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spectrometer, and a field programmable gate array has been used for the timing of the electron and ion
extraction pulses and for the event-by-event detection of the ions. Double ionization results in a
number of prominent fragmentations producing two singly-ionized fragments with kinetic energies of

up to a few eV. A number of fragmentations produce ions with four or more carbon atoms, which can
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1 Introduction

Polycyclic aromatic hydrocarbons (PAHs) have been the focus of
many studies in recent years, because of their occurrence in the
Earth’s atmosphere and in the interstellar medium. PAHs and
soot particles are abundantly produced in combustion pro-
cesses and are considered to be hazardous to the environment
and to health."” The infrared emission bands observed for
many objects in the interstellar medium are widely attributed
to the presence of PAHs.>” These molecules have been the
focus of many laboratory studies to understand their role in the
chemistry of the interstellar medium and in astrophysical
objects.® " In these environments pyrene and other PAHs can
be excited and fragmented by photon absorption and in colli-
sions with ions, electrons, and atoms. Low-energy secondary
electrons in inelastic collisions with molecules are considered
to be the driving force behind a wide variety of astrochemical
processes. Chemical reactions in the ice mantles of interstellar
dust grains are induced by UV light and cosmic rays, and by
the secondary electrons produced by these irradiations.'''?
In planetary atmospheres, secondary electrons are produced
by solar radiation and by cosmic rays."?

The purpose of this paper is to study the formation of
doubly-charged pyrene by 70 eV electron impact and provide
new insights into the fragmentations producing two singly-
charged fragments.

Many collision studies of PAH molecules have shown clear
evidence for the formation of multiply-charged molecular ions
and coincidence techniques have been used to investigate
the decay of these ions. Because of the availability of a wide
range of photon energies, many of these studies have used
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only be formed by the breaking of at least three C-C bonds.

synchrotron radiation and more recently FEL radiation for double
photoionization of hydrocarbons and aromatic molecules."*
We briefly summarise recent research specific to pyrene.

Pyrene and other PAHs have been the subject of a number of
VUV-photodissociation and photoelectron spectroscopy experi-
ments."”™° Photoionization using time-of-flight mass spectro-
metry has been applied by Wehlitz and Hartman®® and Johansson
et al.*" Monfredini et al.*® have measured mass spectra produced by
X-ray photodissociation of pyrene and other PAHs. Marciniak et al.**
and Lee et al** have investigated the dissociation and ionization
dynamics of pyrene and other PAHSs in ultrafast time-resolved XUV-
IR pump-probe experiments. Lee et al.>® have applied recoil-frame
covariance map imaging to study dication and trication dissociation
of fluorene, phenanthrene and pyrene.

Noble et al.*® have studied ultrafast electronic relaxations
from the S; state of pyrene in an fs pump-probe experiment.
A number of recent experiments have been performed on
pyrene cations®’>° and on hydrogenated pyrene.*’? Lietard
and Verlet*® have applied photoelectron spectroscopy to study
microhydration of pyrene anions.

A number of groups have investigated the formation of
doubly charged PAHs in ion-molecule collisions.” Eawicki
et al.** and Seitz et al.®>® have measured mass spectra showing
multiple ionization and fragmentation of pyrene molecules and
other PAHSs in collision with multiply-charged ions. Ji et al.*®
have measured absolute double differential cross-sections for
electron emission from pyrene molecules in interaction with
keV protons. Chen et al.>” have investigated the formation of
molecular hydrogen from pyrene, anthracene and coronene
molecules that are internally heated by collisions with keV
ions, a process that may be of relevance for H, formation in
astrophysical environments.

Several authors have published mass spectra for pyrene.
Tobita et al.*' have determined single and double ionization
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energies in experiments involving electron and photon impact.
Keller et al.*> have measured electron energy loss spectra from
threshold to 30 eV.

Kingston et al.** have identified preferred charge separation
fragmentations for doubly- and triply-charged pyrene mole-
cules formed by charge stripping of singly- and doubly-
charged pyrene molecules passing through a collision cell
containing nitrogen gas.

