observed when working in

the ion-droplet regime. Figure 5.6.3 shows a second set of TOF curves with different

experimental conditions. This time the sequence starts with an extraction voltage value

close to the lower limit of cone stability.
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Figure 5.6.2. Time-of-flight waves for various extraction voltages for formamide
+ NaI with Q = 0.1 nl/s, and φφφφa = 1100 V, for a 5 µµµµm ID emitter and L0 = 30 cm
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The applied voltage in this example was fixed at φa = 725 V , while the negative

extractor voltage φx  was increased from –550 to –1300 V. Normally, with this

configuration, an extractor voltage of about –650 V would have been used, for a total

extraction voltage of φex ≈1375 V (10 µm ID needle emitter). However, it is observed

that for smaller values of the extraction voltage, in particular for –550 V, there is an

apparent suppression of droplet current with a corresponding increase in ion current. This

behavior only exists in a very narrow range of extraction voltages, just slightly above that

required for emission. The tools presented in the last section can be used to characterize

the energy of these ions with respect to the droplets.
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Figure 5.6.3. Time-of-flight waves for various extractor voltages for formamide
+ NaI with Q = 0.1 nl/s, and φφφφa = 725 V, for a 10 µµµµm ID emitter and L0 = 30 cm



182

Figure 5.6.4 shows the results of using the einzel lens as an energy filter for a colloid

beam working under the same conditions as above with φx = −550 V (the curve obtained

with φ f =1000 V  is similar to what is observed in the first plot of the sequence shown in

Figure 5.6.3). As mentioned in Section 5.5, a weaker focusing potential would bring less

energetic particles into focus. It is observed that at φ f = 850 V , the composition radically

changes to an ion-rich mixture. On the other hand stronger focusing potentials scatter out

the low energy particles, while bringing the most energetic ones into focus. This is

evident when applying φ f =1106 V  to the lens. The ion contribution practically

vanishes, while the droplet flux increases considerably. This suggests that, under low

extraction voltage conditions, practically all ions have less energy than the droplets.
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Figure 5.6.4. Variation of the beam composition with focusing potential in the low
extraction voltage regime for formamide + NaI with Q = 0.1 nl/s, φφφφa = 725 V, and

φφφφx = -550 V, for a 10 µµµµm ID emitter and L0 = 30 cm
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5.7. Ion Identification

The TOF spectra obtained with these measurements can ultimately be used to identify the

ion or ions in the beam. This identification is extremely important in characterizing the

performance of a colloid thruster. All the tools required for this purpose have been

described in the previous sections. As mentioned in Chapter 4, the specific charge of the

analyzed particles can be calculated with Equation (4.1.2) if the flight time and the beam

energy are known.

Two of the liquids described in Table 4.5.1 have the potential for emitting ions - the

formamide + NaI solution and the EMI-BF4 ionic liquid. In this section, results for both

are presented.

Formamide + NaI

As discussed previously, the lens can be used as an energy-focusing device. Since some

ions have energies different than most droplets, it is possible to maximize the ion current

while almost completely eliminating the droplet component, especially if working under

conditions that yield high ion fractions. A spectrum with such characteristics, using the

continuous TOF technique with a metallic collector plate is shown in Figure 5.7.1. The

relatively sharp decrease in current suggests that the population may be composed of a

single ion type with some small polydispersity. For this experiment Q = 0 1.  nl/s,

φa =1000 V, φx = −500 V, φ f = 855 V , and L0 74 2= .  cm with a needle emitter of 15

µm ID.

Given the small signal level reached at these distances, a gain of 100 is used with the

OPA602 op-amp. As mentioned earlier, such high gains limit the bandwidth of the

amplifier. This is evident from the fact that the current drop shown has a time spread of

about 20 µs, while the potential spread (Figure 5.7.2) is about 400 V, centered at about

750 V. If it is assumed that this current drop represents a single type of particle then,

from (4.1.4), the time spread corresponding to the potential spread is about 9.6 µs, less
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than what is observed. It is possible that the amplifier does not have enough bandwidth to

respond to the current change.

In any case, the time distribution for the current drop is centered at about t f = 34 sµ .

Therefore the particle velocity is v = 21 8.  km/s , which corresponds to a specific impulse

of about 2200 s for the ion component. The accelerating beam potential φB  is inferred

from stopping potential measurements shown in Figure 5.7.2. The voltage distribution is

centered at about φB = 680 V. Here it has been taken into consideration, as discussed in

Section 5.5, that there is still a droplet component, which biases the potential towards

higher values. Substitution into Equation (4.1.2) results in a specific charge of

q m = 350 196,  C/kg. Assuming that ions are singly charged, this translates into a mass of

mi = 275 amu.

