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Abstract 

The aromatic hydrocarbons (AHs) fluorobenzene, naphthalene, and 1-fluoronaph-
thalene are introduced as promising alternatives to xenon as propellant for in-space 
electric propulsion (EP). These storable molecules have similar mass, lower cost, 
and lower ionization energies compared to xenon, as well as the critical advantage 
of low post-ionization fragmentation compared to other molecular propellant can-
didates. The ionization characteristics of AHs are compared with those of xenon 
and the diamondoid adamantane, previously evaluated as a molecular propellant 
for EP. Quantum chemical calculations and BEB theory together with 25 eV electron 
ionization mass spectrometry (EI-MS) measurements have been used to predict 
the fragmentation of the AHs and adamantane when ionized in a plasma with an elec-
tron temperature of 7 eV (a typical electron temperature in EP plasmas). A high fraction 
(81 − 86%) of the detected AH ions originate from intact molecules, compared to 34% 
for adamantane, indicating extraordinarily low fragmentation for the selected AHs. The 
ionization potential of the AHs is similar to that of adamantane but lower compared 
to xenon (8.14–9.2 eV for the AHs, 9.25 for adamantane and 12.13 eV for xenon). BEB 
calculations have also been used to predict total ionization cross sections. The calcu-
lated ionization cross section of the AHs is comparable to that of adamantane but 3–5 
times higher than that of xenon, which together with the low ionization potential can 
contribute to more efficient ionization. The AHs may have the potential to perform bet-
ter than xenon, despite the absence of fragmentation in xenon.

Keywords:  Ionization cross section, Electron impact mass spectrometry, Ion thruster, 
Quantum chemical modeling, Ion fragmentation, Plasma modeling

Introduction
Electric propulsion devices transfer momentum to a spacecraft by ionizing a propel-
lant and electrically accelerating the resulting plasma to exhaust velocities an order of 
magnitude greater than what can be achieved with conventional chemical thrusters, 
allowing delivery of a higher delta-v compared to chemical propulsion for the same pro-
pellant mass. With the commercialization of space and the steadily increasing demand 
for affordable satellites, the market for more efficient and cost-effective electric propul-
sion thrusters has grown. Xenon has historically been the most common propellant for 
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electric propulsion subsystems, but has begun to be replaced with more affordable and 
more readily available alternatives such as krypton. A storable alternative to xenon offers 
advantages on subsystem level by eliminating the need for high-pressure propellant stor-
age. In recent years the use of storable atomic propellants like bismuth and mercury for 
high thrust applications, and zinc and magnesium for high specific impulse applications 
has been investigated [1–4]. Some molecular propellants have been investigated, such as 
water (where the thruster operates on hydrogen and oxygen gas created by electrolysis) 
[5, 6], iodine [7–13], and adamantane [14–16], but were all found to have prohibitive 
disadvantages such as significantly lower performance compared to xenon. A paper on 
the first in-space demonstration of (low-power) thruster operation on iodine vapor was 
recently published in Nature [10]. Iodine offers a high storage density and vapor pressure 
combined with low ionization energy; however its reactivity introduces major challenges 
to development and implementation, especially for thrusters operating above 100 kW. 
The goal of this work is to identify and evaluate potential storable alternative EP propel-
lants that have a mass and ionization efficiency comparable to that of xenon.

Ionization Properties of Molecular Propellants

The hydrocarbon molecule adamantane has previously been explored as a propellant for 
use in electric propulsion thruster [14–16]. Adamantane is the smallest diamondoid and 
has a mass similar to the xenon atom. Its ionization cross section is five times larger than 
that of xenon and its ionization energy (IE) is 9.25 eV compared to 12.13 eV for xenon 
[17]. It can serve as a scaffold for further molecular design and it is easily modified with a 
wide range of possible substituents; however experiments involving thruster operation on 
adamantane and a few of its substituted derivatives show fragmentation levels too high 
for these molecules to be effectively used as propellants for electric propulsion [15, 16].

In this study we propose aromatic hydrocarbons (AH) for use as molecular propellants 
as an alternative to xenon. In particular, we highlight the advantages of the hydro- and 
fluorocarbons fluorobenzene, naphthalene, and 1-fluoronaphthalene (Fig. 1). The avail-
ability of AHs (especially the smaller variants) is reflected in their low prices as is evident 
from Table 1 of Appendix A. While these are estimates and based on what was avail-
able from resellers at the time of asking, the AHs are generally around 10–100 times less 
expensive than xenon and much easier to procure.

These candidates were selected from a set of 13 different AHs (see Table 1 of Appen-
dix A) by screening for desirable properties like high vapor pressure, appropriate 

Fig. 1  Molar mass and (adiabatic) ionization energies of adamantane and the AHs considered for use as 
molecular propellants in electric plasma thrusters
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phase change temperatures, and low fragmentation during ionization as measured 
using standard electron ionization mass spectrometry. An inherent energy sink asso-
ciated with ionizing molecules is the occurrence of fragmentation wherein some 
molecular ions break apart into multiple fragments where only one fragment remains 
charged. The additional energy of having to ionize any resulting neutral fragments 
can quickly compound because fragments are typically less stable than the original 
molecule and can dissociate even further. Therefore, molecular propellants that are 
stable both before and after ionization could offer a higher ionization efficiency com-
pared to molecules with higher rates of fragmentation.

Compared to other molecules, AHs are unique in their stability towards ionization-
induced dissociation because of their unique electronic and nuclear structures. In an 
AH, the electronic structure consists of a combination of σ- and π-orbitals, which pro-
vides additional stabilization upon ionization compared to saturated hydrocarbons such 
as adamantane. The σ-orbitals can be divided into lower-energy core orbitals and bonding 
valence orbitals. The latter make up a skeleton of single bonds between all atoms in the 
molecule. The π-orbitals are generally higher in energy and more delocalized in charac-
ter, and together they contribute a partial double bond character to the bonds between 
all atoms of the ring system. Because of their higher energies, ionization typically leads 
to expulsion of an electron from a π-orbital, and this only partially reduces bond orders 
between the ring atoms as the σ-orbital single-bond skeleton remains intact. In the more 
unlikely event of ionization from a σ-orbital, individual σ-bonds may be weakened, but due 
to the extra bond-stabilization from the π-orbitals this is not likely to lead to bond rupture. 
In a saturated hydrocarbon, such as adamantane, ionization occurs predominantly from 
the valence σ-orbitals, and this will inevitably weaken the σ-bond skeleton, and it is highly 
likely to lead to bond rupture and fragmentation. The higher stabilities upon ionization 
of AHs compared to saturated hydrocarbons can be verified by comparing their electron 
ionization mass spectra (EI-MS), which show significantly higher fragmentation for the 
saturated hydrocarbons. It should be noted that low-fragmentation in EI-MS is not a suffi-
cient criterium for a molecular propellant, as the C60 molecule has performed poorly when 
tested in electric propulsion thrusters [18–20]. However, C60 is not an aromatic molecule 
and despite the low fragmentation in EI-MS it is an inherently unstable and highly strained 
molecule [21], which together with its high sublimation enthalpy and its high propensity 
for electron attachment are believed to be the main reasons behind its poor performance 
[18–20]. None of these reasons apply to the AHs of this study.

