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A novel time-of-flight secondary ion mass spectrometry (TOF-SIMS) system is being
developed as a diagnostic for electrospray propulsion devices to characterize plume-surface
charged impact products. By adopting the principles of commercial TOF-SIMS systems as
a framework, the preliminary design of electrospray TOF-SIMS (ESI TOF-SIMS) includes
a single tungsten needle primary ion source operating with room temperature ionic liquid
1-ethyl-3-methylimidazolium tetrafluoroborate (EMI-BF,), metallic targets, and a time-of-
flight mass spectrometer. Preliminary results include secondary ion mass spectra of both
polarities from the plume impacting gold and silver targets with varied accelerating poten-
tials. Preliminary identification reveals secondary ions likely formed from contributions of
primary plume impact fragmentation ions as well as sputtered secondary ions related to
adsorbate contaminants and the metallic targets. These charged secondary species likely
contribute to lifetime limiting processes like particle backstreaming, as well as influence
thruster performance evaluation.

Nomenclature
Lror = Time-of-flight length
m = Mass
n = Ion solvation state
q = Charge
tror = Time-of-flight time
Viarget ~ = Target voltage bias
Vsource = lon source voltage bias
z = Ionization state
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I. Introduction

LECTROSPRAY systems utilize ionic liquid propellants to generate thrust from polydisperse ion plumes
E)(ZZ.:1 qi/m;)t. When a potential difference on the order of a few kilovolts is applied between a sharp
emitter tip wetted with propellant and a downstream extractor electrode, the liquid meniscus at the emitter
tip forms a Taylor cone from a combination of surface tension, electric, and hydrodynamic stresses®. Ion
emission is thus induced through field-emission evaporation, where ions are subsequently accelerated through
the potential difference to velocities exceeding 10,000 m/s. This process forms an ion plume, generating thrust
through momentum transfer>.

Room temperature ionic liquids (RTILs) are molten salts comprised of complex organic cations and
anions. For example, common propellants include 1-ethyl-3-methylimidazolium tetrafluoroborate (EMI-BF )
and 1l-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMI-Im) as shown in Fig. 1, where the
common EMIT cation is composed of an imidazolium ring with alkyl functional groups. These propellants
are used for electrospray propulsion devices because they exhibit high efficiencies, are non-volatile, do not
require ionization or pressurization, and can be operated in either polarity*. In addition, compared to devices
with similar functionalities like indium liquid metal field emission electric propulsion (FEEP) systems, RTIL
electrospray devices do not require propellant heating. The combination of these properties make RTIL
electrospray thrusters attractive for efficient, small size, weight, and power mission applications like small

satellite propulsion®.
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Figure 1: Structural formulas for RTIL’s EMI-BF, (left) and EMI-Im (right).

However, complex organic RTILs have vastly different chemical properties compared to the typical inert
noble gas electric propulsion propellants like xenon and krypton. While noble gas ion-surface interactions
have decades of research due their nearly ubiquitous use among EP systems, the surface interactions of
complex ions are hypothesized to be much different®. For example, they may deposit at low energies or form
new fragment product ions at high energies”. Both experiments® and simulation® indicate that particles
from the plume impact thruster and spacecraft surfaces like the extractor electrode, resulting in propellant
accumulation and eventual device failure®. However, there is a wide gap in the knowledge of the fundamental
physics of these molecular ion-surface collisions at the nanoscale and how they ultimately impact thruster
lifetime and performance. Moreover, these systems are tested and validated in ground-based vacuum testing
environments where secondary species from plume-surface impacts are known to affect diagnostics'®!!. Thus,
it is important to know the chemical composition of secondary species not only for system modeling and
lifetime considerations — but for facility effects of electrospray testing. The uncertainty of collision products
makes it difficult to predict, correct for, and model these discrepancies.

Both numerical simulations and experimental investigations have been conducted to characterize elec-
trospray plume-surface interactions. Molecular dynamics (MD) studies have been performed both with
non-reactive! >3 and reactive force fields” with EMI-BF, impacting various target surfaces. Bendimerad, et
al.” produced pseudo-mass spectra of EMI-BF, impacting a potential wall with a reactive force field showing
the relation between relative intensity of fragmentation products and impact energy. Experimental efforts
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from Uchizono, et al.'1415 have quantified secondary species yields and the role of secondary species on
experimental testing. Shaik, et al.!6 employed a residual gas analyzer (RGA) to identify secondary species
from an electrospray thruster plume impinging on stainless steel and detected hydrocarbons likely due to
EMI-BF, fragmentation and background gas. However, both MD and experimental efforts lack in determin-
ing the chemical composition of plume-surface charged secondary species across the permutation of thruster
operation variables (target surface composition, primary beam energy and current, background pressure).
Time-of-flight secondary ion mass spectrometry (TOF-SIMS) is a standard surface composition charac-
terization technique, commonly used either in static mode to non-destructively characterize the outermost
monolayer of a sample, or in dynamic mode to probe depth-based composition!”. The general premise is
to fire a high energy ion beam (1-100 keV) at an incidence angle upon the surface of interest. This induces
sputtering, where a fraction of sputtered material exists in a charged ion state. These ions are extracted
and accelerated down a time-of-flight tube to a detector, where a mass spectrum of secondary ions is gener-
ated based on conservation of energy principles. The resulting spectrum gives insight into the atomic and
molecular features of the sample of interest. Canonically, SIMS is employed with high energy large atomic
primary ion beams [Cs+, Ga+, etc], and sputtering is most generally modeled via purely kinetic momen-
tum transfer from isotropic collision cascades'”. Alternatively, current research shows that small molecular
primary ion beams (SF;7 etc) induce kinetically-assisted sputtering as shown in Fig. 2181929 This type of
sputtering removes surface atoms, molecules, or ions using excitation induced from the collision momentum
transfer, where some energy is transferred through heat and vaporization'”. This method has not only
proven increased sputter yields but also the ability to detect intact large organic molecules from the target

surface?!.
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Figure 2: Simplified kinetically-assisted potential sputtering. The incoming ion represents an EMIT ion
impacting a gold target surface, with grey representing surface adsorbates due to a high vacuum testing
environment. Sputtered species include low energy neutrals, secondary ions of both polarities, fragments of
the incoming ion, and secondary electrons.

