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Abstract

Ionization of JP-10 (C;oH;s, exo-tricycle [5.2.1.0%¢] decane) by electron impact has been studied using Fourier transform mass spectrometry.
Absolute total and partial ionization cross-sections have been measured as functions of the electron energy in the range of 10-200 eV. The major
channel of parent ion fragmentation at low energies (<27 eV) produces CoH;3*, and at higher energies, CsH;*. Possible fragmentation mechanisms

are discussed.
Published by Elsevier B.V.
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1. Introduction

JP-10 is a synthetic fuel composed almost exclusively of
the exo isomer of tricycle [5.2.1.0%9] decane, also called exo-
tetrahydrodicyclopentadiene (C19H¢). Due to its strained cyclic
structure (Fig. 1), it has a high volumetric energy density, with a
heat value of 39.6 MJ/L, substantially higher than the petroleum-
based fuels such as JP-8, with heat value of 34.5 MJ/L, which
makes it suitable for certain propellant applications including
missiles, supersonic-combustion ramjets and pulse-detonation
engines. One problem with JP-10 and other liquid hydrocarbon
fuels is that their ignition and combustion kinetics are relatively
slow. Although many combustion research studies [1-22] have
been carried out on JP-10, its detailed combustion mechanisms
still remain to be explored. Products of the thermal decompo-
sition of JP-10 have been investigated. It is also important to
understand the mechanisms of JP-10 fragmentation breakdown
[16,19,20]. In one particular study it is proposed that one of the
initial steps of JP-10 fragmentation is through the rupture of a
C-H bond of a CH, group, and another step is through the bond
cleavage between C1 and C6 atoms as labeled in Fig. 1 [16].
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Plasma assisted ignition and combustion (PAI and PAC)
have been of great interest in recent years. Literature in this
area, especially using low temperature nonequilibrium plas-
mas, has been summarized in a recent, comprehensive review
by Starikovskaia [23]. Different mechanisms including ion
chemistries have been proposed and investigated, and models
taking into account elementary process such as electron impact
ionization have been developed [23]. The possibility offered
by nonequilibrium plasmas to guide a parameter such as the
mean electron energy provides researchers with an opportu-
nity to change the energy branching in the plasma from mainly
gas heating and excitation of low-energy vibrational modes
to excitation of high-energy electronic states and ionization.
In an experiment by Maly and Vogel, extremely high electric
fields have been realized that lead to almost complete gas dis-
sociation and ionization of CHy—air mixtures [24]. Studies of
nanosecond gas breakdown in long tubes, called “fast ionization
wave”, which is promising for plasma applications due to effi-
cient gas excitation and ionization by high electric fields, have
been reviewed recently [25]. In summary, charged particles in
plasmas are of high interest, and the manipulation of charged
particle energies adds a new dimension to the area of PAI and
PAC.

This paper reports our recent study of ion formation in JP-
10 by electron impact. Absolute total and partial ionization
cross-sections as functions of electron energy will be presented.
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Fig. 1. Structure of JP-10.

Fragmentation mechanisms of the charged JP-10 molecule will
be discussed.

2. Experimental

All of the experiments were performed using a modified
Extrel Fourier transform mass spectrometry (FTMS) equipped
with a cubic ion cyclotron resonance trapping cell (5cm on a
side) and a 2 T superconducting magnet [26]. The theory and
methodology of FTMS have been well documented in the liter-
ature [27-29]. An experimental diagram is shown in Fig. 2. JP-10
was mixed with Ar (99.999%, Matheson) in a ratio of about 1:3
to a total pressure of ~4Torr, as determined by capacitance
manometer. The mixture was then admitted through a precision
leak valve (Varian controlled leak valve) into the FTMS system.
Ions are formed by electron impact in the trapping cell at pres-
sures in the 107 Torr range. An electron gun (Kimball Physics
ELG2, Wilton, NH) irradiates the cell with a few hundred pic-
ocoulombs of low-energy electrons, with the electron energy
spread of about 0.25 eV plus the space charge well of the beam
[30]. The motion of the ions in the cell is constrained radially
by the superconducting magnetic field and axially by an elec-
trostatic potential (trapping potential) applied to the trap faces
that are perpendicular to the magnetic field. The trapping poten-
tial is usually set to 10 V. The trapping cell has been modified
by adding a pair of screen electrodes in front of the trapping
plates, which improves the trapping potential profile in the cell
in a way that, with the screen electrodes grounded, the poten-
tial drop over most of the volume of the cell (between the two
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Fig. 2. Fourier-transfer mass spectrometry apparatus.

screen electrodes) is only ~0.3 V [31]. Combining the energy
spread in the electron source and the potential drop in the trap-
ping cell, we estimate the uncertainty of the ionizing electron
energies in the FTMS trapping cell to be +0.6¢eV. Ions of all
mass-to-charge ratios are excited simultaneously and coherently
(that is, after excitation, there are only negligibly small phase
differences among ions of the same mass-to-charge ratio) into
cyclotron orbits using Stored Waveform Inverse Fourier Trans-
form (SWIFT) [32] applied to two opposing trap faces which are
parallel to the magnetic field. Following cyclotron excitation, the
image currents induced on the two remaining faces of the trap
are amplified, digitized and Fourier analyzed to yield a mass
spectrum.