AHs also possess remarkable resistance towards thermal degradation [22–25], with gas 
phase benzene and naphthalene starting to decompose in the range of 600–650 °C [26]. 
Heavier AHs than those in Fig. 1 consisting of an increasing number of fused carbon rings 
can also serve as viable propellant candidates and have even higher decomposition tem-
perature, but the vapor pressure is lower than that of their smaller counterparts. This can 
lead to higher required heater power to maintain the propellant as a gas in the propellant 
feed system and potential deposition of propellant from the thruster plume on spacecraft 
surfaces. Vapor pressure curves for many AHs can be found in Appendix A, Fig. 6.

The properties of AHs are readily modified by chemical functionalization, i.e. one or 
more of the hydrogens can be substituted for another atom or functional group. The 
substitution of a hydrogen for a heavier element typically reduces the resistance towards 
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ionization-induced fragmentation. The only obvious exception is fluorine substitution, 
which generally has a minor effect on the fragmentation as long as the number of substi-
tutions is limited. This anomaly can be traced to the relatively low weight of the fluorine 
in combination with the relatively high strength of the C-F bond. Substituting one of the 
hydrogens in naphthalene with a single fluorine atom increases the molecular mass by 
14% from 128.2 to 146.2 amu and the aggregation state changes from solid to liquid at 
ambient temperature. Depending on the position of the fluorine two different naphtha-
lene isomers can be constructed, namely 1-fluoronaphthalene and 2-fluoronaphthalene. 
These have slightly different physical properties, e.g. melting point, but their ionization 
behaviors and mass spectra are similar. Considering the similarity of the two isomers, 
only 1-fluoronaphthalene is considered in this work together with the other AHs.

The ionization cross sections of molecules are generally larger than for atoms and 
therefore a shorter plasma ionizing region is sufficient to reach the required degree 
of ionization for a molecular propellant. The most important ionization process tak-
ing place in typical electric propulsion thrusters is (e,2e) electron ionization, where a 
single incident electron with kinetic energy T collides with a target and results in the 
expulsion of a bound electron. This creates a positively charged radical cation, which 
can be accelerated by an electric field to produce thrust. If T is lower than the IE of 
the target atom or molecule, no ionization can occur from a single collision. If multi-
ple collisions between a target and electrons (or other molecules when the pressure is 
high) are allowed, as in an ionizing plasma, less energetic collisions can still accumu-
late enough energy in the target to ultimately lead to ionization.

The power to thrust efficiency is important for the viability of a thruster and depends 
largely on the efficiency of ionizing the propellant. All processes not contributing to ion-
ization represent an energy sink and within a molecular plasma these are numerous and 
complex. However, similarly as indicated in the study of adamantane, it can be expected 
that dissociation reactions caused by low energy (e,2e) ionization, which causes AH frag-
mentation on the order of 10–20% of the ionized propellant, will be the instrumental factor 
influencing the thruster performance [15]. Thus investigating the (e,2e) process and the ion-
ization induced dissociation has been the main focus of this work, but the relative influences 
of other processes on the ionization efficiency will be analyzed and discussed in Sect. 4.1.

In this article, we will describe the experimental and analytical method of investigation 
of the ionization behavior of the molecules in Fig. 1. Results and discussion of ionization 
cross section calculations for the AHs and adamantane are followed by results and discus-
sion of measurements of the fragmentation of the AHs and adamantane, including a com-
parison of the estimated ionization efficiency of the AHs and that of xenon. The predicted 
performance of a thruster operating on AHs is then discussed, along with a discussion of 
accommodation, safety and environmental aspects. The article concludes with a summary 
of findings regarding the suitability of the AHs as an alternative EP thruster propellant.

METHODOLOGY
Method of calculation of Ionization Cross Section

All quantum chemical calculations were performed using the Gaussian 16 software suite 
[27]. Relaxed molecular geometries were obtained through structure optimization using the 
hybrid M06-2X functional and the 6-311 g(d,p) basis set. Vertical ionization energies (IE) 
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used for producing BEB cross sections (see Appendix B, Eqs. 3 and [28, 29]) were obtained 
using electron propagator theory (EPT) based on Hartree-Fock (HF) wavefunctions and the 
6-311 + g(2df,2p) basis set. In the cases where relativistic effects had to be accounted for, 
such as for BEB calculations involving xenon and iodine, the Def2-TZVPP basis set with 
effective core-pseudopotentials was used. BEB theory is most sensitive to the accuracy of 
the IE (B in Eq. 3) associated with the highest energy valence orbitals. Therefore, when used 
to calculate t = T/B for valence orbitals, the value of B was taken to be the more accurate IE 
obtained by applying the P3 propagator in EPT. As EPT often struggles to converge when 
the IE is too high, only values of B < 20 eV were obtained using P3. For the remaining orbit-
als, and in the rare instances when P3 failed to converge while below the threshold, the IE 
was, by applying Koopmans theorem, taken to be the negative of the orbital binding energy 
obtained at the HF level of theory. HF was also used in producing the value of the orbital 
kinetic energy U, and by extension its reduced form u = U/B.

Method of measurement of ionization‑induced fragmentation

Mass spectra were collected using a Pfeiffer QMA 400 Quadrupole mass spectrometer 
(MS) equipped with a Faraday cup detector and mounted on a small vacuum chamber 
capable of reaching 1× 10−8 mbar base pressure. Software for controlling the MS and 
collecting spectroscopic data was QUADERA (build 4.62.004). The chamber pressure 
was measured using a Balzers IKR-020 Penning Vacuum Gauge placed out of the line 
of sight of the MS ionizer. The Penning pressure detector is a cold cathode ionization-
type vacuum gauge that uses a high electron current with a non-discrete and complex 
energy distribution to ionize gases within the chamber. The reported pressure is linearly 
dependent on the resulting ion current, which, in turn, depends on the appropriate cross 
sections of the gases. For simple and common gases (e.g., H2, N2, Ar) at low pressures, 
the correction factor for determining the real chamber pressure is known, but this is not 
the case for the molecular analytes covered in this study.

Initially, spectra were collected using a residual gas analyzer MS of the type RGA200 from 
Stanford Research Systems and showed a strong bias towards low mass fragments. Later meas-
urements (Figs. 4 and 5 and EI-MS in Fig. 7 in Appendix A) instead used the Pfeiffer QMA 400 
instrument, where it was verified that the spectra captured at 70 eV were consistent with literature.