A number of studies have been published involving colli-
sions of helium atoms with PAH cations, including pyrene and
hydrogenated pyrene.**™*® Yamakita et al*® have measured
penning ionization electron spectra of pyrene, chrysene, and
coronene in collision with metastable helium atoms. Several
groups have researched the fragmentation of pyrene clusters
and solvated pyrene molecules in collisions with photons®®~>?
and with ions.*>**** The photochemistry of pyrene in water ice
has also been studied.>>>°

Pyrene and other PAHs have been the subject of many
theoretical studies. Singh et al®’ have performed R-matrix
calculations to obtain electron scattering cross sections for
anthracene and pyrene in the range 0.1-15 eV. Simon et al.>®>°
have performed molecular dynamics calculations on the dis-
sociation of pyrene and other PAH cations. Theoretical calcula-
tions have also been reported in a number of experimental
papers'25,29—31,35—37,46—48,50

The purpose of this paper is to examine the fragmentations
of pyrene into two singly-charged fragments after double ioni-
zation by electron impact. Coincidence mass spectrometry has
been used to measure the coincidence map for pyrene, and to
the best of our knowledge this is the first coincidence map
published for pyrene. Coincidence mass spectrometry involves
the event by event detection of ions using a single time-of-flight
mass spectrometer, and the application of covariance analysis
techniques to extract the coincidence map.®®

New detailed insights into the fragmentation dynamics
of doubly-charged pyrene are important for benchmarking
theory and modelling, and for the understanding of reaction
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mechanisms that are of relevance in astrophysical environ-
ments and the interstellar medium. If two or more electrons
are rapidly removed from a molecule in a collision process, the
resulting multiply-charged molecular cation rapidly fragments
into cationic fragments due to internal electrostatic repulsion,
a process that is called Coulomb explosion.®” Whereas ions
produced by single ionisation of a molecule have thermal
energies, singly-charged ions produced by double ionisation can
have energies up to about a few eV, and therefore can induce
reactions in the interstellar medium that thermal ions cannot.

Pyrene is the smallest PAH in which the aromatic rings are
ortho- and peri-fused to the others. In a perifused PAH at least
one carbon atom is a member of three aromatic rings; in pyrene
this involves two atoms. Contrary to anthracene, which has
been the subject of our earlier study,® singly-charged frag-
ments of pyrene with four or more carbon atoms can only be
formed by the breaking of at least three C-C bonds.

2 Experiment

The experimental set-up consists of a molecular beam of
pyrene, a pulsed electron beam, and a reflectron time-of-
flight mass spectrometer, contained in three inter-connected
and differentially pumped vacuum chambers. The set-up has
been used before to study single ionization of anthracene® and
phenanthrene® and double ionization of anthracene.® A sche-
matic overview of the experiment can be found in Fig. 2 of
ref. 66. The pulsed valve in®® was replaced by the oven contain-
ing pyrene. Fig. 1 shows the current lay-out of the interaction
region.

The beam of pyrene molecules is generated by resistively
heating pyrene powder (99% purity from Sigma Aldrich) con-
tained in a small oven to a temperature of 120 °C. Molecules are
effusing from a capillary (0.5 mm diameter and 4.5 mm length)
in the oven and pass through a skimmer (1.2 mm diameter)
into the collision chamber where they are collided with electrons.

electron

meshes

oven  skimmer ‘

molecules

ions

A1

electrons

@

\ Einzel lens
D

AN

Y Faraday

cup

Fig. 1 Overview of the interaction region showing the oven containing pyrene, the skimmer, the electron gun, and the Einzel lens at the entrance to the
reflectron time-of-flight mass spectrometer. The electron gun and the Faraday cup are only partially shown. The focussing plate has been added to
enhance the collection of singly-charged ions from double ionisations (see discussion in the text).
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The electron gun is pulsed at a rate of 13.26 kHz with a 0.20 ps
pulse width. The energy resolution of the electron beam is about
0.8 eV FWHM. The electron gun consists of a Wehnelt cylinder
with a tungsten hairpin filament, 5 cylindrical lens elements with
apertures, and a set of deflection plates. All elements are machined
out of single pieces of molybdenum. To enhance the stability of
the electron beam the gun is surrounded by a resistively heated
cylinder kept at a temperature of 60 °C.

