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Abstract

Relative partial ionization cross-sections (PICS) and precursor-specific relative partial ionization cross-sections for fragment ions formed by
electron ionization of CO, have been measured using time-of-flight mass spectrometry (TOFMS) coupled with a 2-D ion-coincidence technique.
We report data for the formation of C*, O*, CO™, C?*, 0% and CO,?** relative to the formation of CO,*, as a function of ionizing electron energy
from 30 to 200 eV. This data includes, for the first time, measurements on the formation of ion triples by dissociative multiple ionization of CO, by
electrons. Our analysis of the 2-D coincidence spectra provides new information on the dynamics and energetic of charge separating dissociation
of the CO, dication and trication. Through determinations of the kinetic energy release (KER) involved in ion pair formation, we also conclude
that indirect double ionization processes contribute significantly to the yield of CO* + O* ion pairs at ionizing electron energies below 55 eV.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Ionization of CO; is a process of importance in a num-
ber of planetary atmospheres [1-3] and plasma environments.
Recent astrophysical models of the Martian atmosphere, where
CO, is subject to magnetotail electron-ionization, predict an
extensive ion-molecule chemistry involving the products of both
dissociative and non-dissociative ionization [2]. Furthermore
the existence of a CO,2* layer in the atmosphere of Mars has
recently been predicted [3]. Such models require accurate and
reliable data on the formation efficiency of both the parent ion
and the various ionic fragments resulting from both single and
multiple ionization. This information is often most conveniently
expressed in the form of partial ionization cross-sections (PICS).

The dissociative ionization of CO, has been the sub-
ject of a number of investigations employing a variety
of techniques: electron-ionization mass spectrometry [4—17],
photoionization mass spectrometry [18-25], collisions with
positrons [26], collisions with high translational energy ions
[27], ultrafast laser pulses [28] and coincidence techniques
[19-21,23-25,27,29,28]. Concentrating on the previous cross
determinations for electron ionization of CQO,, the total ioniza-
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tion cross section has been measured from threshold to 100 eV
by Asundi et al. [4] and from threshold to 1000 eV by Rapp and
Englander-Golden [5]. The total dissociative ionization cross-
section has been derived by Rapp et al. [6] via measurements
of the number of ions formed with greater than 0.25eV of
translational kinetic energy. Cross-sections for the formation of
CO,* and CO,%* ions were reported by Mirk and Hille [9] at
an ionizing energy between threshold and 180 eV and absolute
cross-sections for the formation of CO,* ions were obtained by
Freund et al. [11] for energies up to 200eV. PICS for the for-
mation of singly charged fragment ions CO*, O* and C* have
been measured, using a quadrupole mass spectrometer (QMS),
by Crowe and McConkey [8] up to an ionizing energy of 300 eV
and by Orient and Srivatava [10] in the energy range 10-510eV.
Straub et al. [14] measured PICS for the formation of singly
and doubly charged ions from threshold to 1000eV using a
time-of-flight mass spectrometer (TOFMS) coupled with posi-
tion sensitive ion detection. In this way Straub et al. [14] were
able to demonstrate the complete collection of all ionic frag-
ments, including those formed with considerable translational
kinetic energy. Tian and Vidal [16] used a focusing time-of-flight
mass spectrometer to measure PICS up to an electron energy of
300eV and cross-sections for the formation of ion pairs up to
600 eV using a covariance mapping technique [15]. Comparison
of these more recent determinations to the existing PICS data
sets revealed some considerable discrepancies, particularly con-
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cerning the formation of the fragment ions C* and O*, for which
the PICS values of Straub et al. [14] and Tian and Vidal [16]
are considerably larger than those measured in previous studies.
Such discrepancies were attributed to the inefficient collection
of energetic ion fragments in these earlier determinations.