Analytes were purchased from SigmaAldrich (≥ 99% purity) and used as received. In 
order to introduce them into the vacuum chamber they were loaded into a test tube 
connected to a 16 mm Pfeiffer CF flange which could be mounted to the inlet system 
of the chamber and sealed with a copper gasket. The inlet system was connected to an 
oil-sealed vacuum pump which provided initial degassing of the inlet and sample. A ball 
valve was used to disconnect the backing pump (which was kept operating to prevent 
backflow) after which the variable leak valve leading to the chamber was opened and 
used to adjust the chamber pressure. Before each MS measurement, any volatile atmos-
pheric gases introduced into the chamber during sample loading were slowly evacuated 
by a turbopump until only a trace amount of water could be detected. To protect the 
thermionic filament from overheating when running the MS at low electron energies 
an emission current of 0.1 A was used for all measurements (one tenth of the standard set-
ting). To compensate for the resulting loss in signal intensity the chamber pressure was 
allowed to reach up to 5× 10−6 mbar during measurements, as reported by the Penning 
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gauge. To reduce baseline noise the collection of each spectrum was cycled four times 
and averaged. Measurements at different electron energies were performed in quick suc-
cession to ensure the chamber pressure did not drift appreciably.

Gas Chromatography Mass Spectrometry (GCMS) measurements were performed using 
a Trace 130CG (Thermo Fisher, Wahtlam, MA, US). coupled to an ISQ TL MS (Thermo 
Fisher). and controlled with the Xcalibur software. A Thermo Scientific TraceGOLD MTG-
SQC GC column with dimensions 15m× 0.25mm× 0.25µm was used. Samples were pre-
pared in 100 ug/ml solutions of cyclohexane and injected with split injection.

The GC oven starting temperature 40 °C was held for 90 s before increasing to 200 °C 
at a rate of 20 °C /s, then increasing again to a final temperature of 240 °C with a rate of 
50 °C /s and held for 180 s. The MS used 70 eV electron impact ionization.

RESULTS AND DISCUSSION
Ionization Cross Section calculation results and discussion

The ionization cross section (analogous to the ionization probability) and the ionization 
energy (IE) are important properties of a propellant to maximize the performance and 
energy efficiency of a plasma thruster [30]. The IE of AHs can easily be found in the lit-
erature and are collected in Table 1 of Appendix A, but experimental cross sections are 
only available for some atoms and for the simplest AHs, and we therefore refer to ab ini-
tio quantum chemical calculations instead. In Fig.  2 the total ionization cross section 
curves from (e,2e) ionization as calculated using Binary Encounter Bethe (BEB) theory 
are shown for a selection of relevant atomic and molecular species. Through experiment 
the total cross sections of the noble gases argon and xenon have been determined to 
1.23–3.52 and 2.62–7.31 Å2, respectively, when ionized by 70–75 eV electrons [31, 32]. 
Through BEB calculations we obtain 2.06 and 4.17 Å2, respectively, which are within the 
range of the experimental values. More importantly, BEB has been shown to accurately 
predict cross sections of many low mass molecules, including a range of different hydro-
and fluorocarbons [33–35]. BEB cross sections of aromatic ring systems similar to small 
AHs are also known to be in excellent agreement with experimental values [36].

A clear separation in the cross sections between the included atoms and molecules can 
be observed in Fig. 2, where the former all have a cross section maximum in the range of 
2 to 5 Å2. The maxima of the latter lie above 8 Å2 and rapidly ascend in order of increas-
ing number of atoms of each respective molecule, starting with molecular iodine. For 
instance, adamantane and the naphthalenes have over 5 times the cross section of xenon, 
which would lead them being ionized after a much shorter time spent in the plasma. The 
cross-section curves of both atomic and molecular iodine are included in Fig. 2, as a large 
fraction of molecular iodine dissociates upon being ionized and the resulting uncharged 
iodine atom has to be ionized to produce thrust. The length L of the effective ionizing 
region of the plasma in a plasma thruster is proportional to the ionization cross section of 
a given propellant averaged over a Maxwellian velocity distribution [30] by

L ∝ �σve�
−1



Page 7 of 23Borrfors et al. Journal of Electric Propulsion            (2023) 2:24 	

Where �σve� ≈ σ(Te)v is the reaction rate coefficient that can be approximated by the 
product of the cross section averaged over a Maxwellian distribution of electrons with tem-
perature Te and the average speed v of those electrons. Increasing L will increase the degree 
of ionization of the propellant fed to the thruster by allowing for more collisions with the 
plasma electrons and more energy transfer into the propellant. However, increasing energy 
deposited into the propellant leads to decreasing energy efficiency of the thruster, and in the 
case of a molecular plasma promotes molecular dissociation processes.

Fragmentation Measurement results and discussion

Incident electrons of kinetic energy T can cause ionization of the target atom or molecule 
through the (e,2e) mechanism, given that T exceeds their respective vertical IE. Energy dep-
osition resulting from successful (e,2e) collisions have been calculated based on BEB theory, 
and the gaussian-smoothed probability distributions (Eqs. 4–7, Appendix B) are displayed in 
Fig. 3 for adamantane and the selected AHs. By increasing T, more strongly bound electrons 
in the molecules become accessible and can participate in (e,2e), resulting in the noticeable 
decrease in relative intensity of the lowest energy peak for each molecule. This decrease is 
less pronounced for adamantane in Fig. 3 (A) compared with the AHs (BD) and should thus 
contribute to less variation in the degree of dissociation as T increases. We will see later, 
however, that the proclivity of adamantane to undergo ionization induced dissociation is 
already very high at T = 25 eV, and that the fragment abundance measured using standard 
70 eV mass spectrometry is highly indicative of the stability (and lack thereof) at lower T.

In electrostatic EP thrusters ions created through collisions with energetic electrons 
are accelerated to high velocities to produce thrust. Due to the significant difference 
in mass between the electrons and the larger particles within the anode chamber, a 
heterogeneous plasma can be sustained where the ionized species are expelled before 

Fig. 2  Total ionization cross sections calculated using BEB theory for the molecules in Fig. 1, argon, xenon, 
and atomic/molecular iodine. T is the kinetic energy of the incident electron impinging on the atom/
molecule
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thermal equilibrium with the electrons can be reached. The kinetic energy of the elec-
trons in the ionizing plasma is here assumed to be well approximated by a Maxwell-
Boltzmann distribution with a plasma temperature Te=7 eV (see Appendix B, Eq. 6). 
This Te was selected to obtain results comparable with those reported by Dietz et al. 
in their study on plasma ionization of adamantane, xenon, and molecular iodine [15].

The calculated energy deposition caused by a Maxwellian plasma with an electron 
temperature Te = 7 eV is also included for the molecules in Fig. 3 (purple curves). These 
curves are very similar, but slightly lower, to the (blue) curves resulting from (e,2e) with 
T = 25 eV. With the assumption of a low number of electron collisions taking place 
within the 7 eV plasma, the 25 eV (e,2e) measurement is well suited for estimating the 
adamantane fragmentation within such a plasma. This was verified in the current study 
where the 25 eV mass spectrum of adamantane agreed well with measurements made in 
the 7 eV plasma thruster by Dietz et al. (vide infra). Furthermore, the difference between 
energy deposition from low energy (e,2e) and plasma ionization for the selected AHs is 
more pronounced, indicating that electron energies even lower than T = 25 eV could be 
appropriate when simulating their behavior in a 7 eV plasma. Note that energy deposited 
into the propellant due to vibrational excitation is included in Fig. 3 as the BEB-calcula-
tions are using vertical ionization potentials as input. The importance of other processes 
than (e,2e) are not considered but their importance upon the ionization efficiency are 
discussed in Performance Predictions for AHs section.

