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Ionic Liquid Ion Sources (ILIS) produce ion beams from ionic liquids and are the basis
of ion electrospray propulsion. ILIS beams are typically composed of single ions as well
as ion clusters. The ion clusters are metastable and can break up inside the thruster, a
phenomena referred to as fragmentation. Fragmentation within the acceleration region
of the thruster is detrimental to the propulsive efficiency. Therefore it is imperative to
understand the physics behind the fragmentation process. Unfortunately fragmentation
is not well characterized and it has been experimentally shown that different ionic liquids
produce ILIS beams with different amounts of fragmentation. In this work, the rates
at which ion clusters break up were experimentally determined using retarding potential
analysis. The beam energy distribution was measured using a retarding potential analyzer
placed at several distances from the source. It was found that the rates are likely constant
outside of the acceleration region. For a source voltage of 1820 V, the mean lifetime of
the lightest ion cluster is approximately 1 µs, which indicates that the solvated species
are highly metastable. Improvements to the experimental apparatus and data analysis
methods are required to increase the accuracy of the fragmentation rates. In future work,
measurements close to the source will be obtained in order to better constrain the fit used
to determine the rates.

Nomenclature

Kbi Kinetic energy of a broken ion, J
q Ion charge, C
V0 Source voltage, V
mbi Mass of broken ion, kg
mpi Mass of parent ion, kg
VB Voltage at which fragmentation occurs inside the acceleration region, V
ff Current fraction of dimers that fragment into monomers in field-free space
fdi,0 Initial current fraction of dimers that enter field-free space
t Time, s
R Fragmentation rate, s−1

d Distance between source and RPA, in or m
vdi Dimer velocity, m/s
mdi Mass of dimer, kg

I. Introduction

Ion electrospray thrusters use room temperature molten salts, called ionic liquids, as propellant. These
liquids consist purely of positive and negative molecular, and sometimes atomic, ions. The strong Coulombic
forces between the ions in the liquid results in negligible vapor pressures, making ionic liquids suitable for
in-space applications.1 Ionic liquids have moderate conductivity, approximately 1 Si/m,1 which makes the
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Pure Ionic Regime (PIR) more accessible than when using doped solvents.2 Ions can be evaporated from the
liquid surface through the application of strong electric fields. The free ions can be accelerated by the same
electric potential to produce an ion beam with a few keV of energy. ILIS beams are useful for spacecraft
propulsion as well as for Focused Ion Beam (FIB) etching and deposition.

Ion electrospray thrusters have the potential for propulsive efficiencies greater than 90%.3 However the
propulsive efficiency can be limited by the polydisperity of the ion beam.3,4 Polydisperity arises when ions
exit the thruster at different velocities, which has a negative effect on the efficiency.3,4 This is a common
occurrence in ion electrospray thrusters because they emit single ions as well as ion clusters of various
masses.1 When ions of the same charge but different masses are accelerated by the same electric potential,
they exit the thruster at different final velocities. The situation is further complicated because the solvated
species are metastable and can break apart mid-flight.5 This process, called fragmentation, makes the ion
beam no longer monoenergetic and further reduces the polydispersive efficiency.4 Fragmentation is not
a well-characterized process that requires further study due to its significant impact on ion electrospray
thruster performance. The focus of this work is on the measurement of the fragmentation rates of the
solvated ions, a quantity that has not yet been experimentally investigated. These measurements will help
estimate the effective energy distribution of the solvated species, which drives the amount of fragmentation
and will provide insight into the physics of the ion emission process.

II. Ionic Liquid Ion Sources

In this work, a single emitter ionic liquid ion source was used. Figure 1 shows a single emitter ILIS. The

Figure 1. Single emitter ILIS.

emitter is an externally wetted, electrochemically etched, chemically roughened tungsten needle with a tip
radius of curvature of approximately 20 µm.6 The needle is dipped in ionic liquid and a liquid reservoir is
placed approximately 3 mm upstream from the tip. A stainless steel plate with a 1.6 mm aperture, called
the extractor, is placed approximately 500 µm from the tip of the needle. Approximately 1-2 kV, positive or
negative polarity, applied between the liquid reservoir and the extractor is required to produce an ion beam.