In this study, we investigate the electron ionization of CO,
in the energy range 30-200 eV, using time-of-flight mass spec-
trometry coupled with a 2-D ion-coincidence technique. By this
method single product ions, ion pairs and ion triples, formed fol-
lowing electron ionization of CO, are detected concomitantly,
then identified and quantified. In this article, we report relative
PICS o, [X"*] for the formation of C*, O*, CO*, C**, O** and
CO,2* jons. This data is shown to be in excellent agreement
with the existing PICS of Straub et al. [14] and Tian and Vidal
[16]. We then present precursor-specific relative PICS o, [X"*],
which, as shown by our recent studies of the electron ioniza-
tion of CoH» [30] and N> O [31], quantify the contribution to the
yield of a fragment ion from single (n=1), double (n=2) and
triple (n=3) ionization. These precursor-specific relative PICS
include, for the first time, measurements on the formation of ion
triples following electron-ionization of CO;.

Our 2-D ion-coincidence technique also provides infor-
mation on the energetics and dissociation dynamics of
the CO; dication and trication. The energies of the
electronic states of CO,>* have been extensively stud-
ied using photoion—photoion coincidence (PIPICO) spec-
troscopy [19-21,23,24], photoelectron—photoelectron coinci-
dence (PEPECO) spectroscopy [32,29], threshold photoelec-
trons coincidence spectroscopy [33,29] (TPEsCO), double
charge transfer (DCT) spectroscopy [34], position sensitive
ion coincidence spectroscopy [17] and theoretical methods
[21,35,36]. In this study, we report measurements of the kinetic
energy release (KER) involved in ion pair formation following
dissociative double ionization of CO,. Using these measure-
ments we also show that indirect processes play a significant
role in ion pair formation close to the double ionization
threshold.

2. Experimental
2.1. Experimental apparatus

All experiments in this study were performed using a TOFMS
of Wiley-McLaren design, as has been discussed in detail in
recent publications [37,31,30]. Electron ionization of a continu-
ous effusive jet of CO; is performed by a pulsed beam of ionizing
electrons with a duration 30 ns per pulse and a repetition rate of
50kHz. We estimate that the energy resolution of the electron
beam is 0.5 eV at full width at half maximum. Ion signals from a
microchannel plate detector (MCP) are recorded as arrival times
by a time-to-digital converter (TDC) capable of recording mul-
tiple stop signals per ionizing pulse. The arrival times of ions
as single ion detections, or as ion pairs or ion triples, are accu-
mulated in a memory module and transferred periodically to a
PC. The CO; gas used in this work was a commercial sample of
good purity (>99.8%).
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Fig. 1. A characteristic (singles) mass spectrum of CO, following electron
impact ionization at 200 eV.

2.2. Experimental conditions

The operating conditions of our experiment involve low
target gas pressures (<107 Torr) and low electron flux, ensur-
ing that on average markedly less than one ionization event
is detected per ionizing pulse of electrons. This methodology
greatly reduces the number of ‘false coincidences’ that con-
tribute to the coincidence spectra we record, as described below.
False coincidences occur when two or more ions arising from
separate ionization events are detected following a single ioniz-
ing pulse.

When extracting quantitative data from our experiment it is
important that we detect all positively charged ions with equal
efficiency, regardless of their mass, charge or initial kinetic
energy. In a recent publication [30] we described a number of
preliminary experiments performed using our apparatus, which
demonstrate that we operate under conditions where mass dis-
crimination effects do not influence our ion yields. Under the
voltage conditions used in this study, ions will reach the detector
provided they are formed with less than 11 eV of translational
energy perpendicular to the TOF axis. Curtis and Eland [19]
determined the total kinetic energy release from the dissocia-
tion of small molecular dications to be, commonly, less than
9eV. Thus, in our experiment, conditions are optimised such
that the majority of all ions formed by multiple ionization can
be collected and indeed, as explained below, any small losses of
energetic fragment ions from multiple ionization can be quanti-
fied and corrected.