The primary difference between a traditional TOF-SIMS primary ion beam and an electrospray beam
lies in the complex organic molecular composition of RTIL electospray plumes. These complex plumes give
rise to multiple processes like deposition and fragmentation both in the plume and upon impact®’. However,
work by Fujiwara, et al?2 has proven that ionic liquids (EMI-Im) can be effective as TOF-SIMS primary
ion beams. In addition, commercial TOF-SIMS are ultra-high vacuum systems (< 102 Torr) in order to
mitigate background gas adsorbing onto the target surface and interfering with the signal. Electrospray
thrusters are generally tested in high-vacuum environments, with facility pressures orders of magnitude
higher than that of commercial TOF-SIMS. This implies that in nomimal test environments, an electrospray
plume is impacting not only bare surfaces but also those coated with a monolayer of adsorbed background
gas contaminants!”.
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Electrospray plumes impact surfaces at high energies ( > 1 keV) and thus induce sputtering, with some
portion of the sputtered population composed of secondary ions. These secondary ions will interact with the
electrostatic fields in thruster operation and testing, and thus it is important to characterize their chemical
composition. To accomplish this, a novel ESI TOF-SIMS diagnostic is being developed to characterize plume-
surface interactions of electrospray systems. This diagnostic will inform the relevant impact secondary ion
products from given electrospray operating conditions — including impact energy, propellant choice and
target surface composition. The design of the experiment is detailed in Section II, and the secondary ion
mass spectra of both polarities are discussed in Section III. Finally, the implications of the results and
further discussion is detailed in Section IV.

II. Methodology

The experimental design of the electrospray TOF-SIMS system is shown in Fig. 3. The design consists of
(A) an externally wetted tungsten single emitter primary electrospray ion source operating with EMI-BF,
propellant, (B) a target assembly with a secondary ion acceleration grid, (C) an electrostatic deflection gate,
(D) a time of flight tube and (E) a microchannel plate detector. This system operates under vacuum at
pressures between 5e—5 Torr to 5e—6 Torr. A primary ion beam of ionic liquid is first produced via the
tungsten electrospray ion source. This plume impacts a target surface at a given incidence angle (~ 45°)
with a combined energy of the source (Viource) and target (erget) potentials, between 4-6 keV for the
following experiments. The high energy impacts induce removal of secondary electrons, atoms, molecules
and ions from the target surface!®. In addition, processes like collision-induced dissociation and electron
capture of the primary species may also contribute to the charged impact products'™”. These low energy
(< 100 eV) secondary ions, electrons, and neutrals are ejected from the target surface typically modeled as
a cosine angular distribution from the surface normal'”1°. Secondary ions are selectively extracted from the
sputter cloud from a potential difference between the high voltage target surface and a grounded secondary
ion acceleration grid. This single polarity, approximately monoenergetic secondary ion beam passes through
a pulsed high voltage electrostatic deflection gate and down a linear TOF tube. The secondary ions impact
a microchannel plate detector, and a time-of-flight curve and mass spectrum is produced based on the time
it took a given species to reach the detector given t=0 at the center of the deflection gate. The individual
components of the electrospray TOF-SIMS system are described further in the following sections.

A. Ion Source

The electrospray source consists of a 0.5 mm diameter tungsten needle with a tip electrochemically etched
to approximately a 2.9 pum radius as determined by approximate fits with a scanning electron microscope,
seen in Fig. 4al. This tungsten needle is affixed to a dual stage goniometer (OptoSigma GOH-40B35) via
PEEK plates and alumina spacers in order to place the needle tip at the focus point while maintaining
electrical isolation as shown in Fig. 4b. The purpose of the goniometer is to control the pitch and yaw of
the ion source while under vacuum in order to correct for off-axis emission. A teflon plate houses a stainless
steel reservoir with a porous teflon insert for propellant retention, holding ~ 5 ul of RTIL propellant, EMI-
BF4. A set screw from the teflon plate outer edge allows for electrical contact to the reservoir and thus
propellant. The stainless steel extractor electrode is affixed 0.15 inches from the reservoir plate, with the
needle tip centered within a 1/8th inch hole in the extractor. By externally wetting the tungsten emitter
with EMI-BF, and applying a high potential difference, Viource (1-3 kV), between the source and extractor,
a Taylor cone is formed on the tip of the needle. Ion emission begins at a given startup voltage, forming a
polydisperse molecular ion plume3. In the negative emission mode, a high negative bias is supplied to the
ion source via Keithely SourceMeter (2657A) and the extractor is grounded. This allows for the emission
of negative ions, mainly in the form of BF; monomers, with a fraction of the plume existing droplets and
as [BF; |[EMI-BFy],, with n = 1 as dimers and n = 2 as trimers. Conversely, in the positive emission
mode a high positive bias is applied to the source and the plume consists of EMIT monomers, droplets, and
cationated neutrals ([EMIT|[EMI-BFy],, with n = 1 dimers and n = 2 trimers). Emission current magnitudes
generally range from 100 nA - 400 nA for the tungsten ion source employed for the following experiments.
The plume divergence half angle has been simulated by Petro, et al® within 7-12° from plume centerline,
with experiments showing closer to 20 degrees??. The purpose of this ion source is to allow for adjustment
of the firing angle of the tungsten source while under vacuum in order to adjust for off-axis emission by
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Figure 3: A diagram of electrospray TOF-SIMS diagnostic for analyzing positive secondary ions from a
negative primary electrospray plume. To collect negative secondary ions, the polarities of the source and
extractor are opposite to fire the source in the positive mode.

control of the goniometer via flexible shafts. An additional benefit of this design is semi-consistent needle
to extractor distance and the mitigation of propellant bubbling during vacuum pump down. The use of a
single emitter as compared to thruster arrays allows for more careful correlation of incoming beam properties
(currem‘c7 energy spectra, mass spectra) with secondary species.

B. Target

The electrospray plume is directed at a target biased to high voltage, Vigrget, where impact of the primary
plume and a target surface results in a sputtering, or the removal of atoms, molecules, or ions from a
surface!”. The working distance was approximately 2 inches from tungsten tip to surface. For preliminary
tests, the target consisted of 100 mm diameter silicon wafer deposited with a 100 nm of gold or silver with
a 10 nm Ti binding layer. These wafers were created via e-beam evaporation with a CVC4500 evaporator
at the Cornell NanoScale Facility. Atomically flat, uniform metallic surfaces were chosen for preliminary
electrospray TOF-SIMS targets to mitigate inconsistent signals, as SIMS analysis is highly dependent on
substrate uniformity!”. Gold was selected as a target of interest because of its use within thruster systems?,
and silver because of its distinct stable isotopes at m/z = 107 amu and 109 amu occurring naturally in
essentially equal isotopic proportions.

The secondary ion acceleration grid consists of a high-transparency stainless steel mesh grid affixed via
alumina spacers 0.25 inches from the target surface. This grid is at electrical ground, creating an electric
field between the target and grid that both allows for (1) acceleration of the primary ions to the target
and, (2) simultaneously extracting secondary ions from the sputtered cloud. An important note about this
experimental setup is the polarity of the voltages on the source and target. The target is held at high
potential, Viqrget, With opposite polarity to the source firing, Vyoyrce- In order to fire the primary beam in
the same polarity as the secondary beam, a much greater source voltage or another accelerating electrode
for the primary beam would be necessary, and was not attempted in this preliminary set of experiments.
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Figure 4: Single emitter tungsten primary ion source.