The electrons are passing between two plates A1 and A2 in
Fig. 1, and positively charged fragments are extracted into the
mass spectrometer 0.04 ps after the electron pulse by applying a
short pulse of —100 V to plate A1, with plate A2 kept at ground.
The ions are detected by a microchannel plate detector which
has two microchannel plates stacked in chevron configuration
and an active area of 40 mm diameter. The pulses from the
detector are discriminated by an Ortec 9327 1-GHz Amplifier
and Timing Discriminator. The NIM output pulses from the
discriminator are converted to LVITL and input into a National
Instruments 9402 digital input/output module connected to a
cRIO9075 field programmable gate array (FPGA).

The FPGA is used to time the pulsing of the electron gun and
the ion extraction voltage, and to record the mass-resolved
detection of singly-charged ions on an event-by-event basis.
The average event rate is 0.24 ions per electron pulse.

A detailed model of the coincidence data acquisition was
used to process the event-by-event data, to correct for detector
dead time and for random coincidences, and to obtain the map
of true coincidences. More details are provided in ref. 63.

Compared to®® we have made two improvements to the
experiment. To enhance the collection of singly-charged
ions produced by double ionization, we have placed a 3.1 mm
thick plate containing a 9.6 mm diameter aperture with a 26.6°
bevelled edge directly after and against the first mesh that the
ions pass through in the reflectron mass spectrometer, as
illustrated in Fig. 1. This plate produces a small amount of
focusing in the second acceleration stage for ions with initial
velocities away from the main axis of the mass spectrometer.

We have also reduced the effective detector dead-time by
reducing the width of the LVTITL pulses produced by the NIM to
TTL converter mentioned above. The dead-time is now about
140 ns, limited by the pulse processing on the FPGA and its
9402 digital input/output module.

3 Results and discussions

The data set used in this paper was accumulated over 235 hours
and comprises 1.12 x 10'® sweeps. We have used an electron
energy of 70 eV, because this energy is most often used in mass
spectrometry. It would be of interest to measure a coincidence
map for pyrene at an electron energy closer to the threshold for
double ionisation, however, the much lower rate of coincident
production of singly-charged ions from double ionisation
would result in a much longer data acquisition time.

Fig. 2 shows the relevant section of the full coincidence map
extracted from the data set. The mass scales are plotted such
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that the scales are linear in flight time. The colour scale is in
counts with strong fragmentations in yellow, red and pink
colours and weak fragmentations in shades of blue. Negative
counts are in green and arise from the correction for random
coincidences. Negative counts are due to the statistical uncer-
tainties in the rates of true and random coincidences.

Double ionization processes can be written as

e + CygHig = CigHip™ +3e —

C.H," + CyH," + 3e” + neutral fragments (1)

In the following discussions we indicate the coincidence
groups as (a, b) where a and b are the number of carbon atoms
in each of the fragments. The Coulomb repulsion of the two
ions produced in each fragmentation results in an elongated
distribution aligned approximately along the counter diagonal
through the point (m4, m,), in which the masses of the two ions
are m; = (12a + m) u and m, = (12b + n) u.

In order to qualitatively understand the shapes of these
distributions, we have done Monte-Carlo trajectory calcula-
tions for one of the most prominent fragmentations:

C16H10++ i C4H2+ + C12H6+ + 2H (2)

Fig. 3 shows the simulated and measured sections of the
coincidence map for this fragmentation. The simulated map is
obtained from trajectory calculations for 340000 ion pairs.
Details on the calculations are given in the appendix of ref. 63.
The focussing plate mentioned above was included in these
calculations. Because of this focussing plate the distributions
we observe for pyrene are less bimodal than the distributions
for anthracene in ref. 63.7

The extent of each distribution along the counter diagonal
is a measure of the fragmentation energy available in the
dissociation producing the two singly-charged ions. In the
simulation in Fig. 3 we have chosen the maximum energy so
as to match the extent of the measured distribution. For each
randomly chosen value of the fragmentation energy, this energy
is divided between the two fragment ions assuming a total
momentum of zero. The width of the distribution along the
diagonal is due to the finite size of the interaction region, taken
to be 0.6 mm FWHM in the simulation.

Several calculations have been made for different shapes of
the probability distribution in Fig. 3(a) until a good overall
agreement was obtained between the simulated and measured
sections of the coincidence map in Fig. 3(b) and (c), respec-
tively. This shows that singly-charged ions with kinetic energies
of a few eV are produced in these fragmentations.