Figure 5.7.1. TOF ion spectrum for formamide + NaI with Q = 0.1 nl/s, φφφφa = 1000 V,
φφφφex = 1500 V, and φφφφf = 855 V, for a 15 µµµµm ID emitter and L0 = 74.2 cm
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The positive ionic species in the liquid is Na+, which has a molecular mass of 23 amu.

The ion mass measured is considerably larger, suggesting that what is extracted from the

surface are solvated ions, i.e., Na+ plus formamide (CH3NO) molecules attached to it. The

composition is then m m n mi Na s CH NO= +
3

. Formamide molecules have a mass of 45 amu,

meaning that the most probable composition is given approximately by ns = 5 6. . Gamero

[73] has performed similar measurements and has concluded that ns = 4. The degree of

solvation is a function of the solution concentration [76], and therefore the use of different

solutions could be reflected in these experimental results.

Figure 5.7.2. Stopping potential measurement for formamide + NaI
with Q = 0.1 nl/s, φφφφa = 1000 V, φφφφex = 1500 V, and φφφφf = 855 V, for a 15

µµµµm ID emitter and L0 = 74.2 cm
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Given the relatively large ion fraction in these measurements, it was decided to replace

the metallic plate detector by the electron multiplier (channeltron) described in Chapter 4.

The advantage of using the channeltron is that it combines extremely fast response speeds

with very high gains. The channeltron output signal comes in the form of a current, which

needs to be conditioned as a voltage to be interfaced with the oscilloscope. Since typical

gains can be as high as 106, there is no need to limit the bandwidth of the op-amp with

the amplifier mode. Instead, the transimpedance configuration was used with a 1 MΩ

resistor and a 1 pF capacitor. Since this detector occupies more space inside the chamber,

the working distance was reduced to L0 63 8= .  cm. The rest of the experimental

parameters were Q = 0 05.  nl/s, φa = 970 V, φx = 0 V , φ f =1250 V , and a needle emitter

tip ID of 5 µm. Figure 5.7.3 shows a typical TOF curve for these conditions.

Figure 5.7.3. Channeltron TOF ion spectrum for formamide + NaI with Q = 0.05
nl/s, φφφφa = φφφφex = 970 V, and φφφφf = 1250 V, for a 5 µµµµm ID emitter and L0 = 63.8 cm
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It is known from previous experiments that even with this low flow rate there is a non-

zero droplet fraction in the beam. It is observed in Figure 5.7.3 that droplets are not

measured; this does not mean that they are not present, but it suggests that they do not

have enough energy to produce the required electron emission. On the other hand, there is

a very interesting feature not obtainable with the metallic plate detector: the ~20 µs signal

drop seen in Figure 5.7.1 has been resolved into two separate steps; one centered at 28.7

µs with a maximum time spread of 6 µs and a second, smaller step (~15% of the total

signal) at 43 µs with a corresponding time spread of 15 µs that extends into a relatively

long tail with small amplitudes. This tail becomes negligible above 70 µs, where the

background noise level of the detector is reached. It is known that this tail is not made out

of droplets - if they were part of the most energetic population, their specific charge at 70

µs would be > 60 C/gr, much larger than the highest observable and theoretical values.

Instead, it is possible that they represent ions with lower energies or perhaps ions with

higher degrees of solvation.

The beam potential distribution is centered at φs1 650=  V. From here, the mass computed

for the ion in the first current drop is mi = 253 amu, which corresponds to ns = 5 1. ,

slightly less than the previous result with the slow detector. Assuming that the ion

represented by the second step has the same solvation composition, its potential

distribution would be centered at approximately φs2 300=  V. Interestingly, this value

agrees with the potential measured for those ions with the smallest energies in the

previous observations, shown in Figure 5.5.9. Even the current fractions are very similar:

8% in Figure 5.5.9 vs. 15% in Figure 5.7.3. These results considerably reinforce the

hypothesis that only ions with very low energies are emitted from the breakup region and

that there is an energy gap between such ions and the rest, which are emitted from higher

potentials.

As mentioned above, the time spreads for both steps using the channeltron are also

significantly shorter when compared with results from the slow op-amp amplifier. Again,

assuming that each step corresponds to a single ion, the potential spreads using Equation

(4.1.4) are,
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These spreads show very good agreement with all previous stopping potential analyses

such as the focused curve shown in Figure 5.5.7 and in particular the results depicted in

Figure 5.5.9, where both spreads are shown. It is concluded that these measurements are

not limited by the bandwidth of the electronic components, and that the observed spread

in the time of flight values is due to the intrinsic energy distribution of colloid beams and

perhaps some solvation polydispersity, as suggested by quadrupole measurements

performed by Chiu and Dressler [77] in which several degrees of solvation ( ns = −1 6)

were observed for a formamide solution with similar characteristics.