C. Time-of-Flight Mass Spectrometer

The time-of-flight mass spectrometer (TOF-MS) system allows for the identification of secondary ions
through conservation of energy principles. Time-of-flight is a standard electrospray diagnostic for deter-
mining the composition of the ion plume for indirect thrust and specific impulse measurements™?%. The
system used for this ESI TOF-SIMS diagnostic replicates a typical in-house system used for electrospray
TOF-MS and is further detailed in Ref. [25]. For electrospray TOF-SIMS, secondary ions are accelerated
from the target surface to form a monoenergetic secondary ion plume with energy essentially equivalent to
Viarger given their low ejection energies from the sample. This plume is passed through an electrostatic gate
consisting of two parallel electrodes connected to a high voltage power supply and pulsed from 0 V to 1 kV at
a frequency of 100 Hz via a Keysight EDU33212A waveform generator. The gate acts to deflect and let the
plume pass through at this frequency. The secondary plume travels down the TOF tube, with species sep-
arating according to mass-to-charge (m/z) ratio. Detection occurs at the microchannel plate (Hamamatsu
F12107, gain 10%) coupled with a transimpedance amplifier (Advanced Research Instruments Corporation
TDC-30, 0.5 V/1 pA). The flight time, t7oF, is the time it takes for a particle to travel from the center of
the gate to the microchannel plate detector. This flight time is related to the mass of the particle, m, by
conservation of energy,

Lror

tTOF 2(%)‘4@7«‘9@15 + tdelay (1)
where Lror is the length of the flight tube, z is the charge state of the particle, and tgeqy is the time delay
between the oscilloscope trigger and the actual time that the electrostatic gates come to high potential (which
is typically on the order of hundreds of nanoseconds). For ~ 1 amu mass resolution, Lrop is approximately
1 m but varied slightly between experiments. The TOF raw signal records current as a function of time, with
each change in current indicating a species arriving at the detector?S. These raw signals are averaged > 2000
times over steady state operation. By taking the derivative of the current trace, a spectral representation of
the plume composition can be obtained.

1. X-Auzis Determination

Because the nature of the TOF-SIMS target in the vacuum chamber, the precise flight distance is difficult to
accurately measure, and it changes slightly from experiment to experiment. As this is a critical parameter in
Eqn. 1, this complicates precise determination of the x-axis of TOF curves and mass spectra. In addition, the
electrostatic gate is pulsed to high potential by a square wave from a function generator, which also triggers
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the data capture via an oscilloscope. There is a time delay, tgeiqy in Eqn. 1, of hundreds of nanoseconds
between the triggering square wave and the actual time when the gate comes to full potential and the gate
opens or closes. This further complicates the x-axis determination.

To enable more precise x-axis determination, Exponentially modified Gaussians (EMGs) were fitted to
the smoothed derivative mass lines in each spectrum, similar to the approach detailed further in Ref. [27].

These EMGs have the form )
ao%e%@’”)‘”%zt) - erfc (,u +\>g — t) (2)
o

where ag is the amplitude, X is an exponential decay term, o2 is the variance, p is the mean, and erfc is the
complementary error function. Initial guess EMGs of arbitrary small amplitude and variance were visually
placed at the time indices of observed mass lines, and the SciPy curve fitting routine was then used to
determine the fitted parameters for each mass line. The index of the local maximum of each resultant EMG
was taken as the EMG’s location, and two known or suspected mass lines were then assigned mass numbers.
A simple minimization was then performed to determine which flight distance and time delay resulted in
the smallest mass error for these identified lines. The specific mass lines chosen to constrain the x-axis are
discussed in detail in Section III.

D. Experiment Overview

There are two distinct modes for the current design of electrospray TOF-SIMS:
1. Firing negative primary ions to collect positive secondary ion species
2. Firing positive primary ions to collect negative secondary ion species.

In such, the following experiments examined opposite polarity secondary species to the impacting primary
ion. Future work will include additional primary accelerating electrodes to collect secondary ion impact
products from similarly charged primary ions. Experimental operational parameters are summarized in
Table 1. The target bias, Viarger, magnitude was varied from 2 kV to 3 kV to validate initial secondary ion
mass spectra and explore dependence on impact energy. The source voltage, Visource, varied between Au and
Ag experiments because of reduced tungsten ion source emitted current and higher startup voltage during
the silver tests, thus increasing the total primary impact energy of ions.

Table 1: Operating parameters of experiments for collecting positive secondary ions from given target surface
[X]+, and negative secondary ions from given target surface [X]-.

Au+ Ag+ Au— Ag— Units

Monomer Primary ion BF, EMI* -

Viource 2 =3 42 43 [kV]
Viarget [+2, +3] -2, -3] [kV]
Impact Energy 4,5 [5,6] [4,5] [5,6] [keV]

ITI. Results

A. Ion Source

Direct TOF-MS analysis of the primary electrospray plume was performed to evaluate plume composition
of the single emitter ion source as shown in Fig. 5. The raw TOF curves were smoothed with a quadratic
Savitzky-Golay filter smoothed over 100 data points®®. Firing in the source positive mode with Vioyurce at
+ 2.1 kV and Lror = 1.01 m resulted in a beam primarily composed of the monomer EMIT ion, with
smaller populations of dimers, trimers and droplets. These higher m/z droplets to at least ~ m/z = 103 are
shown by the tail of the plot in Fig. 5a. There exists even higher m/z species, but the timescales of the data
collection prevented visualizing the TOF curve gradient converging to zero®. This result was paralleled in
the negative firing mode with Vioyree at —2.1 kV and Lyop = 1.01 m, as shown in Fig. 5b. The plume was
primarily composed of BF; monomers with portions of dimers, trimers, and droplets. Both of these confirm
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Figure 5: Time of flight curves for the primary electrospray ion plume in both polarities.

that the ion source emits primarily a plume of ions with a subset of higher mass-to-charge ratio droplets

mirroring a typical compositions of ionic liquid electrospray plumes®!3.

B. Electrospray TOF-SIMS

Preliminary mass spectra of secondary ions of both polarities were generated as a result of the impacts of
electrospray plume on gold and silver targets, as shown in Fig. 7 and Fig. 8. The flight length remained 0.97
m throughout experiments, with the background pressure of the vacuum chamber at ~ 5e-5 Torr. A raw
TOF-SIMS curve without filtering is shown in Fig. 6, with each drop in current representing the arrival of
species correlating to a specific m/z value. The ringing spike preceding each drop in current is believed to
be caused by an unstable high voltage electrical connection to the electrostatic gate.
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Figure 6: Raw TOF curve for collecting positive secondaries from negative plume impacts with gold (Au+)
with Vigrger = 2 kV and total impact energy of 4 keV.