Lee et al.>® have determined a total kinetic energy release of
2.49 + 0.07 eV for the C,H," + Cqu fragmentation of doubly
charged pyrene (see their Table 1). The maximum in Fig. 3 is at
a slightly higher energy of 2.8 eV, possibly related to the higher

1 Trajectory calculations for the 39 u + 139 u fragmentation in anthracene®
indicate that the use of the focussing plate would increase the probability that
both ions hit the detector from about 12% to about 25%. In the simulation in
Fig. 2(b) 42% of the ions are detected.

This journal is © the Owner Societies 2024
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Fig. 2 The relevant section of the full map of true coincidences for singly-charged ions produced by double ionisation of pyrene by 70 eV electron
impact. Both scales are linear in ion time of flight and the mass scales are adjusted accordingly. The colour scale shows the content of individual bins.
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Fig. 3 The fragmentation C4H,™ + Ci2He™: (a) the probability distribution for the total fragmentation energy used in the simulation, (b) the simulated
coincidence map using Monte Carlo trajectory calculations (see®®), and (c) a small section of the measured coincidence map (64 x 64 bins). The colour

scales are the same as in Fig. 2.

electron impact energy of 70 eV as compared to the 40.9 eV
photon energy used by Lee et al.>> We note that we have had to
use the extended probability distribution in Fig. 3(a) to obtain a
good agreement between Fig. 3(b) and (c). The minimum in the
distribution along the counter diagonal is directly related to the
shape of the low-energy tail of the probability distribution.

A number of overall observations can be made from the
coincidence map Fig. 2. Fragmentations for which the total

This journal is © the Owner Societies 2024

number of carbon atoms in both fragments is even are gen-
erally significantly stronger than fragmentations for which the
total is odd. Strong fragmentations are observed for groups
(a, b) with @ + b = 8, 10, 12, 14 and 16, and weaker fragmenta-
tions are observed fora+ b =7,9, 11 and 13. No fragmentations
are observed for groups with a + b = 15. Most of the fragments
have 2 or 3 hydrogen atoms, but in the groups (a, b) with b > 9
the larger fragment can have 5, 6, 7 or 8 hydrogen atoms.

Phys. Chem. Chem. Phys., 2024, 26, 10688-10697 | 10691
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Fragments with only one hydrogen atom are sparsely produced
and mostly in groups (a, b) with a = 3 or 5. Fragments with only
one carbon atom are only minimally produced; the least weak
of these fragmentations is CH;" + C;sH,". Ionised fragments
with only carbon atoms are not observed.

The coincidence map of singly-charged fragments produced
by electron impact and by ion impact on anthracene®®” also
show that fragmentations for which the total number of carbon
atoms in both fragments is even are preferred. The coincidence
map of naphthalene®® shows very weak fragmentations of
groups (a, b) with a + b = 9. The fragmentation of doubly-
charged fluorene, phenanthrene, and pyrene molecules pro-
duced by 40.9 eV XUV laser pulses favours reaction pathways
involving two-body breakup with loss of neutral fragments
totalling an even number of carbon atoms.>*

Fig. 4 and 5 show a number of coincident groups in more
detail. Fig. 4 shows six groups in which the sum of the carbon
atoms is equal to 16, the number of carbon atoms in the parent
molecule. The two strongest fragmentations in Fig. 4 are in
group (4, 12):
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Clearly these fragmentations can only be formed by the break-
age of three C-C bonds accompanied by the loss of two H atoms
(in (3)) or the rearrangement of one H atom (in (4)).

Group (3, 13) shows several prominent fragmentations
producing C;H;" and C;H,'. The most significant frag-
mentation is:

CisHyo™" = C3H;" + Cy3H," (5)

which is possible by the breakage of two C-C bonds.

The other fragmentations are accompanied by the loss of
one or more hydrogen atoms.

Group (2, 14) shows one significant fragmentation:

CieHio'm = CH; ' + C4Hg + H (6)

which involves the breakage of two C-C bonds, accompanied by
the transfer of one H atom and the loss of one H atom.