The electron ionization mass spectra (EI-MS) of adamantane and the AHs can be seen 
in Fig. 4. The intensities observed in the measurements cannot be used to compare abso-
lute ionization cross sections between the different analytes, as we had no reliable way of 
measuring the absolute pressure (see methods). However, the relative change in ion cur-
rent as a function of T for each analyte is easily determined and can be found in the right 
column of the tables in Fig. 4, as well as in Appendix A, Table 2. In Table 2 in Appendix A 
we also list the relative cross sections calculated using the BEB method. Immediately 

Fig. 3  Computed probability distributions of the energy deposition caused by single collision (e,2e) 
ionization for the molecules (A) adamantane, (B) fluorobenzene, (C) naphthalene, (D) 1-fluoronaphthalene. 
The figure illustrates four (e,2e) scenarios: three where the incident electron kinetic energies T range 
from 25 to 70 eV, and one where T is dictated by a Maxwell-Boltzmann distribution of electron energies 
corresponding to a plasma temperature Te of 7 eV
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evident from the spectra is the much lower fragmentation of the AHs when compared 
with adamantane, and the similarly sized fragmentation peaks of the naphthalenes.

As mentioned earlier, adamantane has been shown to suffer from a high degree of frag-
mentation under conditions commonly found in EP thruster discharge chambers [14, 
15]. Per Fig. 2; Table 2 (Appendix A), the BEB cross section of adamantane decreases by 
12.3 and 43.1% when electron energy is reduced from 70 eV to 40 and 25 eV, respectively. 
This is reasonably well reflected by our measurements in Fig. 4 (A) by a 14.6 and 51.1% 
reduction, respectively. However, as can be seen in the low ratios in the left column of 
the table in (A), a very large part of the adamantane ion current stems from fragments of 
molecular dissociations. Even when using the low electron energy T = 25 eV only 33.9% 
of the signal is due to the adamantane molecular ion (M+), a figure which rises to 41.3% 
(Table 2) in Appendix A if none of the neutral hydrogen loss from the parent molecule is 
counted towards fragmentation (i.e. M+ = [M-HX]+ where X ≥ 0). Each signal in Fig. 4 
caused by the detection of an ionic fragment is associated with at least one additional 
neutral fragment which does not appear in the measured spectra. In a plasma thruster 
all such neutrals would have to be ionized before undergoing electric or electromag-
netic acceleration, and for adamantane this would result in a very low energy efficiency 
because of the excessive fragmentation. The mass spectra measurements performed by 
Dietz et al. on the exhaust plume of a modified RIT thruster operating on adamantane 
(see Fig.  9 in [15]) show a very high abundance of fragments. The authors varied the 
mass flow of adamantane to the thruster as well as the power of the radio frequency gen-
erator (RFG) to estimate the effect of plasma temperature and electron-neutral collision 

Fig. 4  Mass spectra from the molecules (A) adamantane, (B) fluorobenzene, (C) naphthalene, (D) 
1-fluoronaphthalene, collected at different incident electron energies T. The spectra collected at 40 and 25 
eV have been horizontally offset by 4 and 8 m/z, respectively. For each molecule is included a table with the 
relative ion current of M+ with respect to the total ion current IM+/Itot (left), and the relative total ion current 
with respect to the same total ion current measured at ITtot/I

70
tot (right)
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frequency on the molecular plasma composition. At the lowest RFG power, and with 
plasma temperature Te estimated to be 7 ± 1 eV, the relative abundance of [M-HX]+ ions 
exiting the RIT was roughly 36% of the total ion current. This high fragmentation agrees 
well with the value of 41.3% we obtained for T = 25 eV in the present work.

The behavior of the AHs in Fig. 4 under ionizing conditions is distinctly different from 
adamantane, whereas the differences between the individual AHs are rather small. We 
will therefore discuss the naphthalene spectra in more detail and compare them to the 
adamantane spectra. The mass spectra of naphthalene in Fig.  4 (C) display much less 
intense fragment ion signals in relation to M+ for all T. Notably, naphthalene remains 
intact to a larger degree even at T = 70 eV (IM+=48.1%) compared with adamantane at 
T = 25 eV (IM+=33.9%). At 25 eV the percentage of intact naphthalene cations is 85.6% 
of the total ion current (92.5% for [M-HX]+), while the remaining 14.4% (7.5%) is due 
to detected fragment ions. The largest difference in fragmentation behavior is observed 
when T is increased from 25 to 40 eV, which is consistent with the corresponding curves 
in Fig. 3 where the yellow and red lines (40 and 70 eV) overlap to a large extent. This 
highlights the importance of optimizing the ionization conditions of the plasma thruster 
to prevent excess energy being deposited into the propellant, as all fragmentation consti-
tutes a loss of thruster efficiency. Combining the calculated cross sections in Fig. 2 with 
the relative ion current of the fragments, deduced from Fig. 4 by IF+ = 1− IM+ we can 
estimate semi-empirical electron impact dissociation cross sections for the AHs at the 
measured electron energies. These are (in 10−20m2 ) for naphthalene 13.72 (70 eV), 8.78 
(40 eV), 1.95 (25 eV); for fluoronaphthalene 12.17 (70 eV), 8.34 (40 eV), 1.78 (25 eV); and 
for fluorobenzene 7.37 (70 eV), 5.35 (40 eV), 1.44 (25 eV).

To increase legibility, the 25 eV mass spectrum of naphthalene was converted to a his-
togram bar graph by integrating the signals about each integer m/z. The result can be 
seen in Fig. 5 where the region 20–105 m/z has been scaled up and labels for the most 
abundant fragments have been included.

From Fig. 5 it is clear that for single collisions with low energy electrons, naphthalene 
is likely only to dissociate into a few select fragments. The rightmost peaks (m/z = 101, 
102 amu) in the scaled-up figure, denoted C8H

+
5−6 , is the fragment associated with 

loss of acetylene, C2H2 , whose signal is detected as the leftmost peak at m/z = 26 amu. 
Together, these constitute the full naphthalene molecule or in the case of any associated 
hydrogen loss, some version of [MHx]+. The remaining peak, C6H

+
4−6 , is associated with 

a fragment that appears with low intensity at m/z = 50 amu.
The situation becomes significantly more complex when a plasma is used for ionization. 

By colliding with energetic electrons, the energy of a molecule increases. If the pressure 
is high, this energy is rapidly distributed through molecule-molecule collisions, result-
ing in a rise in temperature. At higher temperatures, more dissociation pathways become 
available and, consequently, more unique fragments are created during ionization and 
can be detected from mass spectrometry. We performed high temperature gas chroma-
tography mass spectrometry (GC-MS) at 250 °C and T = 70 eV electrons on the analytes 
in Fig.  4 (except fluorobenzene) to evaluate how their respective fragment abundances 
change when heated. The superimposed spectra from GCMS with those from relevant 
measurements in Fig. 4 can be found in Appendix A, Fig. 7. In the case of adamantane, 
GC-MS resulted in a noticeable increase in fragment intensities while the effect was more 
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subdued for the naphthalenes, almost to the point of being indistinguishable when com-
pared with the cold EI-MS experiment. Similar effects were reported by Eren et al. [37] 
who noted that “… for small molecules (below 20 atoms) such as benzene (C6H6), no or very 
little vibrational cooling effect is observed in their Cold EI mass spectra, while compounds 
with 20–40 atoms show noticeable enhancement of their molecular ion abundance.”