8
The 38th International Electric Propulsion Conference, P. Baudis Convention Center, Toulouse, France, June 23-28, 202}
Copyright 2024 by the Electric Rocket Propulsion Society. All rights reserved.



Au + Au -
L ®eTe ™ B L kv Py | 2w
T R = 3kV R 3KV
1L [ | | = | P
[ N I L
T | o ’
o I L
S I I I = [
X oo : : IR Y f
> ! ! S o
2 04k I I | i L
o ’ \ I = L
g | j goap 1
2k i
e N R
,4‘ m n. | ! hUv'- JW WSy Jdvv wv o2 11 ]
| I
o (WY i: : |
| : SR ofondilhftce o
-0.4) | | | | | | q [
[ | I I P
P N R N R N , , , L1 , , , , , , ,
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
m/z m/z

Figure 7: LEFT: Positive secondary ion mass spectra from negative plume impacts with Au with Vierger =
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Figure 8: LEFT: Positive secondary ion mass spectra from negative plume impacts with Ag with Vigrger =
2 kV and 3 kV. RIGHT: Negative secondary ion mass spectra from positive plume impacts with Ag with
Viarget = 2 kV and 3 kV.

1. Positive Secondary Ion Spectra

The positive secondary ion mass spectra for a negative electrospray plume impacting both gold and silver
targets in ~ 5e-5 Torr vacuum are given in Fig. 10 and Fig. 11. The source voltage, Viource for Au+ tests
was —2 kV with an emitted current of 240 nA +/— 20 nA. The target voltage, Vigrger Was varied from 2
kV to 3 kV, creating a total plume impact energy of 4 keV and 5 keV respectively. The derivative of the
smoothed TOF curve gives a typical mass spectrum representation of significant species detected for both
target surfaces, with preliminary identification of the most intense peaks listed in Table 2. The mass spectra
qualitatively agree between varying Viurge; and thus impact energies for both silver and gold targets.
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2. X-axis Determination

For the gold target, x-axis error minimization was done with the EMIT ion at mass 111 and a faint suspected
carbon line at mass 12, yielding a flight distance of 0.97 meters and a tgeiqy of 299 ns, both of which are
close the expected values based on direct measurement and other unrelated experiments?®. Because the
parameters should be constant across a single experiment, these positive ion parameters were then copied
over to the negative ion spectra, where the lines were fewer and thus harder to identify.

For the silver target, there is a positive ion line close to the expected location for either the two stable
silver isotopes, 1°7Ag and °°Ag, or EMIT at mass 111. The mass resolution required to separate the silver
isotopes is not available in this particular dataset because the oscilloscope sampling frequency used for these
recordings was too low. It was first assumed that this line was EMIT since that species was detected (albeit
faintly) with the gold target. However, fits that minimize mass error of this line to 111 AMU were not self-
consistent with the other positive ion mass lines in the gold target data, and they require a flight distance
of 0.95 meters and a tgeqy Of 486 ns. This flight distance is slightly shorter than expected, and the offset is
significantly higher than expected. However, minimizing this line’s mass index with the expected location of
merged silver lines at 107.9 AMU (again, due to the low mass resolution of this particular dataset) provides
a better fit to the data. In particular, the required flight distance is again 0.97, the same as required for the
gold data, and the tg4e1qy offset is 345 ns, significantly closer to the gold data’s 299 ns. Importantly, these
settings also provide better correlation with the low mass species observed in the gold target data in both
positive and negative ion data, as they match to integer rounding, whereas minimization assuming a mass of
111 AMU for EMIT shifts several of these values one or more AMU. Lastly, the EMI+ line in the gold data
is faint, being smaller in size than the lower mass organics, but it is the dominant line in the silver spectra,
Thus, while this dataset does not have the mass resolution to conclusively identify silver in the spectrum
via its dominant isotopes, it is justified that the observed line is silver rather than EMIT, and as such the
x-axis was fitted to minimize error with this mass assignment.

3. Preliminary Peak Identification

The Vigrge: = 2 kV TOF curve for the gold target exhibits the highest mass resolution comparatively as
seen in Fig. 10. The Au+ and Ag+ spectrum agree qualitatively for lower m/z peaks. Agreement between
positive secondary ion mass spectra from Au and Ag targets source exists for mass families marked by the
dominant peaks (a) = 28 amu, (b) = 41 amu, and (¢) = 56 amu. These families of peaks align with both EMI*
collision induced dissociation/fragmentation patterns found both in commercial SIMS of an EMI-Im thin film
by Bundaleski, et al>?, RGA measurements of background gas by Shaik, et al'®, and numerical reactive force
field MD simulations of an EMIT molecule impacting a potential wall by Bendimerad, et al”. Bundaleksi, et
al? cites a two bond cleavage of the imidazolium ring resulting in masses of m/z = 28 amu (a) as NCHJ,
mass m/z = 41 (b) as NCoH7 , and a match for (c) at m/z = 56 amu as HC-NCyH; as shown in Fig. 9. These
masses result from scission of the bonds surrounding the nitrogens in the imidazolium ring at C(2)-N(3)-C(4)
for (a) and C(2)-N(1)-C(5) for (b) and (c)?°. Moreover, Bundaleski et al.?% assert that the peaks at m/z
= 41 and the smaller peak m/z = 42 unequivocally result from the two-bond cleavage at C(2)-N(1)-C(5),
as this mass is impossible to derive from the ethyl chain. While it is realistic that EMIT fragments form
portion of the detected peaks, alternative mass assignments for these families are expanded upon in Table 2.
Important to note is the fact that EMIT is an organic molecule comprised of hydrocarbon functional groups
and an imidazolium ring. Commercial TOF-SIMS of organics like crude o0il®* show similar fragmentation
patterns to those observed in the positive spectra. A monolayer of adsorbate contaminants likely exists on the
metallic targets, originating from vacuum pump oil, background gas, and other testing contaminants3!. This
monolayer is first being sputtered by the primary plume and are thus likely contributing to the peaks also
associated with primary plume impact fragmentation. Further work with special consideration to sample
cleanliness and UHV tests can help to discern between peaks associated with adsorbates versus primary
plume fragmentation ions. Additionally, non-hydrocarbon species like carbon monoxide ions, dinitrogen
cations, and higher m/z oxygen-containing molecules could also potentially originate from adsorbed gas
onto the target surface.