Ionic Liquid: EMI-BF4

The channeltron seems to be the perfect tool for analyzing colloid beams with high ion

fractions. Its properties allow it to be used in practically every operation mode, in

particular the single gate/pulsed TOF described in Section 4.1.

To test this operation mode, the ionic liquid EMI-BF4, studied initially by Romero et al.
[52], is used. The spectrum of this substance was already analyzed in their work, and

therefore can be used in calibrating the pulsed TOF. As described in Section 4.5, ionic

liquids have the unusual property of having zero vapor pressure and relatively high

viscosity at moderate temperatures. It is not hard to obtain very low flow rates by using a

gas feed system like the one described in Section 4.6. In the same work by Romero, it

was found that under such low flow conditions a pure ionic regime is reached where the

droplet current is completely suppressed. Since the channeltron seems unable to measure

droplet flux, this ionic regime presents an excellent opportunity to conduct more research
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using it as the main tool. Three different ions were observed. Their compositions, masses

and names, as given by Ref. [52], are,

• EMI+ mm =111 amu Monomer

• (BF4-EMI)EMI+ md = 309 amu Dimer

• (BF4-EMI)2EMI+ mt = 506 amu Trimer

The magnitude of the relative TOF signal for these ions (extracted from Ref. [52]),

normalized by the monomer current level are Îm =1, Îd = 2 and ˆ .It = 0 58.

In this thesis, measurements with EMI-BF4 were carried out using a 10 µm distal coated

needle emitter, L0 63 8= .  cm, and power supplies set to φa = 970 V, φx = −210 V, and

Figure 5.7.4. TOF spectrum for EMI-BF4 using a small collector plate; φφφφa = 970 V,
φφφφex = 1180 V, and φφφφf = 1080 V, for a 10 µµµµm ID emitter and L0 = 63.8 cm
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φ f =1080 V . Figure 5.7.4 shows measurements with the continuous TOF using first a

metallic plate as current collector (the channeltron deflector) so that droplets should be

detected. The electronics for these measurements have been cleaned up considerably.

This is evident from the small signal level shown in this plot, which is due to the aperture

located in front of the channeltron deflector, as seen in Figures 4.2.3 and 4.2.4.

Figure 5.7.4 is similar to what was observed in Ref. [52], the only difference being the

signal magnitudes. These TOF measurements were performed to verify that the flow rate

was low enough to reach the pure ionic regime. This is indeed the case, as no droplets can

be observed after the final current drop at around 40 µs. The two steps corresponding to

the monomer and dimer ions are clearly observed and their flight times are consistent

with their masses. For example, the flight time of the dimer can be obtained from that of

the monomer assuming that they are emitted from the same potential by,

t t
m

md m
d

m

= = =19
309
111

31 7.  sµ ,      (5.7.2)

which is close to the observed value in Figure 5.7.4. The time spreads, however, are

relatively large, corresponding to potential spreads of the order of hundreds of volts.

These spreads are similar to those seen in Ref. [52]. This is in part due to the amplifier

bandwidth limitation at high gains and the intrinsic beam energy spread.

Using the same argument, the trimer signal should be located at a flight time of,

t t
m

mt m
t

m

= = =19
506
111

40 56.  sµ .    (5.7.3)

There is no evidence of any signal around this value in Figure 5.7.4.

To increase the resolution of the TOF measurements, the channeltron was used as

detector. A voltage of –1.8 kV was applied to the channel body while a voltage of 200 V
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was supplied to the deflector plate. The output signal was conditioned using the

transimpedance configuration described in Section 4.2. The rest of the conditions were

the same as in the previous example. The pulse generator/amplifier module was

programmed to be normally closed and deliver 1 µs opening signals to the electrostatic

gate with a repetition rate of 1 kHz. This configuration is ideal to detect the flight times

of fast species with high resolution. The spectrum, recorded and displayed in the

oscilloscope, is shown in Figure 5.7.5.

The corresponding flight times are 20.1 µs for the monomer and 32.3 µs for the dimer.

Each of these peaks has an associated time spread that can be characterized by its full

width at half maximum (FWHM) value. For the monomer, this spread is 1.3 µs, while for

the dimer is 1.5 µs.