In a study by Alliati et  al. [38] where they measured ionization of pure naphthalene 
vapor using a plasma sourced from a high-frequency RFG with power values in the 
range from 10- to 95 W, the types of fragments detected were almost identical to those 
we found when using T = 40 and 70 eV electrons in (e,2e) of naphthalene. The relative 
intensities of fragment peaks following plasma ionization were, however, found to be 
much lower and on par with our 25 eV measurements. The main difference is that the 
relative abundance of the acetylene C2H2 ion is also noticeably higher than what we find 
with EI-MS with Te =70 eV. This higher abundance of C2H2

+ can mainly be traced to 
the fragmentation of the naphthalene cation into C8H6

+ and neutral C2H2, as the latter 
is ionized in the plasma. The authors did not specify an electron temperature associated 
with the plasma electrons, or even if they could be considered Maxwellian and have a 
well-defined temperature, and therefore it is difficult to draw conclusions beyond these 
general observations in relation to the results obtained in this work. Nevertheless, their 
results are very encouraging and support our observations of naphthalene’s stability 
under relevant conditions. It can further be noted that Najeeb and Kadhane performed 
EI-MS measurements with an electron temperature of 1 keV (1000 eV), and even at this 
very high temperature the naphthalene cation is the dominating species and the spec-
trum is remarkably similar to that at T = 70 eV [39]. The main difference is the appear-
ance of a peak at m/z = 64 corresponding to doubly ionized naphthalene.

Expanding the discussion to include the rest of the AHs in Fig. 4, the relative ion cur-
rent at T = 25 eV for naphthalene appears slightly higher than for 1fluoronaphthalene in 
accordance with the BEB cross sections in Fig.  2. Their fragmentation abundances are 
nearly identical at all T, confirming that the addition of a fluorine substituent has negli-
gible effect on the molecular stability and that fluorine substitution is a useful tool which 
allows for expanding on the AHs capabilities as propellants. Fluorobenzene is slightly 
more prone to dissociate at T = 25 eV compared to the heavier naphthalenes, but the dif-
ference is minor and should not exclude fluorobenzene from being considered a viable 
propellant candidate.

Fig. 5  Histogram mass spectrum of naphthalene obtained at T = 25 eV incident electron energy, where the 
region 20–105 m/z has been scaled up
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Treating [MHX]+ ions as intact molecules despite loss of neutral hydrogen (as was done 
in the paper by Dietz et al. [15] when analyzing adamantane) increases the intact to total 
ion ratio of the T = 25 eV spectra from that of the right columns in Fig. 4 to 0.844, 0.925, 
and 0.897 for fluorobenzene, naphthalene, and 1-fluoronaphthalene, respectively. Dis-
regarding hydrogen fragmentation is not entirely unwarranted, as both molecular and 
atomic hydrogen obtain considerable velocity when having undergone dissociation, due 
to their low mass. The ionization cross section of molecular hydrogen is around 0.5 Å2 
when T = 25 eV [40] and its 1st IE is over 15.4 eV, making it much less likely to be ion-
ized by a plasma thruster designed and optimized for much heavier molecules with large 
cross sections and low IE. Atomic hydrogen even less so. One can speculate that hydro-
gen to some extent is expelled from the plasma as neutral species. In addition, atomic and 
molecular hydrogen are known to react with ionized AHs to form hydrogenated AH cati-
ons. These cations may expel hydrogen or dissociate into fragments but are most likely to 
remain intact until expulsion from the thruster [41]. Hydrogen abstraction is also known 
to promote the hydrogen-abstraction/acetylene-addition (HACA) mechanism [42]. 
Alliati et al. implied this mechanism as a cause for the presence of C12H8

+ in their plasma 
[38]. It is plausible that the presence of neutral hydrogen in the plasma may lead to the 
formation of ions heavier than the molecular ion also in an electric thruster.

Performance, accommodation, and impact of AHs as EP propellants
Performance predictions for AHs

Fluorobenzene has a relatively low molecular mass of 96.1 amu, high vapor pressure and 
low melting point, which could lead to low heater power requirements and higher specific 
impulse. It could be an attractive candidate for, e.g., power- and volume-constrained satel-
lites, or long-range missions with low available power and high delta-v requirements. The 
naphthalenes are heavier and therefore better suited for high thrust applications. The larger 
ionization cross section and lower IE of the AHs compared to that of xenon could result 
in a comparable or even higher ionization efficiency compared to that of xenon despite 
ionization-induced fragmentation of the AHs. To put it in perspective, the difference in IE 
between naphthalene and xenon is 4 eV which translates to about 386 kJ mol−1 or 92.2 kcal 
mol−1 (1 mol is approximately 0.13 kg in this case). With an assumed propellant feed rate 
of 10 mg s−1 to the thruster (and disregarding any energy costs associated with fragmen-
tation), the 4 eV difference would equate to a 30-W reduction in power required for total 
ionization. Furthermore, the mass of naphthalene (128.2 amu) is very close to that of xenon 
(131.3 amu), making it an ideal benchmark propellant for future testing.

Fragmentation and other plasma processes are expected to negatively impact the ioni-
zation efficiency of molecular propellants. Besides ionization induced fragmentation, 
electron-ion recombination is the process most likely to reduce thruster performance, as 
recombination reactions between cations and electrons are generally orders of magnitude 
faster than reactions between ions and neutral molecules [43]. The electron/ion recombi-
nation is often referred to as dissociative electron-ion recombination (DR), but the degree 
of dissociation is difficult to determine experimentally and in the case of aromatic hydro-
carbons it is predicted to be low [44, 45]; according to Le Page et al. the recombination 
leads to an excitation-relaxation process analogous to that of UV absorption, which is 
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non-dissociative for most AHs [46]. The most probable dissociative process is hydrogen 
abstraction but there is no experimental evidence for the significance of this mechanism 
[46]. The DR rate constant has been determined to 3 10−7 cm3 s−1 [44] and 9 10−7 cm3 s−1 
[45] in independent measurements. The rate constant generally decreases with increas-
ing temperature and for smaller hydrocarbons a temperature dependence of approxi-
mately T−1.5 has been estimated for temperatures above 300 K [47]. These observations 
refer to thermal conditions where Te= T+=T. It has further been argued that DR may 
be inhibited by the high electron temperatures in some discharge plasmas [43]. On the 
basis of available data it is difficult to make a numerical estimate of the effect of DR on the 
performance of the AH propellants under realistic thruster conditions, but it cannot be 
excluded that DR may have a significant degrading effect on the performance.