Discrepancies in the Au+ and Ag+ spectra exist in the higher m/z range. The first exists with the ~ 5
amu difference between species (d) in Ag+ and (e) in Au+, at m/z = 65 amu and 69 amu respectively. A
possible candidate for (e) = 65 amu is NHQBFQ+ that could result given the presence of BF in the negative
primary plume. Mass 65 (e) has been detected by Bendimerad, et al” through simulating high energy
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collisions and by Itili, et al from investigating fragmentation of imidazole rings®2. Mass 69 could possibly
result from the two bond scission of the C(2)-N(1)-C(5) and C(2)-N(3)-C(4) bonds to create a NoC3HZ ion.
Another important note is the lower mass resolution in the Ag+ spectra making the mass assignment more
uncertain, but ions related to the imidazolium ring (m/z = 67 amu) and BFZ (m/z = 67 amu) are possible
candidates for species in this range as well.

a= NCH2+ b= NC2H3+ Cc= NC3H6+

W

Ny

Figure 9: EMIT with potential sources of m/z = 28 amu (a), 41 amu (b) and 56 amu (c) detected in both
Au+ and Ag+ spectra.

The second discrepancy results from the presence of m/z = 88 amu (f) in the Au+ spectrum, which
is not seen in Ag+. This is particularly confounding as it is the most intense peak in the Au+ spectrum
for both impact energies. Fragments of the EMIT ion have been seen at m/z = 83 amu corresponding to
CoHj5-N(1)-C(2)-N(1)-CH33. The identification and source of this mass 88 amu is uncertain, but possible
species are reported in Table 2.

The Au+ spectra detects a peak at m/z = 111 amu, corresponding to the intact EMIT ion. This can
be compared to the Ag+ spectrum, which exhibits a peak centered at m/z = 108 amu. This aligns more
closely with the expected mass of an Ag™ ion than EMIT considering silver’s nearly equal abundance of the
isotopes with masses at 107 amu and 109 amu. However, the mass resolution of the Ag+ spectra inhibits
the distinction between a peak at 108 amu and 111 amu. This suggests that EMI™ may have been present
but indistinguishable from the dominant Ag™ peak.

A mass was identified in the Ag+ spectra at m/z = 184 amu, indicative of the tungsten ion, W.
Considering the tungsten needle operating as the ion source, the presence of this ion is plausible. The
presence of this mass in strictly the Ag™ spectrum could be potentially explained by a source arcing event
from the needle tip to extractor. Important to note is the absence of positive Au ions in the Au+ spectrum.
A discussion of this absence is included in Section IV.

Overall, the positive secondary ion mass spectra show a substantial set of positive polarity secondary
species, originating from primary beam impact fragmentation, hydrocarbon and background gas adsorbates,
and sputtering of target surface ions.

4. Negative Secondary Ion Spectra

The negative secondary ion mass spectra for a positive electrospray plume impacting gold and silver targets
in ~ be-5 vacuum are shown in Fig. 12 and Fig. 13. For the gold experiments, the Viource was at + 2 kV
with an emitted current of 240 nA +/— 30 nA. Spectra for both Vigrger at — 2 kV and — 3 kV are shown,
indicating a total primary impact energy of 4 keV and 5 keV respectively. The silver experiments operated
with Viource at + 3 kV, with a similar emitted current to the gold tests. Again, Vigrger Was varied from — 2
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Figure 10: Positive secondary ion mass spectra from negative plume impacts with Au surface at ~ 5e-5 torr.
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Figure 11: Positive secondary ion mass spectra from negative plume impacts with Ag surface at ~ 5e-5 torr.
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Table 2: Positive secondary ion identification from negative plume impacts with targets.

Detection Mass (amu) Possible Species Reference Detection
Au+ and Ag+ 28 (a) CoHY, CH3N*+, COT, NI, [7, 16, 29]
41 (b) CoH3N*, C3HY, [7, 16, 29, 33]
55 (c) C3HgNT, C4HF, CNL,OF  [7, 29, 33]
Ag+ 65 (d) NH,BFj 7, 32]
108 Ag™
184 W+
Au+ 69 (e) C3H5N3, BFy [7]
88 (f) C,0Ff, CFf
111 EMI* [7, 29]

kV and - 3 kV, creating total impact energies of 5 keV and 6 keV respectively. The source had a startup
voltage greater than 2 kV in the silver experiments, thus the emitted current was made to match the gold
tests. The mass resolution for the higher energy spectra is due to low time resolved data collection coupled
with comparatively more inconsistent signals. Preliminary identification of the dominants peaks in both
spectra are detailed in Table 3.

Qualitatively the gold and silver negative secondary ion spectra match, with species being detected up
to approximately m/z = 40 amu. For both targets, there exists a dominant initial peak at ~ m/z = 0.8
amu (i), indicating the presence of secondary electrons and H™ ions immediately reaching the detector due
to their low mass. This is followed by peaks centered at m/z = 12 amu (ii), m/z = 18 amu (ii), m/z = 24
amu (iii), and m/z = 34 amu (iv). Given the lower mass resolutions of these plots, identification of these
species is more tentative with a resolution of about +/— 1.4 amu as further explained in Section IV. Species
at m/z = 12 amu (ii) could be indicative of the carbon anion and CH—, both seen in negative commercial
SIMS of NaBF, in a 8e-7 Torr environment and attributed to pump oil adsorbate contamination'. This
is followed by m/z = 18 (iii), which could be a peak encapsulating the presence of species like hydroxide
from background gas and fluorine as a breakup product of BFy. The m/z = 24 (iv) family of peaks suggest
a hydrocarbon spectral family around the diatomic carbon anion formed from potentially a combination of
hydrocarbon contamination of the target and perhaps the primary EMIT cation as seen in previous negative
SIMS studies of ionic liquids®2°. Finally, the detection at m/z = 34 amu (v) has the potential to be the
hydrogen peroxide anion, but was not observed in other works. While BF; (m/z = 87 amu) ions were not
detected in the negative secondary ion spectra, the potential fluorine peak hints at fragmentation of the
primary anion. Given that EMIT was seen at a relatively lower intensity compared to other peaks in the
positive gold spectra in Fig. 10, the mass resolution and signal-to-noise ratio of the negative spectra may
also be prohibiting detection of intact primary BF4 anions. Future work will aim to increase mass resolution
and maintain more stable primary plume emission to confirm or deny this lack of detection. The negative
mass secondary ion mass spectra for varying impact energies for both gold and silver targets qualitatively
agree, with the dominant peak consisting of secondary electrons, H™, and m/z peaks indicating a likely
combination of background gas adsorbates onto the target surface and primary plume fragmentation.
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Figure 13: Negative secondary ion mass spectra from positive impacts with Ag surface at ~ 5e-5 torr.
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Table 3: Negative secondary ion identification from positive plume impacts with targets. Masses are listed
within +/— 1.4 amu given the error of the mass resolution and x-axis determination.