2.3. Data processing

Single ion detections following a single ionizing pulse of
electrons are termed ‘singles’ and are accumulated as a his-
togram of ion counts against time-of-flight to form a ‘singles’
mass spectrum (Fig. 1). The mass scale of the spectrum is cali-
brated by recording the mass spectrum of a reference species
(Ar) under the same voltage conditions. The intensities of
individual ion peaks, I;[X*] for monocations and I,[X>*] for
dications in the mass spectrum, are then extracted by summing
the counts in each peak after applying a small correction to
account for the non-zero baseline due to background counts. Due
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to the low target gas pressures employed in this study, as dis-
cussed above, a small number of ions emanating from traces of
residual gases in our vacuum chamber contribute to our singles
mass spectra. Specifically, ionization of residual O, and H,O
results in the formation of ions which contribute to the counts
in our O* and O%* peaks, while ionization of residual N5 yields
N>* and N* ions which contribute to the counts in our CO* and
CO?* peaks, respectively. To quantify these background gas con-
tributions we measured the yields of 02*, 0*/0,%*, N* and N,*
ions with respect to O>*, and of O%* and O* ions with respect
to HyO%, by recording mass spectra of air and of HO under the
same experimental conditions used in this study. A subtraction
of the ions from the residual gases is made by normalization
to the intensity of the O,* peak and H,O* peak in each CO,
singles mass spectrum. This normalization procedure can only
be performed by assuming that the formation of O* following
ionization of CO; is negligible. To test this assumption we mea-
sured the yield of O, " ions with respect to Ar* ions in all of our
preliminary mass spectra of air. These ratios are in very good
agreement to the ratio of O,* to Ar* ions measured in all our
CO, spectra, confirming that the formation of O* following
ionization of CO; is negligible.

Events resulting in the detection of two ions and three ions
following a single ionizing pulse of electrons, termed ‘pairs’ and
‘triples’, respectively, are stored and processed offline. In this
work, we make a distinction between fragment ions comprising
an ion pair formed via dissociative triple ionization P3[X*], for
example C*+O%*, and ion pairs that may have contributions
from both double and triple ionization P[X*], such as C* + O*.
Contributions from triple ionization to the intensities of such
monocation pairs may arise when only two ions of an ion triple
are detected, due to the less than unit detection efficiency of the
apparatus. We neglect contributions to our coincidence spectra
from dissociative quadruple ionization. Indeed, previous studies
of the electron ionization of small molecules using this apparatus
[31,30] indicate that such contributions are extremely small in
the energy regime of this work.

Ton pairs are displayed as a 2-dimensional histogram of the
respective ion flight times (#1 vs. #2), termed a ‘pairs’ spectrum
(Fig. 2). The contribution of a fragment ion, for example P[X*],
is obtained as the sum of the counts in all the appropriate peaks
involving an X* ion. All of the peaks in our pairs spectra contain
a small number of counts due to false coincidences, although this
contribution is minimised experimentally by operating at low ion
count rates as described above. False coincidence contributions
to our pairs spectra are subtracted using an ion-autocorrelation
function as has been described in the literature [30]. Typically
false coincidences comprise 1-2% of the raw intensity of ion pair
peaks at higher ionizing electron energy. A further correction is
made to the intensity of the O* +O* and O** +O* peaks to
account for the small contributions from ionization of residual
O5 in our vacuum chamber.

In our experiment no ion pairs are recorded if the second
ion arrives at the detector within 32 ns of the first ion, due to
the ‘deadtime’ of the discrimination circuitry. Such deadtime
losses significantly affect the number of counts recorded in the
O* + O peak in our pairs spectra. To estimate the number of ions
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Fig.2. Representative ‘pairs’ mass spectrum of CO; recorded at 200 eV showing
observed ion pairs formed via dissociation of CO»2* and CO,3*.

lost, a separate 1-dimensional (t, — #1) spectrum is constructed
from the O* +O* coincidence data and the coincidence data
is appropriately extrapolated to the limit #| =, using simple
geometry, to correct for the losses.

In our pairs spectra we observe a ‘tail” originating from the
CO* + O* ion pair peaks, extending to the limit r; =1, ~ 1545 ns,
arising from the slow dissociation of CO,?* ions in metastable
states [15,38,29] (Fig. 2). These counts are included in the yields
we measure for the formation of CO* and O” ions via dissocia-
tive double ionization. Metastable CO,2* jons which survive for
at least 1500 ns will be recorded as single ion detections. Thus,
the cross-sections we measure for the formation of CO»2* ions
in this work are for CO,* ions which have a lifetime longer
than about 1500 ns.