Figure 5.7.5. Pulsed Channeltron TOF spectrum for EMI-BF4 and 1 µµµµs pulses; φφφφa = 970 V,
φφφφex = 1180 V, and φφφφf = 1080 V, for a 10 µµµµm ID emitter and L0 = 63.8 cm
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These measurements suggest that the energy spread in the pure ionic regime is

significantly smaller than any other electrospray tested, even for mixtures with very high

ion fractions. As mentioned in section 4.1, if the ions have virtually no energy spread,

then the time spread observed in this pulsed mode should correspond to the width of the

high voltage pulse used to generate the ion packets. The observed spread in both peaks is

slightly larger than the 1 µs width pulse. The reason for this can be attributed to the non-

symmetrical nature of the pulse, as seen in Figure 4.2.2, or perhaps to some slight

spreading induced by the electrostatic gate. Regardless, for the case in which the time in

excess of the pulse width (0.3 µs for the monomer and 0.5 µs for the dimer) is due to the

intrinsic energy spread,
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Furthermore, from the TOF curves it can be seen that the emission potentials for the

monomer and the dimer are slightly different,

φ

φ

m
m

m

d
d

d

m L

t e

m L

t e

= =

= =

0
2

2

0
2

2

2
580

2
625

 V,

 V.

      (5.7.5)

From (5.7.4-5), the energy spreads for the monomer and the dimer ions are 17 and 19 V,

respectively. These values are very small compared to what is observed in other

experiments, thus suggesting that in this regime, electrosprays behave in a similar way to

liquid metal ion sources.
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Following the tendency given by Equation (5.7.5), the trimer ion should be emitted from

a potential of about 670 V, thus having a flight time of 40 µs. Nothing, but a slight wide

tail can be observed at this flight time. One possible explanation for the relatively low

intensity signal from this ion might be that the detection efficiency of the channeltron

decreases with increasing specific ion mass. But, as seen in Figure 5.7.6, this decrease is

moderate only, and this explanation may not be sufficient.

These measurements can be improved considerably by using pulses with less width. This

would require decreasing the value of the resistor used to filter out the high harmonics

that caused the capacitive coupling, as described in Section 4.2. The signal-to-noise ratio

obtainable with electron multipliers may be high enough to eliminate some of the

concerns from this type of induced noise. In addition, the buffer configuration for the op-

amp amplifiers can be used without restriction, thus obtaining extremely high bandwidths

compatible with the flight times of the fastest ions.

Figure 5.7.6. Channeltron electron multiplier gain variations
with ion mass (from Burle handbook)
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As discussed in Section 3.5, it is not clear what is the fate of the counter-ions when only

one polarity is emitted. This is particularly important for ionic liquids working in the pure

ionic regime. For example, for every monomer, dimer or trimer emitted, a BF4
- counter-

ion will be released. It is known that neutral BF4 is not easily found, given its prominent

aggressiveness [78]. Therefore, it must accumulate or react somehow in either the anode,

the liquid or the capillary material, without being able to leave with the flow, since no

droplets are emitted. It is found experimentally that the liquid container pressure needs to

be increased periodically when working with small needle-emitter tip diameters in the

pure ionic regime in order to maintain a certain emission level for long periods of time.

This suggests that some sort of physical blockage may be occurring due to the release and

accumulation of counter-ions. It is possible that, if this regime is sought for colloid

thrusters, the bi-polar operation mode briefly described in Section 3.5 may become a

necessity. On the other hand, larger emitters can be used since the concern from

evaporation losses is eliminated in ionic liquids. Furthermore, external wetting of solid

needles similar to that of FEEP’s may be interesting to investigate with these non-volatile

liquids.

5.8. Ion Fractions and Performance

As discussed in the first chapters, colloid thrusters are an attractive alternative for space

propulsion mainly because of their extended operational flexibility in different modes,

from precise control to main on-board propulsion. A good part of that flexibility comes

from their ability to produce beams with different properties, in particular with different

ion fractions. As was explained in Section 2.1, thrusters working in the ion-droplet mixed

regime will suffer from polydispersity inefficiencies, which are not too large and can be

tolerated in view of the potential gains in specific impulse and mass utilization.
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The final set of experiments was designed to demonstrate this capability by operating the

same electrospray source under different conditions in order to obtain ion fractions that

would change the performance of the thruster. To measure the ion fraction, a way to

differentiate ions from droplets is required. This is something that can be done with the

TOF technique. As mentioned before, in order to have better TOF resolution, longer

working distances are desirable. Focusing techniques are then applied to allow the use of

relatively small detector surfaces. This technique, however, is limited by the amount of

energy spread, which can be quite large as described in Section 5.5. This means that the

farther away the detector, the more current will be lost by chromatic aberration. If the

whole beam is to be captured, the detector should be situated relatively close to the

source. It is not the intention here to identify the ions in the beam; this was done already

in the last section. Therefore, there is no concern about the resolution of TOF

measurements as long as the specific charge of droplets can be determined. Given this,

the relative amplitudes of the different beam components will be used to compute the

thruster performance, as discussed in Sections 2.1 and 4.1.