When 1-2 kV is applied, the liquid surface at the tip of the needle is electrically stressed. The surface
of the liquid collapses into a nearly conical structure similar to a Taylor Cone.7,8 The sharpened liquid
meniscus enhances the applied electric field and the field strength increases towards the tip of the cone.
Within a few tens of nanometers of the tip, the field strength exceeds the required 1 V/nm needed to induce
ion evaporation.1 In a very localized region at the tip of the liquid cone, single ions as well as solvated
species are evaporated. These ions are then accelerated towards the extractor and exit through the aperture,
resulting in a 1-2 kV ion beam.
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A. Beam Composition and Fragmentation

Ionic liquid ion sources typically produce single ions and ion clusters.1 The composition of the ion beam
varies with the ionic liquid propellant.9 Approximately 50% of an ILIS beam consists of single ions, referred
to as monomers.1,6, 9 A dimer is a single ion attached to a single cation-anion pair, called a neutral. Dimers
typically account for approximately 50% of the ILIS beam.1,6, 9 Highly solvated ions such as trimers, a
single ion attached to two neutrals, or tetramers, a single ion attached to three neutrals, can be present in
amounts typically less than 5%.1,6, 9 In this work EMI-BF4 is used since it is the most well characterized
and commonly used ionic liquid in ion electrospray thrusters. Figure 2 shows both positive and negative
monomers and dimers for an EMI-BF4 ILIS.

Figure 2. EMI-BF4 monomers and dimers.4

The production and fragmentation of solvated species has a negative effect on ion electrospray thruster
efficiency.4 Single ions and solvated ions have the same charge and are accelerated through the same electric
potential, but they have different masses, which means that they exit the thruster at different velocities.
This results in an efficiency loss due to the non-zero polydisperity.3,4 For example, an ILIS using EMI-
BF4 that produces half monomers and half dimers will have a polydispersive efficiency of approximately
94%.4 Fragmentation of solvated species further reduces the polydispersive efficiency. A loss in propulsive
efficiency occurs only when solvated ions break up within the acceleration region.4 Despite the reduction
in propulsive efficiency, the low energy fragmented ions play an important role in spacecraft neutralization
during electrospray operation in space.10 Solvated ions fragment into a less massive ion, called a broken
ion, and a cluster of neutrals. For example, Figure 3 shows a negative dimer breaking up into a negative
monomer. The broken ion is further accelerated by the electric potential, but the final kinetic energy is
always less than the full accelerating potential energy.6 The cluster of neutrals can no longer be accelerated
by the electric field and it exits the thruster at low velocity. Since solvated species can break up anywhere
with respect to the electric potential within the acceleration region, the broken ions and neutral clusters leave
the thruster at a spread in velocities.4,6 Thus fragmentation increases the polydisperity in the beam, which
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Figure 3. Fragmentation of an EMI-BF4 negative dimer.4

reduces the efficiency. If 50% of the dimers break up in the acceleration region in the example mentioned
previously, the polydispersive efficiency would be approximately 89%.4

The amount of fragmentation varies with the ionic liquid propellant, a relationship that is not well
understood.4,6 One important factor is the molecular complexity (ie: number of atoms) of the ions in
the ionic liquid. It is hypothesized that solvated ions composed of complex molecules are less likely to
fragment than solvated species composed of simple molecules.4 Solvated ions are imparted with excess energy
when they are extracted from the surface of the liquid, which may cause the ion cluster to break apart.4

In principle, complex ions can redistribute the excess energy throughout their many bonds, leaving less
energy to stretch the ion cluster apart.4 Past experiments support this hypothesis;4–6,11,12 however future
experiments conducted under very controlled conditions using well-characterized, consistent instrumentation
is needed. Another factor is the initial energy distribution of the solvated ions, which strongly affects the
amount of fragmentation and may vary with the ionic liquid composition. The distribution of solvated ions
that break up with respect to time may help indicate the characteristics of the initial energy distribution.
The fragmentation rates in ILIS beams have not been measured before, so it is unknown if the rates are
constant or variable in time. It is also unknown if 100% of the solvated species break up at some distance
from the thruster. Measuring the amount of fragmented species at various distances from the ion source
should provide an approximate shape of the initial energy distribution of the solvated ions.