Due to our neglect of quadruple ionization in this study, there
is only one possible ‘real’ triple ion-coincidence, C* + O* + O™,
Ion triples are processed by specifying a time-of-flight range
for a particular ion (C*), and then extracting all ion triples con-
taining at least one ion whose arrival time f; lies within this
specified range. Once extracted, the respective flight times of
the two remaining ions (O" + O*) forming an ion triple are plot-
ted as a 2-dimensional histogram (¢, vs. t3). The contribution
of a fragment ion T[X*] is then obtained from the number of
counts in the O* +O" peak, after applying a small geomet-
ric correction to account for losses due to the ‘deadtime’, as
described above. False triple coincidences that contribute to the
C*+ 0" + 0" counts are subtracted using a procedure outlined
in a recent publication [30].

As stated above, the voltage conditions employed in this study
ensure the efficient collection of ions formed with up to 11 eV
of translational energy aligned perpendicular to the TOF axis. In
fact, the loss of energetic ions from multiple ionization appearing
in our coincidence spectra, can easily be identified and corrected,
if necessary, from the shape of the coincidence signals [37].
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In this work, such corrections are used to quantify any losses
of ion pairs formed via dissociative triple ionization. We note
however that we are unable to correct for any losses of energetic
monocations from single ionization, or dications from double
ionization, if such fragment ions are formed with a kinetic energy
greater than 11 eV. All ion intensities measured in this work were
corrected numerically using the natural isotopic distributions.

2.4. Data reduction

The ion intensities measured in our spectra are processed
to yield relative partial ionization cross-sections and precursor-
specific relative PICS. Relative PICS, represented as o [X*] for
fragment monocations (X*) and o[X?*] for dications (X**),
are all expressed relative to the cross-section for forming the
parent monocation CO,*. Precursor-specific relative PICS are
symbolized by o,[X*] and represent the relative cross-section
for forming an ion (X*) by single (n= 1), double (n=2) or triple
(n=3) ionization.

Our aim is to derive o} values for all the ions detected in our
experiments. We recently reported an algorithm [30] showing
that o can be expressed in terms of the ion intensities recorded
in our mass spectra. Relative PICS for the formation of fragment
monocations (X*) and dications (X>*) using this algorithm are
given by Egs. (1)-(2).

L[XT] + P[XF] + P3[XF] + T[XT]

O'r[X+] = [[C02+]

ey

L[X*H] + P3[X*H]
1 [C02+]

o[X* T = 2

Precursor-specific relative PICS o, can be expressed in terms
of the spectral intensities and the ion detection efficiency f;.
The ion detection efficiency must be considered to account for
the transmission efficiency of the grids that define the electric
fields in our apparatus, and also the efficiency of the detector
and electronics. Precursor-specific relative PICS for the forma-
tion of fragment monocations (X*), and dications (X2+), are
given below by Egs. (3)—(5) and Egs. (6)-(7), respectively. For
the derivation of these equations the reader is referred to ref-
erence [30]. To measure the ion detection efficiency f; separate
experiments were performed, under the same voltage conditions
employed in this study, to record the intensity of single ions and
ion pairs formed by electron ionization of CF4. Comparison of
this data to the corresponding absolute measurements of Bruce
and Bonham [39,40] yields a value of f;, as has been described
previously in the literature [37,31,30].

IIXTT = (1 = f)/f) { PAXT] 4+ P3[XTT} + (1 — fi)/fi)* TIXT]

LIX*T —((1 — f)/f)Ps[X*T]
1[COxT]

(1/£) P3[X*T]
1[COy "]

In our experiment only positive ions are detected and there-
fore the formation of positive ion—negative ion pairs, cannot be
distinguished from the formation of a positive ion plus a neutral.
However, estimates of the cross-section [41] for these processes
are typically more than 3 orders of magnitude smaller than corre-
sponding values of the total photoionization cross-section [23].
Therefore, we expect contributions from positive ion—negative
ion pair formation to the cross-sections measured in this work
to be minor.