In group (5, 11) the four strongest fragmentations all result
in an odd number of H atoms in the largest fragment.
All fragmentations in this group must involve the breakage of
(at least) three C-C bonds. A number of weaker fragmentations

CigHio™" = C4H," + C,Hg  + 2H (3) are also present, but notably there is only one fragmentation
producing a fragment with only one H atom: Cy;sHy,"" —
CsH' + C;;H," + 2H. The fragmentation C,¢H;o" " — CsH,' +
++ + +
CiHio — C4Hy" + CipHg (4) C1;H," + 4H does not occur.
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Fig. 4 Sections of the measured coincidence map for the six coincidence groups (a, b) with a + b = 16, where a and b are the number of carbon atoms in
both fragments. Each section contains 160 x 160 bins and corresponds to 2 x 2 ps in ion flight time. The mass scales are adjusted accordingly. The colour

scales are the same as in Fig. 2.
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In group (6, 10) the most distinct fragmentations are:

C16H10++ b CGH2+ + ClOH6+ + 2H (7)

CigHip™" — CeHs' + C10H2,3+ +(3,2)H (8)

both involving the breakage of (at least) three C-C bonds.
Fragmentation (7) may be characteristic for pyrene, and we
note that a possibly similar fragmentation is observed in group
(4, 10), see fragmentation (9) below.

Group (7, 9) shows a number of possible fragmentations,
none of which are very prominent, all involving the breakage of

This journal is © the Owner Societies 2024

(at least) three C-C bonds, and all involving the loss of at least
one H atom. Notably, the fragmentation C;¢H;o"" — C,H," +
CoH," + 4H does not occur.

Fig. 5 shows a selection of nine groups with a + b < 16. Most
of the fragments produced in these groups have two or three
hydrogen atoms. Also in the groups near the diagonal in Fig. 2
(groups (a, b) with a = b) the most abundantly produced
fragments have two or three hydrogen atoms. The strongest
fragmentations are observed in groups (5, 7), (5, 9), (4, 6) and (4,
8). Only a few fragmentations produce fragments with more
than 3 hydrogen atoms. Fragments with only one hydrogen
atom are sparsely produced and mostly in groups (5, 7), (5, 9),
(3, 7) and (3, 9).

Phys. Chem. Chem. Phys., 2024, 26, 10688-10697 | 10693
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In group (4, 10) a significant fragmentation is

CigHyo'" = C4H," + CyoHg' + neutral fragment(s)  (9)

This fragmentation appears to be similar to fragmentation
(7) with possibly the release of a single C,H, neutral fragment.

In groups (3, 7) and (4, 6) some of the distributions clearly
have angles that deviate from the counter diagonal, which may
be caused by the loss of one or more neutral fragments from
one of the charged fragments as it is travelling through the
mass spectrometer.

In groups (4, 8) and (6, 8) the most prominent fragmenta-
tions are those in which the larger fragment has 2 or 3
hydrogen atoms. The large scatter observed in these groups at
100 u and 101 u is due to the relatively large correction for
random coincidences: apart from the parent peak at 202 u,
100 u and 101 u are the largest peaks in the non-coincident
mass spectrum. This is also observed in the other groups (a, b)
with b = 8 in Fig. 2. We conclude that 101 u is not or very
sparsely produced as a singly-ionised fragment after double
ionisation. This implies that the 101 u peak in the non-
coincident mass spectrum can only be either CgHs" produced
by single ionisation and fragmentation or C,4H;," produced by
double ionisation, or a combination of both.

By fitting with Gaussians, we find that the ratios of the peak
areas for 203 u/202 u and for 101.5 u/101 u are both equal to
0.20 £ 0.01, which is slightly larger than the isotope ratio 0.179.
Because 101.5 u can only be due to C;5"*CHy,"" we conclude
that 101 u is almost entirely due to the doubly-charged parent
molecule. This also implies that 100 u is mostly C;cHg"™".
A similar conclusion has been drawn for the 89 u peak in the
mass spectrum of anthracene, see discussion in.**

The patterns of pyrene fragmentations observed in the
groups (a = 2, 3, b), where the smaller fragment has 2 or 3
carbon atoms, are similar in overall appearance to the patterns
of anthracene fragmentations observed in the groups (a = 2,3,
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b — 2) in.*® This is to be expected assuming that the formation
of C, 3H, ;" involves breakage of a C-C bond breakage in one of
the terminal carbon rings, followed by charge separation and
the breakage of a second C-C bond, see Scheme 1 proposed by
Kingston et al.*?