B. Beam Energy Distribution

ILIS beams with no fragmentation are monoenergetic with an energy corresponding to the acceleration
potential. Unfortunately fragmentation is prevalent in ILIS beams, resulting in a monoenergetic population
of unfragmented ions and a lower energy population of ion fragments. By measuring the beam energy
distribution, it is possible to determine the amount of fragmented ions in the beam. Fragmentation can
occur both in the acceleration region and outside of the acceleration region, also referred to as the field-free
region. The energy distribution signatures from fragmentation in both regions are very distinguishable.

When a solvated ion breaks up in the field-free region, the energies of the broken ion and neutral cluster
will always be the same for a given type of solvated ion. For example, when a dimer breaks up into a
monomer in field-free space, the broken ion will always have the mass of a monomer and the velocity of a
dimer. This means that the final kinetic energies of the fragmentation products of any dimer that breaks up
in field-free space will be constant values. Eq. (1) shows the final kinetic energy of a broken ion produced
by a fragmentation event in the field-free region:

Kbi

qV0
=
mbi

mpi
(1)

where Kbi is the kinetic energy of the broken ion, V0 is the source potential, q is the ion charge, mbi is the
mass of the broken ion, and mpi is the mass of the parent solvated ion.6

In the case of fragmentation in the acceleration region, the final kinetic energy of the broken ion and
neutral cluster depends on the local value of the electric potential where the parent ion broke up. Eq. (2)

4 of 13

American Institute of Aeronautics and Astronautics



shows the final kinetic energy of a broken ion produced by a fragmentation event in the acceleration region:

Kbi

qV0
=
mbi

mpi

(
1 − VB

V0

(
1 − mbi

mpi

))
(2)

where Kbi is the kinetic energy of the broken ion, V0 is the source potential, q is the ion charge, mbi is the
mass of the broken ion, mpi is the mass of the parent solvated ion, and VB is the local value of the electric
potential where the ion broke up.6

Fragmentation in field-free space appears as sharp steps in the energy distribution, whereas fragmentation
in the acceleration region appears as modest slopes. The energy distribution changes as a function of the
distance from the source. The amount of fragmentation in the acceleration region will remain constant
because the size of the acceleration region does not change. However the amount of fragmentation in the
field-free region will increase with increasing distance from the source since the ions spend an increasing
amount of time outside of the thruster. One of the most prominent features of an ILIS beam energy
distribution is the sharp step corresponding to the fragmentation of dimers into monomers in field-free
space. As the distance from the source increases, the height of this step should increase. By measuring the
energy distribution at various distances, the amount of dimers that fragment into monomers in field-free
space can be determined as a function of distance, which yields the fragmentation rates of dimers in this
region.

III. Experimental Methods

Retarding potential analysis was used to measure the energy distribution of a single emitter EMI-BF4

ILIS. The energy distribution yields the amounts of fragmentation both inside and outside of the acceleration
region. The amount of fragmentation as a function of distance can be used to estimate the fragmentation
rates. In this work the RPA was placed at various distances from the source to obtain the energy distribution
as a function of distance.

A. Retarding Potential Analysis

Retarding potential analysis (RPA) yields the energy distribution of ILIS beams, which can be used to
determine the amounts of fragmentation. A diagram of a planar RPA is shown in figure 4. The RPA

Figure 4. Planar retarding potential analyzer.

consists of a set of three semi-transparent, metallic grids and a metallic current collection surface. The first
grid is grounded to ensure that the electric potential in the region between the extraction plate and the
entrance to the RPA is at ground potential. The middle set of grids are the retarding grids which are varied
from ground potential to V0, the acceleration potential of the ion source. The last grid, called the electron
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repelling grid, is biased to at least -10 V to keep any secondary electrons produced by ion impacts on the
current collection surface from leaving the surface. The energy distribution of the ion beam is obtained by
measuring the collected current as a function of the potential on the retarding grids. In the case of a beam
with no fragmentation, the full beam current is measured as the retarding grid voltage is increased from
zero. When the retarding voltage reaches the source potential, the measured current drops to zero because
all of the ions are stopped because their kinetic energies are equal to the source potential.