Detection Mass (amu) Possible Species Reference Detection
Au—and Ag— 0.8 (i) Electrons, H™ [7, 31]

12 (ii) B—, C7, CH™, BH; [31]

18 (iii) OH™, F~ [31]

24 (iv) C;, BN— [31]

34 (v) HsN; , CHoF~, HoOf

IV. Discussion

The aim of this work was to establish the viability of an electrospray TOF-SIMS diagnostic to investigate
secondary ions that arise from plume surface impacts. To accomplish this, preliminary secondary mass
spectra were produced and showed qualitative agreement between both varying impact energies and across
target surfaces. However, the mass error for most plots was greater than 1 amu due to a combination of low
time resolved data collection and x-axis determination error. This prevents the absolute determination of
distinct secondary ion species, and is thus reserved for future work.

In unrelated experiments where the monomer and dimer lines of directly fired EMI-BF, are observed, it
is easier to perform x-axis optimization. However, it should be noted that the optimum offsets and flight
distances are not always constant across even these datasets, and this represents a significant error in the
x-axis determination. The precise reasons for these fluctuations are not currently understood, but it is
feasible that the electronic offset is not constant with time. However, our data averaging does not show signs
of significantly misaligned addition, indicating that such change would have to occur over timescales longer
than typical data collection, on the order of seconds. While the electronics offset may in principle vary with
time, the flight distance cannot, and so once a reasonably consistent flight distance has been found for a data
set, it is held constant. In other experiments, the offset has been observed to fluctuate over a range of 100
ns, although it is typically lower than this. Applying such a range to our datasets would result in an error
of approximately £1.4 AMU for our highest detected mass, the 111 AMU line identified at EMI*. Ongoing
work is attempting to understand this fluctuation better so as to reduce this potential source of error.

The vacuum testing environment is an important consideration for the results of TOF-SIMS. Commer-
cial SIMS systems utilize ultra-high vacuum environment as to prevent monolayers of gas adsorbing onto
the surface. For reference, the Hertz-Knudsen relationship predicts a monolayer of oxygen will form on an
atomically flat silicon surface in ~ 1 s under microTorr vacuum, compared to ~ 1000 s in nanoTorr en-
vironments!”. Since SIMS is a surface analysis technique, this monolayer contaminates the secondary ion
spectrum. However, the vacuum level for electrospray TOF-SIMS should reflect the purpose of the test.
The vacuum level for TOF-SIMS should be consistent with the vacuum in which thruster performance diag-
nostics are performed in order to account for secondary species in those tests. This will reveal the possible
secondary ions that could influence diagnostic measurements, including background gas contaminates that
will be present on all surfaces like chamber walls, electrodes, and instruments. On the other hand, utilizing
electrospray TOF-SIMS as a diagnostic for plume-thruster impacts while on orbit or for direct comparison
with numerical models will necessitate ultra high vacuum testing environments”.

Another interesting feature of the results is the positive Au spectrum in Fig. 11 not showing detection
of gold ions, while the tentative detection of the silver ion is the dominant peak in the Ag positive spectrum
in Fig. 11. While the exact reason for this is not yet well understood, SIMS spectra are highly dependent
on surface binding energy, which can be approximated by cohesive energy'”. Gold has a slightly higher
cohesive energy at 3.81 eV/atom, compared to silver at 2.95 eV/atom3*. This has implications in the
amount of energy needed to break the lattice bonds and could be a factor in the lack of Aut ions detected.
Additionally, silver has a lower ionization energy at 7.58 ev/atom compared to gold at 9.23 ev/atom3®.
This has implications in secondary ion generation. Finally, experimental factors like plume dwell time,
sample current, and relative sample cleanliness could have effects that contributed to the difference in gold
vs silver secondary ion detection. Future work will on varying impact energies to higher ranges, exploring
the dependence on primary plume incident angle, and comparing signals after long-duration exposure to the
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the electrospray plume.

V. Conclusion

A novel electrospray time-of-flight secondary ion mass spectrometry diagnostic was experimentally vali-
dated to determine secondary ion chemical composition from plume-surface impacts. This was achieved via
a single tungsten electrospray ion source operating with room temperature ionic liquid propellant, EMI-BF,
in a ~ 107° Torr vacuum. Impacts of the primary plume with metallic surfaces of either gold or silver in-
duced secondary ion emission characterized by time of flight mass spectrometry. Positive secondary ion mass
spectra generated from primary negative plume impacts showed potential ionic and covalent dissociation of
the primary beam given the tentative detection of EMIT and related fragmentation species. In addition,
the positive spectra indicated multiple species of m/z < 100 amu, pointing to potential primary ion impact
fragmentation products or background gas adsorbates on the target surfaces. Silver positive ions are more
likely the most intense secondary species in the positive spectrum for Ag, given that the peak is the average
of silver’s isotopes and the lower m/z secondary ions align with the positive Au peaks. In the negative sec-
ondary ion spectra for both targets, the signal was dominated by secondary electrons and H™ ions. However,
multiple ion species of m/z < 40 amu were detected, again most likely related to surface gas adsorbates and
primary ion impact fragmentation products. The detected species are of special interest because they are
the result of the opposite polarity primary plume impacts. These species are the most likely to backstream
and contribute to lifetime limiting processes.

It should also be noted that while this work has focused on the use of the TOF-SIMS in the context of
laboratory diagnostics and electric propulsion, the design may in principle be used as a scientific spacecraft
instrument. ESI-SIMS has the potential to be a powerful tool that may used to study the chemical com-
position of a wide variety of planetary objects, similar to the COSIMA SIMS instrument on the European
Space Agency Rosetta Mission which analyzed collected cometary dust6. Because larger molecular primary
ions tend to produce a gentler secondary ionization!®!?, an RTIL ESI-SIMS system may be particularly
enticing for the study of large, fragile organics or biomolecules that might be found at potentially habitable
ocean worlds373839  Such a device could be used either to study surface material collected by a lander
spacecraft04142 or to study lofted dust grains collected by flyby spacecraft, provided that the flyby velocity
is below the critical breakup velocities for organics?7:43:44:45,46,

Future work will focus on enhancing mass resolution of the TOF-SIMS mass spectra through improved
data acquisition methods and the utilization of higher-fidelity electronics and high voltage cables. Addition-
ally, a comparative analysis of ESI TOF-SIMS between a single electrospray ion source and an electrospray
thruster array will be performed to examine the effect of an array on secondary ion generation. This work
can then be expanded to test the permutation of thruster operating conditions, propellants, and surfaces
of interest for a comprehensive ESI TOF-SIMS analysis of electrospray thruster plume-surface interactions.
Further work will also investigate the detection of organic biomolecules from icy ocean world analogs.