[X*H] = (6)

o3[X* ] =

(N

2.5. Dication energetics: C022+

The shape of the peaks in the pairs spectrum can be inter-
preted to yield information on the kinetic energy released
upon fragmentation of the carbon dioxide dication CO»2*. The
kinetic energy release for a reaction is extracted by construct-
ing a (, — t1) plot from the experimental ion pair arrival times
for an individual dissociation reaction and then performing a
Monte-Carlo simulation of the dissociation process in the mass
spectrometer. These Monte-Carlo simulations employ the full
range of experimental variables, experimental conditions and
reaction type which affect the simulated peak shape. The param-
eters of the simulated peak are then refined until a good fit to the
experimental (#; — 1) plot is achieved.

Measurement of the KER enables the estimation of the pre-
cursor state energy E(CO»2*) of the carbon dioxide dication
which dissociates to form the ion pair of interest, if the asymp-
totic energy Efrag of the dissociation limit is known or assumed:

E(CO2*") = KER + Efyyg (8)

Since the degree of internal excitation of the ionic fragments
is often unknown, these estimates represent a lower limit for the
electronic state energies of CO,2*. Despite this, such precursor
state energies can provide valuable information on the energetics
of dication dissociation processes.

3. Results

Mass and coincidence spectra of CO, were recorded at ioniz-
ing electron energies in the range 30-200 eV (Figs. 1 and 2). All
spectra were processed, using the procedure described above, to
yield o, values for the formation of the fragment monocations

+7 _
ol [Xt] = T1CO]
o /DPXT] =21 — fi)/fAHTIXT]
o[Xt] = IO )
1/f)P X+ (1 /fHTIXT
o = (IDIPSIXT + (L/f)TIX) )

I[COx*]

3

(C*, 0%, CO™) and dications (CO,%*, C2+, 0%*) observed. These
values are shown as a function of electron energy in Table 1 and
Fig. 3 and represent the averages of three independent experi-
mental determinations. Precursor-specific relative PICS o, for
the formation of these ions were also derived, using the analysis
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Table 1
Relative partial ionization cross-sections following electron ionization of CO», expressed relative to the cross-section for forming CO,*, as a function of electron
energy E

E (eV) 102 0,[C2*] 102 o,[0%*] o [C*] o:[0*] 0:[CO22*] 0,[CO*]
200 0.1387 (12) 0.0981 (37) 0.1517 (14) 0.3135 (22) 0.01448 (6) 0.1716 (14)
175 0.1218 (38) 0.0790 (65) 0.1528 (10) 0.3157 (17) 0.01444 (36) 0.1767 (24)
150 0.0941 (66) 0.0629 (72) 0.1533 (6) 0.3139 (15) 0.01452 (44) 0.1802 (21)
125 0.0629 (36) 0.0307 (54) 0.1498 (6) 0.3071 (8) 0.01399 (15) 0.1842 (15)
100 0.0289 (24) 0.0110 (32) 0.1415 (13) 0.2863 (7) 0.01275 (28) 0.1877 (13)

85 0.0117 (5) 0.0053 (16) 0.1326 (10) 0.2639 (23) 0.01102 (21) 0.1890 (14)

75 0.0043 (8) 0.0006 (12) 0.1239 (9) 0.2427 (9) 0.00934 (4) 0.1872 (19)

65 0.0004 (3) 0.0002 (2) 0.1110 (5) 0.2132 (13) 0.00678 (13) 0.1831 (6)

60 0.0000 (1) —0.0002 (4) 0.1022 (1) 0.1947 (26) 0.00530 (3) 0.1806 (6)

55 —0.0000 (5) 0.0920 (9) 0.1775 (5) 0.00394 (3) 0.1733 (13)

50 0.0762 (1) 0.1498 (10) 0.00221 (5) 0.1645 (12)

45 0.0645 (5) 0.1324 (13) 0.00106 (2) 0.1614 (1)

40 0.0473 (15) 0.1161 (7) 0.00028 (3) 0.1633 (18)

35 0.0233 (10) 0.0985 (12) 0.00001 (1) 0.1576 (33)