1. Fragmentation Features in RPA Measurements

Figure 5 shows idealized RPA measurements for an ILIS with and without fragmentation. Figure 5a clearly
shows that the beam is monoenergetic with an energy corresponding to the acceleration potential. When
there is fragmentation the beam is no longer monoenergetic. Figure 5b shows an idealized RPA measurement
for an ILIS with fragmentation. The vertical steps for fragmentation in field-free space as well as the slopes

Figure 5. Idealized RPA signatures: monoenergetic beam (a), fragmentation (b).

for fragmentation in the acceleration region are easily identifiable.

2. RPA Design

There are many considerations when designing a retarding potential analyzer for the characterization of ILIS
beams. The RPA can collect the full beam current or only a fraction of it. The beam can be electrostatically
focused or left to expand spherically outward. The grid geometry can be planar, spherical, or something more
exotic. The design goal for the RPA used in this work is to accurately measure the fragmentation signatures.
In this case electrostatic lenses cannot be used to focus the beam since they require the application of electric
fields that may induce fragmentation. Additionally the focal distance depends on the ion energy, so if the
monoenergetic population is in focus at the collector, the lower energy fragmented ions will be out of focus.5

Instead it is better to let the ion beam expand spherically outward. In order to make measurements that are
representative of the energy properties of the full ion beam, the RPA must collect all of the current. This
means that the RPA must be large in size in order to capture the full beam. Finally the grid geometry was
chosen to be spherical because planar grids suffer from unwanted features known as spreading.

Spreading features in RPA measurements make it very challenging to measure the amount of fragmenta-
tion in each region accurately. Spreading arises from the fact that planar grids apply the retarding electric
field axially. A planar RPA only needs to retard the axial velocity of the ions to stop them from reaching
the collector. ILIS beams typically have a 20◦ half angle spread, which means that most of the ions travel off
axis. A planar RPA will stop much of the ion population from reaching the collector at retarding voltages
less than the kinetic energy of the ions since only a fraction of their kinetic energy is directed axially. Instead
of measuring sharp steps corresponding to fragmentation in field-free space, the steps will be spread out and
become harder to identify. The spreading features can be seen in figure 6a which shows planar RPA data
for an EMI-BF4 ILIS with a source voltage of 1872 V and a source current of 396 nA. Spherical grids avoid
this problem because they apply the retarding electric field always parallel to the ion velocity direction. The
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Figure 6. Planar (a) and spherical (b) RPA measurements for an EMI-BF4 ILIS.

fragmentation features are much more distinct in the spherical RPA measurements shown in figure 6b. Here
an EMI-BF4 ILIS was operated at a source voltage of 1818 V with an emission current of 396 nA.

A schematic of the spherical RPA used in this work is shown in figure 7. The front grounded grid and
retarding grid are both spherical with a radius of curvature of 3”. The electron repelling grid, and the
collector are planar. The mixed geometry design was selected since the manufacture of the spherical grids is

Figure 7. Spherical retarding potential analyzer.

quite challenging. It is less critical to have a spherical repelling grid and collector since the retarding field
is applied through the combination of the front grounded grid and the retarding grid. This RPA was a first
attempt at building and testing a spherical RPA, so the mixed geometry design was chosen for simplicity.
The next design iteration of the RPA will have a spherical repelling grid and collector. The grids and
collector plate were made of stainless steel and the RPA has a net transparency of 43%.
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IV. Results

The EMI-BF4 ILIS was operated at voltages ranging from 1500-2150V in both the positive and negative
modes. RPA measurements were taken with the electron repelling grid set to -30 V. The retarding grid
voltage was controlled using a 10 second period triangular waveform. RPA measurements were taken at
five different distances from the source ranging from 2-4”. The optimum distance for minimum spreading
is 3”, which is equal to the radius of curvature of the spherical grids. The chamber was vented between
each experiment since the RPA was moved to each position manually by hand. The ion source remained
unmodified between experiments. This is not the most repeatable method, however it is adequate for the
purpose of this work. Future experiments will allow the ion source to move relative to the RPA using a
linear motion feed through.