The main difficulty with short distances and large detectors is the capacitive coupling

noise mentioned in Section 4.2, which increases accordingly and could obscure some of

the signals, in particular that from the ions. In any case, a trade-off was made between

how much noise can be accepted vs. the working distance and detector size, which can be

minimized by using the einzel lens in a semi-focusing mode, where the mean energy is

brought to focus into the detector plane, while the highest and lowest energies, which are

underfocused and overfocused respectively, will cover a wider surface area that will

determine the size of the metallic plate.

Figure 5.8.1 illustrates in a simulation the way in which trajectories different from the

nominal energy cover a relatively large area in the detector plate, while those that have

the mean energy are focused.
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Simulations such as these were used to estimate the size of the detector, the operation

voltage of the lens and the working distance. To verify that the total current collected in

the plate was close to the current drawn from the power supply, a 100 kΩ resistor was

placed in series with the high voltage cable and the voltage across it was monitored with

a voltmeter. The diameter of the plate was 12 cm, that is 3 more cm than the maximum

diameter expected by the computer simulation. The working distance was 23 cm from the

plate to the gate grid. As in previous experiments, this grid blocked about 15% of the

current. Even though the distance is relatively long, capacitive coupling is strong.

Appendix B shows how to take advantage of the noise characteristics to reduce its

effects.

In all cases, the current measured from the plate varied from 75% to 85% of the total

current delivered by the power supply. The loss is in part due to the grid blockage and

perhaps to the einzel lens itself. In any case, these losses are small and it can be

Figure 5.8.1. Simulation of trajectories with energy spread: (1) beam mean
potential φφφφB = 880 V, (2) more energetic particles φφφφB = 945 V, and (3) less

energetic particles φφφφB = 820 V, with φφφφf = 1350 V

SIMION

3 2
1
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considered that the particle fractions collected in the plate are representative of all the

current that is being emitted.

No comprehensive characterization of all the possible combinations of operational

parameters was made with this experiment. Instead, almost everything was left constant:

geometry, liquid solution, temperature, needle size, etc. Only three cases are shown with

different voltages and flow rates. As will be seen, these cases demonstrate how some

simple modifications can have an impact on thruster performance.

In the first case, the flow rate of formamide + NaI was chosen such that ions and droplets

could be clearly observed (Q = 0 12.  nl/s). The power supplies were set to: φa =1020 V,

Figure 5.8.2. TOF for formamide + NaI with Q = 0.12 nl/s, φφφφa = φφφφex = 1020 V,
and φφφφf = 1058 V, for a 5 µµµµm ID emitter. Detector distance = 23 cm
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φx = 0 V  and φ f =1058 V . The TOF spectrum using a distal coated 5 µm ID needle

emitter can be seen in Figure 5.8.2. The current is not corrected for losses in the gate grid.

In this case, the droplet to ion specific charge ratio (from previous results, assuming

ns = 5 5.  for the solvated Na+ ion) is ζ = 0 03. . Figure 5.8.3 shows the performance plots

under these conditions, as described in Section 2.1. For simplicity, η p =1.

An ion current fraction of fi = 0 42.  is extracted from Figure 5.8.2. It is seen that this

particular mixture of droplets and ions does not improve the specific impulse in any

appreciable way with respect to a pure droplet beam. This is evident from the very low

ion mass fraction. Furthermore, the only parameter that changes considerably is the

Figure 5.8.3. Efficiency, normalized specific impulse and mass ion fraction
with ζζζζ = 0.03 and ηηηηp = 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Ion Current Fraction

Efficiency
Specific Impulse normalized to ions
Ion mass fraction

η0 = 72%

ˆ %Isp =19

fi
m = 2%



199

efficiency, which drops to 72%. As indicated earlier in the second chapter, it appears that

there is no benefit in operating colloid thrusters in the ion-droplet mixed regime for small

ion fractions.

On the other hand, for large ion fractions the specific impulse and the mass ion fraction

improve considerably. As discussed in Chapter 3, ion emission increases as the ratio Q/K

gets smaller. In principle the same thruster could be used to achieve the performance

indicated for high ion fractions by just decreasing the flow rate. Figure 5.8.4 shows the

result of reducing the flow rate ( Q = 0 02.  nl/s) while maintaining all other parameters

invariant.