Another process that potentially could reduce the ionization efficiency of molecular pro-
pellants is electron impact fluorescence. In this process the molecule is excited to a neutral 
excited state by electron impact followed by relaxation to the neutral ground state through 
internal conversion and fluorescence [48, 49]. For naphthalene the cross-section of this pro-
cess in the temperature range of 0-300 eV has been determined experimentally [49]. The 
cross-section has an onset at 4.7 eV and rises rather rapidly to a maximum of 0.10 10−20 m2 
at 6.7 eV followed by a second maximum of 0.11 10−20 m2 at 7.8 eV after which it decreases 
slowly to 0.4 10−20 m2 at 70 eV. In comparison, the cross-section for ionization is an order 
of magnitude larger already at 10 eV and continues to increase rapidly until its maximum 
at around 60 eV, see Fig. 2. We expect a similar relation between the two types of cross-
sections for the fluorinated AHs. Thus, electron impact fluorescence is expected to have a 
minor influence on the ionization efficiency of the AHs. This is further accentuated by the fact 
that the process does not lead to any significant fragmentation of naphthalene below 30 eV [48].

Electron attachment is another process that potentially could influence the thruster 
performance. It has been inferred as one of the major reasons behind the poor perfor-
mance of C60 as propellant for electric propulsion [18–20]. However, in contrast to C60, 
which has an electron affinity of 2.68 eV, all the AHs investigated in this study have a 
negative electron affinity [50]. Thus, the negative ion is not stable, but exists as a transient 
species and the electron is expelled shortly after absorption. In fact, the maxima at 6.7 
and 7.8 eV in the electron impact fluorescence cross section of naphthalene are resonant 
excitations, which involve the formation of a temporary negative ion state that decays 
by electron autodetachment, leaving the neutral molecule in an excited electronic state 
[49]. Considering the relatively low cross section for forming these resonances compared 
to the ionization cross section, they are expected to be of low significance for the ioni-
zation efficiency. Le Page have also argued that AH anions are much less common than 
neutrals and cations in plasmas [46]. It should be noted, though, that Alliati et al. report 
a negative ion mass spectrum for the 15 W microwave pulsed discharge experiment. In 
this spectrum, the largest peak corresponds to C4H− [38]. They argue that this species is 
most likely formed in a top down process starting from the fragmentation of naphthalene 
cation. Although electron attachment cannot be entirely ruled out from influencing the 
thruster performance, it is not expected to be of any greater importance.

We have also considered the relative importance of double excitation for the ioniza-
tion efficiency of the AHs, as it is known to reduce the efficiency of xenon propelled 
thrusters. First, we note that for the AHs the second (double) ionization energy is more 
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than twice higher than the first ionization energy, e.g. for naphthalene they are 19.3 eV 
and 8.14 eV, respectively [51]. This is in contrast to xenon, which has a second ionization 
energy (21.0 eV) that is less than 9 eV higher than the first (12.13 eV) [52]. Furthermore, 
as already has been mentioned, the prominent peak at 64 m/z in the 1000 eV EI-MS 
spectrum of naphthalene, which has been attributed to double ionization, is essentially 
absent in our 70 eV spectrum [52]. The 64 m/z peak has low intensity also in the spec-
trum of Alliati et al., whereas the larger 63 m/z peak is attributed to C5H3

+ [38]. Simi-
larly as for naphthalene, we note in the EI-MS spectra of the fluorinated AHs that the 
m/z value corresponding to the doubly ionized molecule has a very low intensity. Thus, 
the AHs are not expected to be affected by reduced propulsion efficiency due to double 
ionization to the same extent as xenon.

It should also be noted that molecular propellants differ from atomic propellants in 
that the molecular ion directly after ionization may end up in a state that is both elec-
tronically and vibrationally excited. However, this extra deposition of vibrational energy 
upon ionization is included in the BEB-calculation as it based upon vertical ionization 
potentials. Therefore the effect of vibrational excitation upon the ionization efficiency 
is considered in the energy deposition curves of Fig. 3. After the ionization process the 
molecular ion transitions to its electronic ground state whereupon the excess electronic 
energy is converted to vibrational energy in a process called internal conversion, i.e. 
excitation energy is converted to thermal energy. It is during the internal conversion the 
molecular ion can dissociate into an ion and a neutral fragment.

Propellant storage and delivery

In Table 1 of Appendix A the boiling point and density of several AHs are listed. The den-
sity of the AHs in Fig. 1 ranges between 1020 and 1140 kg m−3 and the boiling point is in 
all cases high enough to ensure that they all remain non-gaseous at room temperature and 
under atmospheric pressure (i.e., at NTP). A propellant stored onboard a satellite can be 
kept close to NTP, and as the melting point of 1-fluoronaphthalene and fluorobenzene are 
negative on the Celsius scale, they will remain liquid. Naphthalene is solid at NTP, but the 
vapor pressure, ~ 49 Pa at 314 K corresponding to ~ 10 mg cm−2 s−1 as per Fig. 6, is suf-
ficient to facilitate the transfer rate required to feed a mN-class thruster and the melting 
point of 353.4 K is sufficiently high to avoid a solid-liquid phase transition. Vapor pressure 
data for the fluoronaphthalenes was not available, but the fluoronaphthalenes are assumed 
to have similar vapor pressure curves as naphthalene, since benzene and the fluoroben-
zenes have similar vapor pressure curves (also shown in Fig. 6). The vapor pressure of ben-
zene and fluorobenzene at 314 K is 25 and 20 kPa, respectively. For comparison, the vapor 
pressure of molecular iodine is 144 Pa at 314 K.

While the AHs cannot be compressed to the density of pressurized gaseous propellants 
like xenon at 186 bar, or the density of heavier atomic propellants like iodine or mercury, 
they do avoid the added mass and safety considerations of the high-pressure propellant 
storage equipment required by the former and many material incompatibilities of the latter.

Accommodation in electrostatic EP thrusters

Positively charged propellant electrostatically expelled from the thruster must be 
neutralized to prevent the accumulation of negative charge in the spacecraft. This is 
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achieved by electron emission, which in addition to neutralizing the exhaust, also feeds 
electrons for the ionizing plasma. For high power thrusters where high electron cur-
rents are needed, neutralization is typically accomplished by thermionic emission in 
the form of a hollow cathode placed close to the thruster exhaust. This type of cath-
ode needs to be fed with a significant amount of propellant to facilitate the outgoing 
flow of electron current, all while the actively emitting thermionic material is kept at 
temperatures normally between 1300 and 2000 °C. At those temperatures most types of 
molecules will completely disintegrate into their highly reactive atomic constituents. The 
materials commonly used for thermionic emission are typically fed with very pure and 
inert xenon, and the performance is very sensitive to changes in their surface chemical 
composition. Extensive exploration of the literature strongly indicates that hydrocarbons 
are not compatible with most common types of thermionic emitter materials [53–60]. 
While research on the poisoning behavior of most emitters is scarce, emitters are likely 
to be inoperable in non-inert atmospheres because of their fragile and easily disrupted 
emission capacities.