A. Current-Voltage Characteristics

The emitted current as a function of source voltage was measured before taking each set of RPA measure-
ments. This was done to verify that the ion source was behaving in a similar manner for all experiments.
Additionally the current-voltage characteristics help identify ranges of applied voltages for which the source
current was stable. Figure 8 shows the current-voltage characteristics for both the positive and negative
modes for all five possible RPA positions. Note that the emitted current was averaged into 5 V bins. The

Figure 8. Current-voltage characteristics.

range of applied voltages for which the source was operating in a stable manner is 1800-1950 V for both posi-
tive and negative modes. RPA measurements for these voltages only were used to estimate the fragmentation
rates.

The emitted current was also measured in-situ during the RPA measurements. The source voltage and
current for each RPA measurement were averaged over the time that the RPA scan was taken. Figure 9
shows the in-situ current-voltage characteristics for both the positive and negative mode at all five RPA
positions. It is clear that the current-voltage characteristics are consistent for most of the experiments;
however the source was emitting less current when the RPA was 2.5” from the source. The data for which
the RPA was 2.5” from the source was not used in estimating the fragmentation rates.

B. Fragmentation in Field-Free Space

Several steps of data analysis are required to determine the amount of dimers that fragment into monomers in
field-free space. First the collected current as a function of retarding voltage was corrected for the capacitive
currents induced by the time-dependent voltage of the retarding grids. The capacitive currents were measured
by taking an RPA scan when the source was off and were subtracted from the collected current for each
RPA measurement.

Next the height of the step corresponding to the fragmentation of dimers into monomers in field-free space
was determined. The collected current in the region where the step is located was fitted by a smoothing
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Figure 9. In-situ current-voltage characteristics.

spline function using MATLAB. Figure 10a shows the data and the fit of the step for a source potential
of 1870 V, a source current of 294 nA, and an RPA distance of 3.0”. The top and bottom of the step are

Figure 10. Step for fragmentation of dimers into monomers in field-free space.

marked by black horizontal lines in figure 10b. To determine the height of the step, the negative derivative
of the RPA fit was computed and is shown in figure 11a. The negative derivative does not go to zero to the
left and right of the step, which is due to fragmentation in the acceleration region. The offset from zero was
determined by averaging the wings of the distribution shown in figure 11a. The offset was removed from
the negative derivative of the RPA fit and the result was fitted with a smoothing spline, shown in figure
11b. The voltages for which the smoothed negative derivative of the fit equals one fifteenth of the peak
value of the distribution were chosen to define the step. The intersection of the black horizontal lines and
the distribution in figure 11b mark the top and bottom of the step. The height of the step was found by
subtracting the current at the bottom of the step from the current at the top of the step.

In order to compare the step heights across all experiments, the current fraction of the step was calculated.
For the positive mode, the top of the RPA curve was defined to be where the current levels off around
V/V0 = 0.1. In the negative mode the top of the RPA curve was taken to be the top of the step since the
current increases as the retarding voltage goes to zero. This is likely an effect from secondary electrons and
does not represent the ion energy distribution. The bottom of the RPA curve was defined as the current level
where the retarding voltage exceeds the applied potential by approximately 50-100 V. The total collected
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Figure 11. Fragmentation step height determination.

current was computed by subtracting the current at the bottom of the RPA curve from the current at the
top of the RPA curve. The current fraction of dimers that fragment into monomers in field-free space was
calculated by dividing the step height by the total collected current.

Figure 12 shows the current fraction of dimers that fragment into monomers in the field-free region as
a function of the RPA position for various source voltages. The fragmentation current fraction increases

Figure 12. Current fraction of dimers that fragment in field-free space.

with increasing distance from the source, as expected. The fragmentation current fraction increases nearly
linearly in the region sampled for the positive mode. For the negative mode, the fragmentation current
fraction increases in a somewhat nonlinear manner in the region sampled. An additional observation is that
the fragmentation current fraction is generally higher for higher source voltages. If the fragmentation rates
were the same for all source voltages, one would expect to measure less fragmentation at higher voltages
since the ions travel faster and spend less time in the field-free region. Instead the fragmentation rates must
increase with increasing source voltage. This makes sense because the solvated species are imparted with
more energy when higher source voltages are applied, which makes them more susceptible to fragmentation.
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C. Fragmentation Rates

If the rate of fragmentation remains constant in time, the amount of dimers that fragment in field-free space
can be approximated by Eq. 3:

ff = fdi,0

(
1 − e−Rt

)
(3)

where ff is the current fraction of dimers that fragment into monomers in field-free space, fdi,0 is the initial
current fraction of dimers that enter the field-free region, t is time, and R is the constant fragmentation rate.
The fragmentation current fraction as a function of distance can be described by Eq. 4:

ff = fdi,0

(
1 − e

−R d
vdi

)
(4)

where ff is the current fraction of dimers that fragment into monomers in field-free space, fdi,0 is the initial
current fraction of dimers that enter the field-free region, d is the distance between the source and the RPA,
vdi is the velocity at which dimers exit the source, and R is the constant fragmentation rate.