30 0.0068 (3) 0.0788 (13) —0.00000 (1) 0.1192 (44)

The value in parenthesis indicates the standard deviation in the last figure.

procedure outlined in Sections 2.3 and 2.4, and are displayed in are shown in Fig. 6. We note here that while the magnitude of
Tables 2 and 3. The values of o] and o7, are compared for all ~ the absolute errors is comparable for all o, values reported in
monocation fragments in Fig. 4 and the corresponding o3 values this study, the relative errors are considerably greater for our o3
are shown in Fig. 5. The o, and o3 values for dication fragments values (Figs. 5 and 6) due to the low intensity of these disso-

Table 2
Relative precursor-specific PICS for forming monocation fragments following dissociative electron ionization of CO,, expressed relative to the cross-section for
forming CO,*, as a function of electron energy E

E(eV) a1[C*] a2[C*] a3[C*] a1[0*] 02[07] a3[0%]
200 0.0979 (26) 0.0444 (14) 0.00944 (44) 0.1480 (54) 0.1461 (33) 0.0194 (11)
175 0.0994 (15) 0.0453 (2) 0.00814 (65) 0.1504 (30) 0.1487 (15) 0.0167 (15)
150 0.1017 (24) 0.0452 (12) 0.00651 (84) 0.1522 (27) 0.1484 (27) 0.0134 (17)
125 0.1039 (7) 0.0413 (5) 0.00459 (18) 0.1583 (26) 0.1394 (23) 0.0093 (3)
100 0.1063 (17) 0.0341 (5) 0.00108 (18) 0.1647 (26) 0.1194 (20) 0.0022 (4)

85 0.1080 (12) 0.0245 (4) 0.00020 (10) 0.1701 (29) 0.0935 (17) 0.0004 (2)

75 0.1079 (12) 0.0161 (4) —0.00003 (3) 0.1734 (18) 0.0693 (10) —0.0001 (1)

65 0.1037 (5) 0.0073 (2) 0.1710 (15) 0.0422 (3)

60 0.0984 (0) 0.0038 (1) 0.1656 (28) 0.0291 (2)

55 0.0904 (8) 0.0016 (1) 0.1590 (2) 0.0185 (3)

50 0.0759 (1) 0.00029 (3) 0.1429 (13) 0.0070 (4)

45 0.0645 (5) 0.00005 (1) 0.1305 (12) 0.0019 (3)

40 0.0472 (15) 0.00007 (3) 0.1159 (5) 0.0002 (2)

35 0.0232 (10) 0.00005 (3) 0.0985 (13) 0.0000 (1)

30 0.0067 (3) 0.00007 (2) 0.0787 (15) 0.0001 (2)
E (eV) o1[CO*] 02[CO*] 03[CO*]
200 0.0934 (24) 0.0781 (12) 0.00007 (1)
175 0.0966 (35) 0.0800 (13) 0.00003 (1)
150 0.1003 (30) 0.0799 (9) 0.00003 (2)
125 0.1068 (22) 0.0774 (8) 0.00002 (2)
100 0.1175 (16) 0.0703 (3) 0.00000 (1)

85 0.1283 (21) 0.0607 (9)

75 0.1370 (23) 0.0502 (4)

65 0.1485 (7) 0.0346 (2)

60 0.1548 (8) 0.0258 (2)

55 0.1555 (14) 0.0178 (2)

50 0.1572 (13) 0.0072 (2)

45 0.1589 (4) 0.0025 (2)

40 0.1627 (19) 0.00065 (15)

35 0.1574 (34) 0.00019 (10)

30 0.1190 (45) 0.00023 (13)

The value in parenthesis indicates the standard deviation in the last figure.
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Fig. 3. Relative PICS o[X"*] for forming fragment ions (@) following electron ionization of CO,. The error bars expressed in this figure represent four standard
deviations of three separate determinations. The corresponding relative PICS extracted from the data of Tian and Vidal [16] (A), Straub et al. [14] (CJ) and Zheng

and Srivastava [10] (Q) are also shown.

ciative channels. The overall contributions from single, double
and triple ionization, as a percentage of the total ion yield at
each ionizing electron energy, are summarized in Table 4. From
our data we estimate o,[CO?**] to be less than 0.0005 at all
ionizing energies investigated in this study, in good agreement
with the maximum limit suggested by Tian and Vidal [16]. Fur-
thermore our singles mass spectra exhibit no discernible peaks
attributable to the metastable CO,3* ion and we place an upper
limit of 0.00002 on 0:[CO»**].