Figure 5.8.4. TOF for formamide + NaI with Q = 0.02 nl/s, φφφφa = φφφφex = 1020 V,
and φφφφf = 1058 V, for a 5 µµµµm ID emitter. Detector distance = 23 cm
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The inset placed in the upper right corner represents the derivative of the TOF curve,

normalized to show the magnitude of the total current. This can be used to compute with

more precision the ion fraction, which has increased considerably, to 93%. Not only are

there many more ions in this mixture, but also the remaining droplets hold more specific

charge, since their flight times became shorter. The droplet to ion specific charge ratio is

close to ζ = 0 04. . This means that, under these conditions, the specific charge of the

remaining droplets is in excess of 10 C/gr, which is the largest value achieved so far in

experiments of this kind.

The performance plots in this case are shown in Figure 5.8.5.

Figure 5.8.5. Efficiency, normalized specific impulse and mass ion
fraction with ζζζζ = 0.04 and ηηηηp = 1
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If a thruster efficiency of 61% can be tolerated, this operation mode has some definite

advantages. For instance, the specific impulse is about half of the ion specific impulse,

and 35% of the mass is taken out by the extracted ions.

These two cases demonstrate the ability of a single thruster to operate in two very

different modes. In principle, the flow rate could be increased slightly more than in the

first case to obtain a pure droplet beam with a specific impulse of about 200 sec. On the

other hand, half of the ion specific impulse in the second case represents about 1300 sec

of specific impulse. Practically every value in between could be obtained, with a

respective efficiency penalty.
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Figure 5.8.6. TOF for formamide + NaI with Q = 0.12 nl/s, φφφφa = 1020 V, φφφφx = -700 V,
φφφφex = 1720 V, and φφφφf = 1058 V, for a 5 µµµµm ID emitter. Detector distance = 23 cm
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Finally, a third case is analyzed, in which the flow rate was kept constant, but the

extractor voltage was increased so that the highly stressed regime was achieved. As

discussed in Section 5.6, high ion fractions can be obtained this way. Figure 5.8.6 shows

a TOF with an extractor voltage of φx = −700 V.

The droplet tail extends gradually into longer flight times, thus reducing the droplet to ion

specific charge ratio to ζ = 0 025. . Once more, the ion fraction increases considerably,

reaching 90%. To keep the flight times similar in the three cases, only the extractor

voltage was varied. In a real thruster, the applied voltage could be increased with respect

to the spacecraft potential to obtain higher specific impulses. The performance curves for

this case are shown in Figure 5.8.7.
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Figure 5.8.7. Efficiency, normalized specific impulse and mass ion
fraction with ζζζζ = 0.025 and ηηηηp = 1
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The efficiency penalty is more severe in this case, reaching 48%. Only 18% of the mass

ejected is in the form of ions. These experiments were made under conservative voltages

to keep the needle to extraction potential smaller than 2 kV. In principle, however, it

should be possible to increase the potential above these values to obtain larger currents,

thus moving the performance lines towards higher ion fractions and obtaining higher

efficiency and specific impulse.
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6. Conclusions and Recommendations

The underlying physics governing the behavior of electrospray sources is simple in

nature. It is the work of scientists and engineers to transform this simplicity into a

working device, in this case, for space propulsion applications. But as in many other

examples in the natural world, simplicity is deceiving in the sense that it is not enough for

something to work, but for it to be useful, it needs to work as expected. It needs to be

predictable and controllable. This is precisely the case of colloid thrusters.

Before implementation into actual flight hardware, the thruster needs to be validated in

the laboratory. Tests and evaluations are part of every new technology. Even before these

steps, the basic working principles must be well understood allowing the development of

models and theories useful to predict the performance and general characteristics of the

new engine.

The main idea behind this research project is to increase the understanding of the

fundamental operational issues of colloid thrusters, in particular their emissions. The core

of the work lies in the experimental area described in chapters 4 and 5. Working with

micro and nano sprays is something difficult and delicate to do. Experiments have to be

performed with care and patience in order to obtain consistent, useful results. This is

especially true if it is desired to obtain beams in the ion-droplet mixed regime, which is
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perhaps the most interesting to work with since a good part of the flexibility promises of

colloid thrusters come from this operational mode.

Many experiments performed here deal with beams in this mixed regime. It is found that

the ion emission physics is quite complex and depends strongly on the laboratory

conditions. In particular, the energy structure of beams in this regime has been explored.

The richness of this structure has motivated the development of new hypotheses to

explain its origin.

There are differences between the ion emission process in electrosprays and in liquid

metal ion sources (FEEP), in particular the energy spread, which is much smaller in the

case of liquid metals at low currents. It is interesting, however, to inquire about the origin

of these differences. The underlying physics governing the two technologies is basically

the same. The equilibrium forces that give form to the conical structure in both cases are

the electric stresses and the surface tension. The fundamental difference is perhaps

related to the charge transport mechanism. In the base of the cone, charge transport is

mainly due to bulk conduction while, in the case of an electrospray, it gradually changes

to surface convection in the transition region that forms the high velocity jet. Convection

is generated by tangential electric fields that modify the potential distribution along the

liquid surface, thus generating the energy spread observed in the experiments. In liquid

metals there is a very small convective contribution since no continuous jet is formed.