FTMS is an established technique for studying the kinetics of
charged particle reactions, in which the ion peak heights are used
to evaluate the number of ions in the cell [33]. In the study of the
electron impact ionization cross-sections, the intensity ratios of
the ions from JP-10 to Ar* give cross-sections relative to those
for electron impact ionization of Ar [34], since the pressure ratio
of JP-10 to Ar is known. The pressure ratio of JP-10 to Ar in the
trapping cell region is equal to the pressure ratio in the manifold,
based on the geometry of our FTMS instrument in which both
in-flow and out-flow of the gas in the trapping cell region can be
characterized as diffusive [31].

3. Results and discussion

Electron impact ionization of JP-10 is found to produce
the parent ion and 36 fragment ions that have ionization
cross-sections with peak values larger than 5 x 10~!8 cm? in
the electron energy range of 10-200eV: CigHi¢*, CoHjst,
CsHo,11,12%, C7H7-12%,CsHs_10*, CsH3 5_9%, C4Hy 7+, C3Hy 6"
and CH3 s*. The total cross-section and partial cross-sections
of the 8 most important ions as functions of the electron
energy are shown in Fig. 3. As an aid to plasma modelers,
the experimental cross-section data were fitted to an empirical
function:

o(E) = c1(1 — exp(—c2(E — ¢3)%)) - exp(—ca(E — ¢5)%),

where o is the cross-section and c1—cs are the fitting parameters,
among which ¢ is considered to scale the peak amplitude, c3 is
approximately the threshold energy and cs is approximately the
peak energy, if ¢5>> c3. In the above, o(E) =0 for E<c3. The
resultant set of coefficients from fitting the cross-section data
for the 37 observed ions are shown in Table 1, and fitting curves
for the 8 most important ions are included in Fig. 3. Please
note that in Fig. 3 the fitting curve for the total cross-section
is derived by summing the 37 analytic fits, in good agreement
with the experimental data, suggesting the effectiveness of the
above fitting function. The least-squares fits were performed on
the data weighted by the statistical error, which was assigned
a value of 5% or 6 x 10719 cmz, whichever was larger. The
estimated total error in the data, including the uncertainty in the
reference cross-section for Ar and the error in the pressure mea-
surement, is +18%. The two coefficients determined from the
energy scale, c3 and cs, were corrected from the raw data to give
¢3(C10H16™) =9.35 V. This correction factor was —0.13 eV and
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Table 1
Fitting parameters for electron impact ionization cross-sections