As described above, to determine the ion detection efficiency
(fi) we recorded singles and pairs spectra of CF4 ationizing elec-
tron energies of 100 and 200 eV. Comparison of this data to the

absolute cross-sections of Bruce and Bonham [39,40] resulted
in a value of f; =0.20 £ 0.01, in close agreement with previous
determinations of f; for our apparatus [19,31,30].

In our pairs spectra we observe 3 dissociation channels of
CO,%*: CO* +0*, C*+0O* +0 and O* + O" + C. In addition, at
electron energies above 75 eV we observe four ion pairs and one
ion triple resulting from dissociation of CO,3*: C* +0** +0,
O +0%* +C, CO* +0%*, 0" +C>* +0 and C* + O* + O*. The
conclusions drawn from these coincidence signals concerning
the energetics of dissociative double ionization of CO,%* (Sec-
tion 4.3) and the dynamics of dissociative triple ionization of
CO; (Section 4.4) are discussed below.
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Table 3

Relative precursor-specific PICS for forming dication fragments following dis-
sociative electron ionization of CO;, expressed relative to the cross-section for
forming CO,™, as a function of electron energy E

E (eV) 103 ,[C?) 103 o3[C2*) 103 ,[0%] 103 03[0%*]
200 0.741 (120) 0.646 (124) 0.309 (35) 0.672 (69)
175 0.782 (76) 0.436 (48) 0.362 (75) 0.428 (80)
150 0.635 (104) 0.305 (48) 0.367 (111) 0.262 (52)
125 0.585 (40) 0.045 (15) 0.246 (64) 0.062 (25)
100 0.286 (27) 0.003 (4) 0.106 (26) 0.004 (6)

85 0.117 (4) 0.000 (2) 0.050 (10) 0.004 (6)

75 0.044 (8) 0.006 (9) —0.001 (4)

65 0.003 (2) 0.003 (4)

60 0.000 (3) —0.002 (2)

55

50

45

40

35

30

The value in parenthesis indicates the standard deviation in the last figure.

Table 4
Overall contributions from single, double and triple ionization, expressed as a
percentage of the total ion yield, as a function of electron energy E

E (eV) Single ionization Double ionization Triple ionization
200 81.0 17.2 1.8
175 81.0 17.4 1.5
150 81.4 17.4 1.2
125 82.7 16.5 0.8
100 85.2 14.5 0.2
85 88.1 11.9 0.0
75 90.7 9.3 0.0
65 94.0 6.0 0.0
60 95.7 43 0.0
55 97.1 2.9 0.0
50 98.8 1.2 0.0
45 99.6 0.4 0.0
40 99.9 0.1 0.0
35 100.0 0.0 0.0
30 100.0 0.0 0.0

4. Discussion
4.1. Relative partial ionization cross-sections

The values of o.[X*] we determine for the formation of
monocation fragments (X* = CO*, OF, C*), are shown in Fig. 3.
Over the entire ionizing energy range there is excellent agree-
ment between our o,[X*] values and the values derived from
the data of Straub et al. [14] and Tian and Vidal [16]. Both of
these previous studies efficiently collected ion fragments with
considerable translational kinetic energy, and hence, the close
agreement between these data sets and our o[ X*] values demon-
strate the expected efficient collection of such energetic ion
fragments in our apparatus. By contrast, the o[X*] values for
the formation of these monocation fragments derived from the
data of Orient and Srivastava [10] lie considerably lower than
these data sets. The lower PICS measurements for the forma-
tion of CO*, O and C* by Orient and Srivastava [10], and in
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Fig. 4. Relative precursor-specific PICS for forming monocation fragments via
single ionization (@), and via double ionization (M), following electron ioniza-
tion of CO;. The representative error bars show four standard deviations of three
separate determinations.

previous studies [8], can be explained [16] by the inefficient col-
lection of ionic fragments formed with a translational energy in
excess of a few electron Volts.