The velocity at which dimers exit the ion source is given by Eq. 5:

vdi =

√
2qV0
mdi

(5)

where vdi is the velocity of a dimer, q is the ion charge, V0 is the source voltage, and mdi is the mass of a
dimer.

The fragmentation current fraction in figure 12 can be fitted using Eq. 4. Theoretically the current
fraction of dimers that fragment into monomers in field-free space should be zero at the extractor plate since
the ions have not yet entered the field-free region. While this is not a measured data point, it was included
in the fit. In the future, RPA measurements closer to the source will be made to better constrain the fit used
to estimate the fragmentation rates. Only data from the positive mode was fitted since the results for the
negative mode appear to be affected by the secondary electron currents and require further data analysis and
correction. Figure 13 shows the fit for a source voltage of 1820 V. The fit parameters with 95% confidence

Figure 13. Fragmentation rate determination.

bounds are fdi,0 = 0.2257 (0.205, 0.2464) and R = 0.9349 (0.6383, 1.2317) µs−1 with an R-squared value of
0.9986. The mean lifetime of the positive dimers in field-free space is approximately 1 µs, which indicates
that they are highly metastable.

The initial current fraction of dimers that enter field-free space determined by the fit is in good agreement
with experimental results. Time of flight (TOF) mass spectrometry measurements were taken after the
retarding potential analysis measurements. The ion source was not modified between the experiments. The
TOF detector is placed approximately 73 cm from the source and has an acceptance half angle less than 1◦.6

TOF measurements were acquired for source voltages of 2.28 - 2.54 kV since the signal at the TOF detector
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was too low at lower source voltages. The current fraction of dimers that survived the acceleration region
was found to be approximately 0.242 - 0.284. Considering that the source was operating at much higher
voltages than for the RPA measurements and that the TOF detector does not sample the full beam, this
result is in reasonable agreement with the estimate from the fit of the RPA data.

V. Conclusions and Future Work

In this work, a spherical retarding potential analyzer was used to measure the energy distribution of an
EMI-BF4 single emitter ILIS. In order to determine the fragmentation rates, the energy distribution was
measured at various distances from the source. The current fraction of dimers that break up into monomers
in the field-free region was extracted from the energy distribution. The rate at which dimers fragment
into monomers was estimated by fitting a constant rate equation to the fragmentation current fraction as a
function of the RPA distance. For a source voltage of 1820 V, the mean lifetime of dimers in the field-free
region is approximately 1 µs. This indicates that the solvated species are strongly metastable and do not
survive for long after being emitted from the source. It was also determined from the fit that the current
fraction of dimers that survive the acceleration region is approximately 0.20 - 0.25, which is in reasonable
agreement with the time of flight measurements taken after the RPA experiments.

In future work, the fragmentation rates will be measured using a system that will provide more robust
data over a wider range of distances. The RPA will be of a full spherical design instead of the mixed geometry
used in this work. Additionally the ion source will be mounted on a linear stage so that the distance between
the source and the RPA can be varied without venting the vacuum chamber. This configuration will allow
for RPA measurements to be taken at distances much closer to the source, which are required to better
constrain the fit and will help determine if the fragmentation rates are approximately constant in time. A
model to account for the currents caused by secondary electrons is currently under development and will be
used to correct the RPA measurements in the future. The negative mode measurements are more strongly
affected by secondary electrons, so in this work it was not possible to estimate the fragmentation rates for
the negative mode. The model will be critical in extracting the ion beam energy distribution from the
RPA data, which will allow for the determination of the fragmentation rates in both polarities. With these
improvements to the experimental apparatus and data analysis methods, the fragmentation rates of solvated
ions in both the positive and negative modes will be determined with higher accuracy.
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