Tons c1 (x10710 cm?) ¢ (x1072eV—2) c3 (eV) c4 (x1079eV2) cs (eV)
CsH7* 2.349 + 0.038 0.56 + 0.03 11.75 + 0.11 55405 100.8 + 1.9
CeH7* 2.036 + 0.034 0.65 + 0.04 11.23 + 0.14 7.8+ 0.5 1114 + 1.2
CoHj3* 1.681 + 0.026 2.07 £0.14 9.60 + 0.10 53+ 0.4 1122 + 1.6
C/H " 1.659 + 0.026 1.66 + 0.11 10.58 + 0.10 52404 107.7 + 1.6
C7Hjo* 1.481 + 0.023 1.72 £ 0.12 9.72 £ 0.10 42+ 04 1023 + 1.9
C3H3* 1.359 + 0.471 0.06 + 0.01 14.81 &+ 0.31 20+ 16 0.0 + 119
CgHg* 1.069 + 0.017 1.42 £0.11 10.18 + 0.14 50+ 04 107.1 + 1.6
CeHs* 0.888 + 0.016 0.36 £ 0.04 15.13 + 0.33 10.1 £ 0.6 1122 + 1.1
C3Hs* 0.908 + 0.089 0.21 £ 0.02 16.03 + 0.22 15407 0.0 + 57
C7Ho* 0.849 + 0.014 1.84 + 0.17 11.66 &+ 0.19 7.5+ 04 1183 + 1.3
CsHg* 0.828 + 0.013 0.98 + 0.08 9.92 + 0.19 53404 108.5 + 1.6
C/H7* 0.686 + 0.012 0.48 + 0.05 13.45 + 0.34 9.0 £ 0.5 114.6 + 1.1
CioHje* 0.668 & 0.010 223 +£0.19 9.35 £ 0.15 32403 1112 £ 2.6
CsHs* 0.586 + 0.011 0.42 + 0.05 16.62 + 0.39 9.0 £+ 0.6 111.6 + 1.2
CsHg* 0.572 + 0.009 0.88 + 0.07 10.01 & 0.21 35+ 04 99.6 + 2.6
CgHy " 0.528 + 0.008 228 +0.23 10.59 + 0.20 46 + 04 1152+ 1.9
C4H3* 0.499 + 0.318 0.04 £ 0.02 16.71 + 0.79 27426 0.0 + 153
C4Hs* 0.333 + 0.006 0.30 £ 0.04 16.58 & 0.51 63+ 0.6 1022 + 2.7
CgHpp* 0.332 + 0.005 234+ 027 10.41 + 0.26 3.8 + 0.4 1125 £ 2.2
CeHg* 0.276 + 0.005 0.30 £ 0.04 10.01 + 0.81 8.8 + 0.6 1145 + 1.2
CgHo* 0.237 + 0.004 1.50 + 0.22 11.48 + 0.44 55404 1179 + 1.8
C4Ho* 0.272 + 0.147 0.03 + 0.02 19.73 + 1.80 53+ 43 54.1 +91.9
C4H7* 0.174 + 0.003 0.70 £ 0.10 16.02 + 0.62 52405 102.7 £ 2.1
C,H3* 0.174 + 0.056 0.08 + 0.02 21.52 + 1.19 10+15 0.0 + 228
C3Hy* 0.183 + 0.092 0.08 £ 0.02 29.49 + 1.30 21423 0.0 + 161
C7Hpp* 0.132 + 0.002 233 +0.53 11.96 + 0.60 41+ 04 1189 + 2.7
CsH3* 0.140 + 0.030 0.05 £ 0.02 2431 + 1.86 58+ 3.6 73.8 + 50.5
C4He* 0.118 £ 0.002 0.51 + 0.10 13.94 + 0.92 40 £ 0.6 103.8 &+ 3.4
C4H4* 0.122 + 0.002 0.14 + 0.03 19.11 + 1.53 6.8 £+ 1.3 940+ 73
CgHig* 0.098 + 0.002 2.11 + 0.58 12.26 £ 0.75 33405 116.4 + 4.0
C3H* 0.141 + 0.136 0.07 £+ 0.03 31.59 + 1.87 31 +44 0.0 + 213
C3H4* 0.089 + 0.002 0.69 + 0.29 9.47 4+ 2.03 6.6 + 0.8 136.2 + 3.7
C,Hs* 0.070 + 0.029 0.08 + 0.03 9.22 +229 0.8+ 23 0.0 & 400
CsHo* 0.069 + 0.002 0.83 + 0.26 1223 £ 1.27 32409 1054 + 5.8
C/Hg* 0.071 + 0.002 1.23 + 0.64 18.07 &+ 1.85 87+ 1.1 1155 + 2.8
C3Hg* 0.064 + 0.030 0.14 £ 0.06 22.44 + 2.60 1.8 +2.8 0.0 + 212
CgHo* 0.048 + 0.002 221 +2.03 21.82 4+ 243 95+ 1.6 1144 + 3.8

The 37 ions are listed in order of decreasing importance. Also included are their standard deviations derived from the least-squares fit to the measured data. In some

cases, the fitted values for ¢5 converged to 0 but were statistically insignificant.

the raw data shown in Fig. 3 was likewise corrected by this
amount. As seen in Fig. 3, the total ionization cross-section
reaches a maximum of 2.19 x 10~13 ¢cm? at 110eV. The par-
ent ion CjoH¢" is significant throughout the energy range
studied. The most abundant fragment ion from threshold to
27eVisCoHy3". Above 27 eV, CsHy7t becomes dominant. Other
important fragment ions include C;Hjo%, C7H 1+, CgHg?, and
CgH7*.

The product ion population from JP-10 is dramatically dif-
ferent than those from non-cyclic alkanes, such as n-octane
whose ionization cross-section has been studied by our group
previously [35], in two aspects: (1) for non-cyclic alkanes,
even-electron ions are considerably more abundant than the odd-
electron ions, i.e., C,Hp,4+1™ intensity > C,Hp,* intensity [35];
while for JP-10, certain odd-electron ions are rather pronounced,
such as C7H¢**, which are radical ions and thus are more chem-
ically active. (2) The M-15 ion, i.e., formed by loss of CH3 from
the parent ion, is absent for large non-cyclic alkanes such as

n-octane [36], but for JP-10 it is one of the major product ions
(CoHy3™).