Acknowledgments

This work was supported by NASA Space Technology Graduate Research Opportunity Fellowship
(80NSSCK23K1212). The authors would like to thank Stefan Bell, Carl Geiger, Adler Smith, and Dr. Amy
Hoffman for insights and support. This work was performed in part by Christopher Alpha the Cornell
NanoScale Facility, a member of the National Nanotechnology Coordinated Infrastructure (NNCI), which is
supported by the National Science Foundation (Grant NNCI-2025233).

16
The 38th International Electric Propulsion Conference, P. Baudis Convention Center, Toulouse, France, June 23-28, 202}
Copyright 2024 by the Electric Rocket Propulsion Society. All rights reserved.



[11]

[12]

References

Paulo Lozano and Manuel Martinez-Sanchez. “Ionic liquid ion sources: characterization of externally
wetted emitters”. In: Journal of Colloid and Interface Science 282.2 (Feb. 15, 2005), pp. 415-421. ISSN:
0021-9797. pDOI: 10.1016/j.jcis.2004.08.132.

Elaine M. Petro et al. “Characterization of the TILE Electrospray Emitters”. In: AIAA Propulsion
and Energy 2020 Forum. ATAA Propulsion and Energy Forum. American Institute of Aeronautics and
Astronautics, Aug. 17, 2020. DOI: 10.2514/6.2020-3612.

Elaine M. Petro et al. “Multiscale Modeling of Electrospray Ion Emission”. In: Journal of Applied
Physics 131.19 (May 2022), p. 193301. 1ssN: 0021-8979, 1089-7550. DOI: 10.1063/5.0065615.

Paulo C. Lozano et al. “Nanoengineered thrusters for the next giant leap in space exploration”. In:
MRS Bulletin 40.10 (Oct. 1, 2015), pp. 842-849. 1SSN: 1938-1425. DOI: 10.1557/mrs.2015.226.

Fernando Mier-Hicks and Paulo C. Lozano. “Electrospray Thrusters as Precise Attitude Control Ac-
tuators for Small Satellites”. In: Journal of Guidance, Control, and Dynamics 40.3 (Mar. 2017).
Publisher: American Institute of Aeronautics and Astronautics, pp. 642-649. 1SsN: 0731-5090. DOTI:
10.2514/1.G0O00736.

Robert David Kolasinski. “Fundamental Ion-Surface Interactions in Plasma Thrusters”. PhD thesis.
California Institute of Technology, 2007. DOI: 10.7907/XWSV-1E98. URL: https://resolver.caltech.
edu/CaltechETD:etd-11222006-105854 (visited on 05/06,/2024).

Rafid Bendimerad and Elaine Petro. “Molecular dynamics studies of ionic liquid-surface interactions for
electrospray thrusters”. In: Journal of Electric Propulsion 1.1 (Nov. 25, 2022), p. 27. 1SSN: 2731-4596.
DOI: 10.1007/s44205-022-00032-9.

David Krejci et al. “Emission Characteristics of Passively Fed Electrospray Microthrusters with Pro-
pellant Reservoirs”. In: Journal of Spacecraft and Rockets 54.2 (2017), pp. 447-458. poI: 10.2514/1.
A33531.

Anirudh Thuppul et al. “Lifetime Considerations for Electrospray Thrusters”. In: Aerospace 7.8 (Aug.
2020). Number: 8 Publisher: Multidisciplinary Digital Publishing Institute, p. 108. 1SsN: 2226-4310.
DOI: 10.3390/aerospace7080108.

Chengyu Ma et al. “Plume Study of an Electrospray Thruster Using a HAN-Based Dual-Mode Ionic
Liquid Propellant”. In: International Electric Propulsion Conference. Electric Propulsion Society,
June 19, 2023.

N. M. Uchizono et al. “The role of secondary species emission in vacuum facility effects for electrospray
thrusters”. In: Journal of Applied Physics 130.14 (Oct. 2021), p. 143301. 1ssN: 0021-8979. por: 10.
1063/5.0063476.

Nanako Takahashi and Paulo Lozano. “Atomistic Numerical Approach to Ion Evaporation from a
Tungsten Surface for Electrospray Thrusters”. In: 45th AIAA/ASME/SAE/ASEE Joint Propulsion
Conference &amp; Exhibit. 2009. DOI: 10.2514/6.2009-5089. eprint: https://arc.aiaa.org/doi/
pdf/10.2514/6.2009-5089. URL: https://arc.aiaa.org/doi/abs/10.2514/6.2009-5089.

Ximo Gallud Cidoncha et al. “Modeling and Characterization of Electrospray Propellant-Surface In-
teractions”. In: 2022 IEEE Aerospace Conference (AERO). 2022, pp. 1-11. DOI: 10.1109/AER053065.
2022.9843583.

NM Uchizono et al. “Positive and negative secondary species emission behavior for an ionic liquid
electrospray”. In: Applied Physics Letters 121.7 (2022).

Nolan Michael Uchizono and Richard E. Wirz. “Secondary Species Emission and Behavior for Electro-
spray Thrusters”. PhD thesis. University of California, Los Angeles, 2022.

Saba Z. Shaik et al. “Characterization of Propellant-Surface Collision Byproducts Using MD Simula-
tions and RGA Measurements”. In: ATAA SCITECH 2024 Forum. ATAA SciTech Forum. American
Institute of Aeronautics and Astronautics, Jan. 4, 2024. DOI: 10.2514/6.2024-1541.

Paul Van der Heide. Secondary Ion Mass Spectrometry: An Introduction to Principles and Practices.
Hoboken, New Jersey: John Wiley & Sons, Inc, 2014. 375 pp. ISBN: 978-1-118-91676-6 978-1-118-91678-
0.

17

The 38th International Electric Propulsion Conference, P. Baudis Convention Center, Toulouse, France, June 23-28, 202/

Copyright 2024 by the Electric Rocket Propulsion Society. All rights reserved.



[19]

[20]

[22]

[32]

Rita Van Ham et al. “Comparison of Ga+ and SF5+ primary ions for the molecular speciation of
oxysalts in static secondary ion mass spectrometry (S-SIMS)”. In: Journal of Analytical Atomic Spec-
trometry 20.10 (2005), p. 1088. 1SSN: 0267-9477, 1364-5544. DOI: 10.1039/b506163f.

Erick R. Fuoco et al. “Surface Analysis Studies of Yield Enhancements in Secondary Ion Mass Spec-
trometry by Polyatomic Projectiles”. In: The Journal of Physical Chemistry B 105.18 (May 2001),
pp- 3950-3956. 1SSN: 1520-6106, 1520-5207. DOI: 10.1021/jp0033317.

Jennifer A. Townes et al. “Mechanism for Increased Yield with SF5+ Projectiles in Organic SIMS:
The Substrate Effect”. In: The Journal of Physical Chemistry A 103.24 (June 1999), pp. 4587-4589.
1SSN: 1089-5639. DOT: 10.1021/3jp9907138.