Kingston et al.** have studied the preferred fragmentation
routes of doubly-charged pyrene ions produced by charge
stripping of singly-charged pyrene molecules passing through
nitrogen gas. They note that the preferred fragmentation routes
lead to the singly-charged fragments C;H;" and C,H," but not
to CH;" and C,H," (see their Table 2). In Fig. 1 many of the
fragmentations produce 39, 40 u and 50, 51 u, however 26, 27 u
are also produced, although in somewhat lesser abundance.

We observe clear but unexpected structures near the diag-
onal of the full coincidence map. The largest of these structures
are observed near 101 u and near 202 u, and these are shown in
Fig. 6. These structures cannot be due to ringing, because
they extend over 1.4 ps, which is much longer than expected
for our fast pulse-counting electronics. The structures show
clear clumps at integer masses, but there are no extended
distributions characteristic of Coulomb explosion (with the
exception of the fragmentation CgH," + CgHe' + 2H observed
in the (8, 8) group). Pyrene dimers are not produced by our
effusive source.

We suspect that these structures may be due to a collective
effect. In order to obtain adequate statistics for the coincidence
map for pyrene we have used fairly high electron and molecular
beam intensities. The structures observed indicate the coin-
cident detection of a singly or doubly charged pyrene ion and a
pyrene ion with up to 4 or 5 hydrogen atoms attached to it.
Hydrogen attachment to PAHs has been studied by a number of
groups.®1*748:6979 A pyrene ion may be able to pick up hydro-
gen atoms produced by fragmentation of other molecules and
lingering in the interaction region, but we do not understand
what mechanism would then produce coincidences with
another pyrene ion without extra hydrogen atoms attached.

I
96 100 104

mass [u]

108

196 2 e e
196 200 204 208 212
mass [u]

Fig. 6 Two symmetrised sections of the measured coincidence map near the diagonal showing structures attributed to collective effects (see
discussion in the text). Each section contains 240 x 240 bins and corresponds to 3 x 3 ps in ion flight time. The mass scales are adjusted accordingly. The

colour scales are the same as in Fig. 2.
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In five locations in the coincidence map very weak fragmen-
tations are observed with one fragment of half-integer m/q.
These fragmentations must be due to triple ionisation. The
least weak of these fragmentations is

CieHio™ = CoH,' + CyyHg™ (10)
and the other fragmentations are
CiHyo'"" = CH;" + Cy5H, ™ (11)
CiHio™" = C3Hp3" + Cy3H; ™ (+H) (12)
CigHyo " > CsH3' + (311H6,7Jr+ (+H) (13)
C16H10+++ - C7H3+ + CQH6,7+Jr (+H) (14)

All these fragmentations involve a break-up of the molecule
into two fragments, in some of the cases accompanied by the
loss of a single hydrogen atom. Subsequent fragmentation of
the doubly-charged fragments may provide a minor contribu-
tion to the coincidence groups discussed.

Kingston et al.*> have measured the singly-charged frag-
ments produced by triple ionisation of pyrene and other PAHs.
The singly-charged ions we observe in fragmentations (10)-(14)
correspond to the ions Kingston et al.** list in their Table 3. In
our measurements any C,H," fragments produced by triple
ionisation are masked by the strong production of C4H,,;"
following double ionisation.

4 Conclusions

Double ionization of pyrene by electron impact results in a
number of prominent fragmentations producing two singly-
ionized fragments. Fragmentations for which the total number
of carbon atoms in both fragments are more likely than
fragmentations for which the total is odd. No fragmentations
are observed for groups in which the sum of the carbon atoms
is 15. Most of the fragments have 2 or 3 hydrogen atoms, but
the larger fragment can have 5, 6, 7 or 8 hydrogen atoms if it
has 9 or more carbon atoms. Fragments with only carbon atoms
and no hydrogen atoms are not present, and we observe
fragments with only one hydrogen atom in only a few places.
Several fragmentations produce singly-charged fragments with
four or more carbon atoms, which can only be formed by the
breaking of at least three C-C bonds.

Our measurements indicate that ions with kinetic energies
of a few eV can be produced, sufficient to induce reactions in
astrophysical environments that cannot be induced by thermal
ions produced by single ionization.
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