For non-cyclic alkanes, the formation of many fragment ions
is via the initial ionization at a o bond between two carbons
followed by the simple cleavage of the bond—the expulsion
of an electron from the ¢ bond weakens the bond and brings
about its direct dissociation [37]. For JP-10, with a multi-cyclic
structure, multiple bond cleavages are required for the formation
of any fragment ions. As seen in Fig. 3 and Table 1, CoHj3*
appears at electron energy of 11eV, only 1.65eV from the
ionization energy of JP-10 (9.35eV [38]). The cleavage of a
C-H bond to eliminate an H atom in addition to cleavages of
two C—C bonds to eliminate a CH, would have required more
energy than 1.65eV. An H rearrangement mechanism is there-
fore implied for the parent ion fragmentation forming CoH;3*.
We propose an initial ionization site and o bond cleavage to
occur between C10 atom and C2 or C5 atom as labeled in
Fig. 1, because the bond strain is the greatest at this site; the
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Fig. 3. Absolute total cross-section for electron ionization of JP-10 along with
partial cross-sections for the 8 most abundant ions. The total cross-section is
divided by 5 to allow display with the partial cross-sections. Symbols are mea-
sured data while solid curves are from a least-squares fit to an analytic function
(see text). Error bars shown for selected data points are &= one standard deviation
of the statistical error = 5% of the cross-section value or 6 x 10719, whichever
is larger. Estimated total uncertainty is =18%.

cleavage of this bond results in a more stable ion than ions
from other bond cleavages and therefore has a lower energy

barrier. .
+

This parent ion undergoes y-hydrogen rearrangement via a
six-membered cyclic intermediate followed by subsequent loss
of CHj3 to produce CoH13*, which in turn yields CsH7* by elim-
inating a butadiene molecule through rearrangement of electron
density:

v

3 : NP
() = €D 2% o
R -

(CoHy3") (CsH7)
The driving force for this fragmentation is that the posi-
tive charges in the product ions are resonance-stabilized. Other
important fragment ions can also be derived from the same par-

ent ion structure:

e-R e,

(C7Hy)
~ +
D
¥ (C/H)

Secondary fragmentation of C7H¢* produces C¢Hg* via
radical-site induced hemolytic cleavage eliminating CH», and
produces C¢H7™ via a four-center hydrogen migration and sub-
sequent loss of CH3. , respectively:

D oy
3, CH,
__/'—)
(CeHs")
i
NS + CH; +
_L)
(CeH7)

The parent—daughter relationship in the above primary and
secondary fragmentation equations is in agreement with the
order of the ion appearances as functions of the electron energy
as seen in Fig. 3 or Table 1.

Solutions of the Boltzmann transport equation show that
electron energy distribution functions (EEDF) in discharges in
air-hydrocarbon mixtures are strongly nonequilibrium provided
that the fractional ionization is not so high (>0.1%) that Coulomb
collisions dominate the effects of electron-neutral collisions
[39]. At low values of the normalized electric field, E/N, where
N is the total gas density, over 80% of the fractional energy goes
into vibrational excitation. This effect is caused by the large elec-
tron vibrational excitation cross-sections of nitrogen (a major
component of air) in the range of 2—4 eV [40]. In a discharge, the
resulting vibrational energy reservoir relaxes into translational
energy or gas heating. When for ignition purposes, the discharge
is pulsed with fast risetime (<1 ps) and overvolted, E/N attains
high values, the electron mean energy correspondingly increases
and more fractional energy goes into electronic excitation and
ionization channels, including the dissociative ionization chan-
nels measured in this paper. To a good approximation in air:JP-10
mixtures, the ionization rates of the hydrocarbon molecules can
be calculated using the 80% nitrogen:20% oxygen EEDF over-
lapped with the ionization cross-sections of this paper.

4. Summary

Electron impact ionization of the highly strained JP-10
molecule (C1oHj¢) produces the parent ion and 36 fragment
ions including CoH;3*, CsH7*, C7Ho*, C7H %, CgHg*, and
CgH7*, with an total cross-section peaking at 110eV, of
2.19 x 10715 cm?2. At electron energies below 27¢eV, CoHy 3"
is the predominant product ion, which is proposed to be formed
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by an initial o bond cleavage between C10 atom and C2 or C5
atom (see Fig. 1), followed by six-center y-hydrogen rearrange-
ment to eliminate CHj radical. Further fragmentation of CoHy3*
by rearrangement of electron density to eliminate a butadiene
molecule is likely to be responsible for the formation of CsH7™,
which is the most abundant ion above 27 eV in the energy range
studied.
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