Alternative electron emission technologies, such as field emission (FE) array cathodes, 
exist. FE cathodes require no propellant feed or dedicated heating to operate, but they 
instead rely on a strong electric field to pull electrons from the surface of the material. 
The achievable emission output is typically limited to only a few mA cm−2, whereas high-
performance hollow cathodes can be made to emit tens to hundreds of amperes. Recent 
advances have been made in operating resistant FE array cathodes based on carbon nano-
tubes in the hazardous environment of Low Earth Orbit, as part of the KITE mission con-
ducted by the Japanese space agency JAXA [61, 62]. Their achieved current output was 
quite limited, but other researchers have demonstrated optimized CNT array emitters 
reaching close to 1 A cm−2 [63]. In the future, FE cathodes like these could become viable 
for use with thrusters operated on alternative propellants like the AHs suggested here.

Safety Considerations and Environmental Impact

AHs have been linked to several kinds of adverse health effects in humans, both acute 
and chronic [64], but studies have shown that the toxicity of unsubstituted AHs gener-
ally decreases with molecular weight, except for the highly carcinogenic benzene [65]. 
Naphthalene is classified as harmful if swallowed and suspected to be cancerogenic 
according to the European Chemicals Agency (ECHA) [66]. The ECHA classification for 
1-fluoronaphthalene only states that it causes serious eye irritation, causes skin irrita-
tion and may cause respiratory irritation [67]. Fluorobenzene is only classified to cause 
serious eye damage, although it has been identified that it may cause damage to organs 
through prolonged or repeated exposure [68]. Naphthalene is very toxic to aquatic life 
with long-lasting effects. The corresponding effects are less severe for fluorobenzene and 
1fluoronaphthalene as indicated by their ECHA classifications [66–68]. It would be nec-
essary to implement appropriate safety procedures for the handling of AHs by ground 
facility personnel. However, it should be noted that the potential health hazards of the 
AHs are much less severe than for the highly toxic and carcinogenic monopropellant 
hydrazine and therefore the safety precautions for AHs would be much less restrictive. 
In addition, the AHs are not classified as explosives, and handling procedures would be 
simplified compared to those for monopropellants or xenon under high pressure.
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As for potential environmental impact, whereas halogenated hydrocarbons of the heav-
ier halogens may have a damaging effect on the ozone layer when introduced into the 
stratosphere, it is known that atmospheric fluorine does not lead to depletion of ozone 
[69]. Fluorocarbons (such as the fluorinated compounds of this study) can contribute to 
global warming, mainly by absorbing 1000–1400 cm−1 IR radiation where the atmosphere 
is otherwise relatively transparent [70]. It should be noted that the lifetime of the AHs in 
this study is expected to be relatively short at altitudes above the stratosphere due to high 
levels of UV-radiation. Thus, the AHs are not likely to contribute to global warming.

Conclusions
We have evaluated the aromatic hydrocarbon (AH) molecules fluorobenzene (C6H5F), 
naphthalene (C10H8), and 1-fluoronaphthalene (C10H7F) for use as alternative propel-
lants in electric propulsion thrusters for in-space propulsion by comparing environmen-
tal and safety aspects, material compatibility, storability, cost and predicted ionization 
efficiency.

Neither naphthalene nor the fluorinated AHs pose a risk of depleting the ozone layer if 
they were to reach the stratosphere. While appropriate safety procedures would have to 
be implemented for the handling of AHs, they are not classed as explosives and do not 
require the safety precautions associated with high-pressure gas and monopropellants.

A literature survey indicates that AHs are incompatible with available emitter materi-
als used in high-current hollow cathode neutralizers, limiting the propellant flow rates 
and thrust achievable with AH propellants in electrostatic thrusters; however no mate-
rial compatibility issues are foreseen for cathodeless electromagnetic thrusters.

The AHs are liquid or solid at common satellite propulsion subsystem pressures and tem-
peratures, and while their density is lower compared to high-pressure xenon or propellants 
like iodine and mercury, they do avoid the added mass and safety considerations of the high-
pressure propellant storage equipment required by the former and many material incompat-
ibilities of the latter. The solid/liquid-vapor phase transition properties of the AHs show that 
they will be compatible with a low-power sublimation-based propellant feed system.

Ionization efficiency was estimated by calculation of the ionization cross section and 
measurement of the ionization-induced fragmentation. Quantum chemical calculations 
and Binary Encounter Bethe (BEB) theory were used to calculate the ionization cross 
section of these AHs. The calculated ionization cross sections for the naphthalenes are 
more than five times higher than that of xenon. BEB calculations further indicate that 
25 eV electrons and electrons from a 7 eV Maxwellian plasma deposit similar amounts 
of energy into the molecules, allowing estimation of the fragmentation behavior of the 
molecules in a 7 eV plasma thruster using 25 eV EI-MS. These measurements for the 
AHs show very low fragmentation with 81–86% of the observed ions originating from 
intact molecules, compared with 34% for adamantane. Considering that the ionization 
energy of the AHs is 4 eV lower than that of xenon, the higher ionization cross section 
together with the low degree of post-ionization dissociation indicate that the ionization 
efficiency of the AHs could be similar to or greater than that of xenon.

The investigated AHs are considered viable candidates as an alternative propellant to 
xenon due to their similar mass, lower storage pressure, lower cost, and potentially com-
parable or higher ionization efficiency.
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1. APPENDIX A (TABLES AND FIGURES)

Table 1  Aromatic hydrocarbons (AH) identified as potential EV propellant candidates together with 
relevant physical properties reported at standard conditions. Adamantane and xenon are included 
at the bottom for easy comparison. Mw=molecular weight, TM=melting point, TV=boiling point, 
ρ = density, IEa is the adiabatic ionization energy, and T(ṁ) the temperature corresponding to an 
estimated evaporation/sublimation rate of ~ 10 mg cm-2  s-1 into vacuum as calculated with Eqs. 1 
and 2 (Appendix B) using Antoine constants found in Table 3

Chemical
formula

Mw 
g mol−1

TM (TV)
°C

ρ 
kg m−3

1st IEa
eV

T(ṁ)
°C

Bulk price4

€ kg−1

benzene C6H6 78.1 5.5 (80.1) 876 9.24 -575 38.9 (100 L)

fluorobenzene C6H5F 96.1 -42 (85) 1020 9.20 -575 39.4 (200 kg)

cyanobenzene C6H5CN 103.1 -10 (191) 1000 9.73 115 47.9

naphthalene C10H8 128.2 86.3 (217) 1140 8.14 41 46.8

1-fluoronaphthalene C10H7F 146.2 -13 (215.2) 1132 8.15 93.3

2-fluoronaphthalene C10H7F 146.2 58 (211.6) 1240 8.23

fluorene1 C13H10 166.2 116 (298) 1200 7.91 86 73.8 (> 98%)

phenanthrene C14H10 178.3 101 (332) 1180 7.89 102 147.4

anthracene C14H10 178.3 216.4 (341) 1250 7.44 136 83.1

hexafluorobenzene C6F6 186.1 5.2 (80.2) 1610 9.90 -575 333.7

pyrene C16H10 202.3 146 (404) 1270 7.43 1425 112.1 (> 98%)

anthanthrene2 C22H12 276.3 261 (556) 1377 6.92 2505

coronene C24H12 300.3 437.3 (525) 1371 7.29 3095 12984.6 (> 95%)

adamantane C10H16 136.2 279 1080 9.25

xenon Xe 131.3 -111.8 (-108) > 15003 12.13 > 2000

1 Not fully aromatic but often considered an AH 2Commonly referred to as Dibenzo[def,mno]chrysene 3Storage density can 
be increased through pressurization 4Prices obtained in the middle of June 2021 and correspond to order size of 100 kg and 
≥ 99% purity unless otherwise stated (estimates produced by Chemtronica AB, www.​chemt​ronica.​com/​en) 5Temperature 
estimated by extrapolation outside the valid range defined for the Antoine constants