This may be one of the reasons for the small energy spreads observed in liquid metals.

If electrosprays and liquid metals share the same physical mechanics, then they should

not be treated as separate technologies and, in fact, they should approach each other

under certain conditions. It appears that such condition is given when reducing the ratio

Q/K in electrosprays. This increases the amount of ions that are emitted from a Taylor

cone, but it is not evident that this reduction alone reduces the energy spread. It would be

interesting to keep on reducing the value of this ratio until pure ion emission is reached,

but as discussed in Chapter 5, it is hard to increase the ion fraction in formamide

solutions above ~95%, since at such flow rates the electrospray cone is marginally stable
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and collapses before a pure ionic regime is reached. On the other hand, Taylor cones

made out of ionic liquids have the amazing property of remaining stable at very low flow

rates, even at smaller conductivities than highly doped formamide, and it is relatively

easy to reach a pure ionic regime with them [52]. As pointed out in Chapter 5, in this

regime, the energy spread is reduced significantly, approaching that of liquid metals. This

can be the best indication that the emission mechanics in liquid metals reduces to that of

electrosprays under these conditions. The physics is the same, the liquid properties,

however, are so different that not every substance can be operated in the complete

operational range from pure ionic to pure droplet emission.

All these findings will be of great importance when selecting a design and a propellant

for space propulsion. For now, it appears that ionic liquids give the greatest flexibility. It

is a matter of future work to develop the best thruster design using these liquids.

The experimental techniques developed here will be very useful in providing a full

characterization of beams emitted from colloid thrusters using the selected propellant.

Some of these techniques can be improved in order to increase the amount and quality of

relevant data. In particular, the use of the channeltron seems to be an excellent alternative

to study ion beams with very high resolutions. There are other electron multiplier

devices, like the micro-channel plates, that have the potential of increasing even further

the gain characteristics of the channeltron. Some of them have electro-sensitive phosphor

screens that allow a direct visualization of the beam pattern.

To improve the resolution in the ion identification experiments, energy sensitive

components can be added to the system, like the electrostatic mirror [79], which has the

capability of reducing the energy spread of particle beams by compensating the

difference in velocities with the difference in penetration depth into the mirror body.

Additional signal to noise ratio improvements can be achieved if interleaved comb

electrostatic gates [63,64] are used in the purely ionic regime. As mentioned before, very

fine closely spaced wires ease the voltage requirements from the pulsing module, thus
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reducing capacitive coupling noise. This, along with the high gains of electron

multipliers, opens the possibility of studying ion beams with the dual gate system

described in Chapter 4.

There are several experimental contributions produced in this work, among them, the use

of small capillary needles (5 µm) to minimize liquid evaporation in vacuum tests,

allowing the extraction of highly charged nano-droplets (>10 C/gr), and the introduction

and characterization of ion optics for beams in the ion-droplet mixed regime. The results

concerning the energy distribution in colloid beams are important in their own right. It is

found that there are at least three energy gaps, two of which overlap. In one of them

(high-energy particles), droplets and ions emitted from the cone-jet transition region

share similar energy characteristics. In the second, ions with smaller energies are emitted

probably from this region as well, since no loss in ion potential continuity is observed,

i.e., they appear to overlap with ions with higher energies. Finally, ions with significantly

less energies are observed, these might come from the jet breakup region, where the

normal electric field reaches a local maximum given the small radii of curvature

produced during the droplet formation process.

As mentioned in the introduction, besides presenting experimental techniques and results,

this research tries to justify whether colloid thrusters can be considered as a viable

alternative for space propulsion. All evidence points in the direction that this is the case.

Nevertheless, there are some issues that require some work before implementing colloid

thrusters for in-space applications:

• Propellant: As widely discussed in previous chapters, the propellant needs to be

compatible with space conditions, namely, it should be hard to evaporate, but if it

does, it should not leave solid residues behind, or freeze [80,81], thus clogging

transfer lines. It is also unclear what are the effects of long-term exposure of

organic liquids to space radiation. Regardless, ionic liquids or mixtures of low

vapor pressure solvents such as formamide with ionic liquids seem to be the best

alternative. In any case, lifetime tests under simulated space conditions need to be
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conducted to determine the chemical stability of propellants and track any

changes in the performance during long operation times.