Greg Gillen and Sonya Roberson. “Preliminary evaluation of an SF5+ polyatomic primary ion beam
for analysis of organic thin films by secondary ion mass spectrometry”. In: Rapid Communications
in Mass Spectrometry 12.19 (1998), pp. 1303-1312. 1ssN: 1097-0231. DOI: 10. 1002/ (SICI) 1097 -
0231(19981015)12:19<1303: : AID-RCM330>3.0.C0;2-7. (Visited on 10/17/2023).

Yukio Fujiwara and Naoaki Saito. “Time-of-flight secondary ion mass spectrometry (TOF-SIMS)
using an ionic-liquid primary ion beam source”. In: Surface and Interface Analysis 46 (S1 2014).
_eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1002/sia.5662, pp. 348-352. 1sSN: 1096-9918. DOI:
10.1002/sia.5662.

Paulo C Lozano. “Energy properties of an EMI-Im ionic liquid ion source”. In: Journal of Physics D:
Applied Physics 39.1 (Dec. 2005), p. 126. DOI: 10.1088/0022-3727/39/1/020.

Christopher T. Lyne, Miron F. Liu, and Joshua L. Rovey. “A simple retarding-potential time-of-flight
mass spectrometer for electrospray propulsion diagnostics”. In: Journal of Electric Propulsion 2.1
(2023), p. 13. 1SSN: 2731-4596. DOI: 10.1007/s44205-023-00045-y.

Shawn P Cogan et al. “Electrospray Mass Spectrometry for In-Orbit Biomolecule Analysis”. In: 2023
IEEE Aerospace Conference. IEEE. 2023, pp. 1-7.

Elaine M. Petro et al. “Investigation of Electrospray Plume Composition during Voltage Transients”.
In: International Electric Propulsion Conference 2019. Electric Propulsion Society, 2019.

Zach Ulibarri et al. “Detection of the amino acid histidine and its breakup products in hypervelocity
impact ice spectra”. In: Icarus 391 (2023), p. 115319.

Abraham Savitzky and Marcel JE Golay. “Smoothing and differentiation of data by simplified least
squares procedures.” In: Analytical chemistry 36.8 (1964), pp. 1627-1639.

Nenad Bundaleski et al. “Ion-induced fragmentation of imidazolium ionic liquids: TOF-SIMS study”.
In: International Journal of Mass Spectrometry 353 (Nov. 1, 2013), pp. 19-25. 1SSN: 1387-3806. DOTI:
10.1016/j.1jms.2013.05.029.

PWF Arisz, JBM Pureveen, and RMA Heeren. “Dynamics of Molecules Observed at Crude-Oil-Gas
Interfaces by Time-of-Flight Secondary Ion Mass Spectrometry Imaging”. In: Journal of the American
Society for Mass Spectrometry 31.11 (2020), pp. 2356-2361.

M. J. Van Stipdonk, V. Santiago, and E. A. Schweikert. “Negative secondary ion emission from NaBF4
: comparison of atomic and polyatomic projectiles at different impact energies”. In: Journal of Mass
Spectrometry 34.5 (1999), pp. 554-562. DOI: https://doi.org/10.1002/(SICI)1096-9888(199905)
34:5<554::AID-JMS808>3.0.C0;2-1.

E. Itala et al. “Fragmentation of imidazole, pyrimidine and purine induced by core ionization: Signifi-
cance of small-scale chemical environment”. In: Journal of Photochemistry and Photobiology A: Chem-
istry 356 (2018), pp. 283-289. 1sSN: 1010-6030. DOI: https://doi.org/10.1016/j . jphotochem.
2018.01.003. URL: https://www.sciencedirect.com/science/article/pii/S1010603017311656.

Stefan Bell, Abu Taqui Md Tahsin, and Elaine M. Petro. “Collision Cross-Sections for Electrospray
Thrusters Operating with EMI-Im”. In: Joint Army Navy NASA Air Force Conference. May 2024.

Charles Kittel and Paul McEuen. Introduction to solid state physics. John Wiley & Sons, 2018.

National Center for Biotechnology Information. Ionization Energy in the Periodic Table of Elements.
https://pubchem.ncbi.nlm.nih.gov/periodic-table/ionization-energy. Retrieved June 19,
2024. 2024.

18

The 38th International Electric Propulsion Conference, P. Baudis Convention Center, Toulouse, France, June 23-28, 202/

Copyright 2024 by the Electric Rocket Propulsion Society. All rights reserved.



Jochen Kissel et al. “COSIMA-high resolution time-of-flight secondary ion mass spectrometer for the
analysis of cometary dust particles onboard Rosetta”. In: Space science reviews 128 (2007), pp. 823—
867.

Morgan L Cable et al. “The science case for a return to Enceladus”. In: The planetary science journal
2.4 (2021), p. 132.

Frank Postberg et al. “Macromolecular organic compounds from the depths of Enceladus”. In: Nature
558.7711 (2018), pp. 564-568.

Maryse Napoleoni et al. “Mass Spectrometric Fingerprints of Organic Compounds in Sulfate-Rich Ice
Grains: Implications for Europa Clipper”. In: ACS Earth and Space Chemistry 7.9 (2023), pp. 1675—
1693.

RT Pappalardo et al. “Science potential from a Europa lander”. In: Astrobiology 13.8 (2013), pp. 740—
773.

Shannon M MacKenzie et al. “The Enceladus Orbilander mission concept: Balancing return and re-
sources in the search for life”. In: The Planetary Science Journal 2.2 (2021), p. 77.

Ligia F Coelho et al. “Color catalogue of life in ice: surface biosignatures on icy worlds”. In: Astrobiology
22.3 (2022), pp. 313-321.

Morgan Cable et al. “Plume grain sampling at hypervelocity: Implications for astrobiology investiga-
tions”. In: white paper e-id 54 (2021), pp. 2023-2032.

Sally E Burke, Morgan EC Miller, and Robert E Continetti. “Velocity dependence of submicron ice
grain rebound, sticking, particle fragmentation, and impact ionization up to 2.4 km/s”. In: ACS Earth
and Space Chemistry 7.4 (2023), pp. 764-773.

Sally E Burke et al. “Detection of intact amino acids with a hypervelocity ice grain impact mass
spectrometer”. In: Proceedings of the National Academy of Sciences 120.50 (2023), €2313447120.

Fabian Klenner et al. “How to identify cell material in a single ice grain emitted from Enceladus or
Europa”. In: Science Advances 10.12 (2024), eadl0849.

19

The 38th International Electric Propulsion Conference, P. Baudis Convention Center, Toulouse, France, June 23-28, 202}

Copyright 2024 by the Electric Rocket Propulsion Society. All rights reserved.