Table 2  Relative ion intensities for the spectra shown in Fig. 4 together with relative ionization cross 
sections calculated using Binary Encounter Bethe theory

T (eV) I
T

M+/I
70

M+
IM+/Itot I

[M−Hx ]
+/Itot I

T
tot/I

70
tot σ

T

BEB
/σ70

BEB

naphthalene 25 0.874 0.853 0.925 0.490 0.583

40 0.958 0.567 0.673 0.809 0.879

70 1.000 0.478 0.559 1.000 1.000

1-fluoronaphthalene 25 0.814 0.858 0.897 0.451 0.550

40 0.911 0.578 0.642 0.747 0.857

70 1.000 0.474 0.523 1.000 1.000

fluorobenzene 25 0.769 0.808 0.844 0.467 0.523

40 0.943 0.559 0.608 0.827 0.841

70 1.000 0.490 0.537 1.000 1.000

adamantane 25 0.974 0.339 0.413 0.489 0.569

40 1.066 0.212 0.263 0.854 0.877

70 1.000 0.170 0.212 1.000 1.000

http://www.chemtronica.com/en
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Table 3  Antoine constants for AHs and benzene analogues and the temperature ranges over which 
they are defined. No data for 1fluoronaphthalene could be found in the literature

Temperature range
(K) (°C)

A B (K) C (K)

Benzene1 280–374 7-101 5.98523 1184.236 -55.623

Fluorobenzene2 255–357 -18-84 4.36225 1409.848 -34.792

Cyanobenzene2 301–464 28–191 4.85410 2110.572 -28.331

Naphthalene1 310–353 
368–523

37-80
95-250

8.70592
6.13555

2619.91
1733.71

-52.5
-71.291

Fluorene1 307–348 
348–388

34-75
75-115

5.33196
8.91036

1547.377
3245.362

-133.083
-45.893

Phenanthrene1 306-321
356-650

33-48
83-377

11.631
6.37081

4873.4
2329.54

0.05
-77.87

Anthracene1 299–430 26–157 10.5899 4903.3 -1.58

Hexafluorobenzene2 278–378 5-105 4.16054 1229.449 -57.503

Pyrene1 298–401 25–128 10.7545 5072.78 0.0

Anthanthrene1 465–495 192–222 12.014 7060 0.0

Coronene1 430–560 157–287 8.80062 5491.689 -48.484

Pressure given in 1 kPa [71] 2102 kPa [50]

Fig. 6  Vapor pressures of examined cyclic aromatic hydrocarbons as a function of temperature obtained using 
data in Table 3 and Eq. 1. The melting point (measured at 25 °C and 100 kPa) for each compound is indicated by 
vertical lines and the points corresponding to an evaporation mass flow rate of ~ 10 mg cm-2 s-1 as calculated 
using Eq. 2 (where α = 1 and Pc=0) are marked with a black cross if they are within their respective Antoine 
temperature range, or a grey cross if they are based on extrapolation outside the range of the source data. These 
temperatures (and vapor pressures for benzene and the fluorobenzenes) are indicated numerically in the figure
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Fig. 7  Mass spectra of adamantane (A) naphthalene (B) 1-fluoronaphthalene (C), collected by electron ionization 
mass spectrometry (EI-MS) and gas chromatography mass spectrometry (GCMS) using T = 70 eV incident 
electron kinetic energy. A lower detection limit of m/z = 39 amu was present for the GCMS measurements, 
therefore the figure above does not include any of the fragments detected with EI-MS below that point

2. APPENDIX B (EQUATIONS)
Eqs. 1–2 Relations for calculating vapor pressures and mass flows by sublimation/evapo-
ration from solid/liquid phase

where A, B, C are Antoine constants, ′m is the mass flow rate (kg m−2s−1), Pv and Pc is the 
respective vapor pressure and surrounding gas pressure (Pa), kb is the Boltzmann con-
stant, Ts is the surface temperature (K), mp is the molecular mass (kg), As is the surface 
area (m2) and α is a sticking coefficient.

(1)log10(Pv) = A−
B

Ts + C

(2)ṁ =
αAs(Pv − Pc)
√
2πkbTsm

−1
p
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Equation 3 Binary Encounter Bethe theory [28, 29] used for calculating absolute single-
collision (e,2e) ionization cross sections by taking the sum over all (occupied) orbitals i  
of the target atom or molecule

where N is the orbital occupancy number, R the Rydberg constant, a0 the Bohr radius, 
Bi the negative orbital binding energy (i.e., the vertical ionization energy to afford a spe-
cific electronic state), Ui  the orbital kinetic energy, T  the kinetic energy of the incident 
electron, and u = U/B  and  t = T/B  are the reduced versions of  U  and  T, respectively. 
The procedure for calculating  B  and  U  is detailed in the method section of this article. 
Note that σi = 0 if   T < B as there is not enough energy to eject an electron from the 
orbital.

Equation 4 Probability distribution for the energy deposition E into a target molecule 
or atom resulting from successful electron ionization through the (e,2e) process, as 
presented in the paper by K. Irikura [72]

where Bi and σi are defined in Eq. 3, E is the energy deposited into the ionization tar-
get, and δ is the Dirac delta function defined by δ(x) = 1 when x = 0 and δ(x) = 0 when 
x  = 0.

Equation 5 Modified version of Eq. 4 used to estimate the probabilistic energy deposi-
tion caused by (e,2e) ionization by electrons with energies following a Maxwellian 
distribution PMB

Equation 6 Probabilistic Maxwell-Boltzmann energy distribution derived for massive, 
non-relativistic particles

where Te is the electron temperature (in eV), and T is (same as Eqs. 3–5) the electron 
kinetic energy.

Equation 7 Gaussian smoothing function

where ρ = 1.5 eV is the variance used for all calculations presented in this work, and E 
and Bi are defined in Eqs. 3 and 4, respectively.

(3)σBEB =
∑

i
σi =

∑

i

4πa20N (R/Bi)
2

t + u+ 1

[
lnt

2

(

1−
1

t2

)

+ 1−
1

t
−

lnt

t + 1

]

(4)P(E,T ) =

∑
iδ(E − Bi)σi(T )
∑

iσi(T )

(5)P(E,T ) =

∑
iδ(E − Bi)PMB(T )σi(T )
∑

iPMB(T )σi(T )

(6)PMB(T ) = 2

(
T

πT 3
e

) 1
2

exp

(
−T

Te

)

(7)G = exp(

(
E − Bi

ρ

)2
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