•  Fluid delivery: Flow rate is the most important parameter in colloid thruster

operations. It needs to be precisely controlled and the way to do it should be

lightweight, simple, small and energy-efficient. In the end, the best solution to this

problem could be to design a system to deliver exactly the demanded flow rate as

given by easily measurable quantities, such as emitter size, extraction voltages

and liquid properties.

• Neutralization: As briefly discussed in Chapter 3, electric propulsion thrusters,

colloids included, require a way to neutralize the excess charge accumulated in

the spacecraft due the emission of one ionic polarity. Given the low levels of

current involved, the use of cold emission cathodes is an alternative to balance the

charge of positive beams. It is also possible, at least in principle, to operate in bi-

polar mode, where positive and negative charges are emitted either

simultaneously or in closely spaced intervals. Laboratory validation of these

operation modes is still required, especially in the ion-droplet mixed regime.

•  Spacecraft contamination: Satellite manufacturers and operators are strongly

concerned about the effects that thruster emissions may have on spacecraft

materials and subsystems. In reality, this is usually the most relevant test for any

new propulsion device. It is unclear what will be the consequences if colloid

emissions collide with the vehicle’s surfaces. Volatile liquids will probably

evaporate, leaving salts behind, while ionic liquids working in a droplet regime,

would accumulate in the surface, perhaps forming a thin layer. Analysis similar to

those performed with other type of electric thrusters will be required to determine

charged particle trajectories and possible backflows to the spacecraft surface.
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Appendix A: Legendre Functions of Order 1/2

As mentioned in Section 3.1, the solution to Taylor’s problem involves the use of

Legendre functions of order 1/2. P1 2 cosα( )  is known as the Legendre Polynomial of

order 1/2, while Q1 2 cosα( ) is the Legendre function of second kind of order 1/2. These

are not commonly used functions, but they can be put in terms of more familiar

mathematical entities, for example, in terms of complete elliptic integrals,
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where K and E represent the complete elliptic integrals of the first and second kind,

respectively defined as,
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These Legendre functions, as given by (A.1), can be numerically evaluated and plotted as

functions of α  for x = cosα , as shown in Figure (A.1). Taylor’s solution outside of the

perfect conductor cone can be given either by P1 2 cosα( )  or Q1 2 cosα( ) depending on the

particular selection of the origin of the angular variable in the coordinate system. In the

case of Section 3.1, the P1 2 cosα( )  function was eliminated since it becomes singular

outside of the cone at α π= . On the other hand, if the angle α  had been taken from the

–z direction as in Figure 3.1.2, the correct finite solution will require the elimination of

the Q1 2 cosα( ) function, which is singular at α = 0; outside of the cone in this case. This
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means that both functions must be equivalent regardless of the origin selection. Since

x = cosα , it can be easily verified using (A.1) that,

Q P1 2 1 22
cos cosα π π α( ) = − −( )[ ] ,     (A.3)

thus proving that, up to a constant factor, both solutions are identical.
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Figure A.1. Plots of Legendre polynomials of order 1/2 as functions of αααα
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Appendix B: Capacitive Coupling

Whenever a conductive surface quickly changes its potential, there will be some radiation

that can be detected by adjacent elements. In the case of TOF experiments, high-speed,

high-voltage amplifiers power the electrostatic gates, while the detected signals come

from metallic collectors. The high-frequency harmonic components of these pulsed

signals induce some spurious voltages in the detector, which are then amplified by the

electronics, contaminating the measured signals. Fortunately, this noise is not random in

nature, since it depends on the geometrical arrangement of conductive elements, the

physical characteristics of the transmission lines and the response of the electronic

equipment. As long as the experimental characteristics remain fixed, the nature of the

noise will remain, in general, unchanged. This fact can be exploited to extract useful

signals from contaminated measurements.

To clean up the signal, the first step is to characterize the noise in the time domain. This

is simply done by activating all the electronic components in the experimental set up

without measuring the relevant signal. In the case of electrosprays, the relevant signal

comes from the charged particle beam, as it drifts from the emitter towards the detector.

If the liquid flow is blocked, then only the induced noise is recorded. An example of

capacitive noise for a given arrangement is shown in Figure B.1.

This noise will be present in every TOF measurement performed with the same

experimental characteristics. Figure B.2 shows a TOF without noise processing. As can

be seen, the capacitive coupling time response is comparable to the flight time of the

fastest particles in the beam. A simple way to eliminate the noise contribution from the

TOF spectrum is to simply subtract its recorded signal. The result of using this procedure

is shown in Figure B.3.

It must be remembered that this procedure is effective only when the experimental

conditions remain fixed. If they change, then a new noise characterization is required.
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Figure B.1. Recorded capacitive noise signal
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Figure B.2. TOF signal without processing
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Figure B.3. TOF signal after processing
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