Comparing Fig. 3 the values of o,[C**] we determine for
the formation of dication fragments to the corresponding values
derived from the data of Straub et al. [14] and Tian and Vidal [16]
shows excellent agreement. A similar comparison of o;[0%*]
values reveals a good agreement between our measurements and
the data of Straub et al. [14] Our o,[0%**] values are on average
around 30% smaller than the values derived from the data of
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Fig. 5. Relative precursor-specific PICS for forming monocation fragments C*
(#) and O* (A) via triple ionization, following electron ionization of CO;.
The representative error bars show four standard deviations of three separate
determinations.

Tian and Vidal [16], but both data sets agree within their mutual
error limits.

4.2. Relative precursor-specific PICS

Unless noted below, our values for o] and o for the different
fragment ions are in good agreement with values extracted from
the existing covariance mapping data of Tian and Vidal [15]. We
note that no values of o3 for the different fragment ions involving
the detection of ion triples have been determined before.

Comparison of our o;[CO*] and o,[CO™*] values Fig. 4 to
the data of Tian and Vidal [15] reveals that at ionizing energies
above 100¢eV, the contribution of CO" ions from double ion-
ization is significantly larger than reported previously, whereas
contributions to the CO* ion yield from single ionization are
lower. The origin of this discrepancy is not readily apparent.
One possible explanation for these differences is that Tian and
Vidal extracted the various fragment ion yields from dissociative
single and double ionization using data recorded in two sepa-
rate studies, whereas in this study ion ‘singles’ mass spectra and
coincidence spectra were recorded concomitantly and are thus
by definition mutually consistent.
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A comparison of our 61[O"] values, above 75 eV, to the data
of Tian and Vidal [15] again reveals a less satisfactory agree-
ment than is generally the case for o and o for other fragment
ions. Again, these differences may arise from the acquisition of
separate conventional mass spectra and ion-coincidence spectra
by Tian and Vidal.

In Fig. 6 we see that contributions to the C>* ion yield are
from both double and triple ionization. From our o, [C?*] values
we determine a threshold for C2* formation at 72 43¢V, in
good agreement with previous determinations [12,16]. Recently,
Straub et al. [14] showed that at 200 eV C2* ions are formed with
a near-thermal kinetic energy distribution. On this basis it was
proposed that the most likely mechanism for forming C2* ions
at this ionizing energy was via dissociative double ionization.
However, our measurements show that at 200 eV contributions
to the C** ion yield are from both double and triple ionization
in almost equal proportions. Thus, C** ions are formed with
very low translational kinetic energy from both double and triple
ionization.

In Fig. 6 we show that contributions to the O>* ion yield are
from both double and triple ionization. From our 02[0%*] values
we determine a threshold for O?* formation at 74 + 3 eV, again
in good agreement with a previous determination [16]. At200 eV
contributions to the O>* ion yield from triple ionization are far
greater than from double ionization. Comparison of this data to
values derived from the data of Tian and Vidal [15] shows that
both our 62[02*] values and 3[0?*] values are slightly lower
than reported previously.

4.3. The energetics of dissociative double ionization

The kinetic energy of the ion pairs formed by dissociation
of the CO,2* dication have been determined using Monte-Carlo
simulations of the peaks we observe in the pairs spectrum, as
described in Section 2.5. All KER determinations were made
from data recorded at electron energies above 50¢eV, as the
coincidence spectra recorded at electron energies lower than
50eV contained insufficient coincidence signals to produce
statistically significant results. In these simulations all KER
components were modelled using a Gaussian distribution with a
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Fig. 6. Relative precursor-specific PICS for forming dication fragments via double ionization (M), and via triple ionization (A ), following electron ionization of CO,.
The representative error bars show four standard deviations of three separate determinations.
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width of 1.2 eV at FWHM [24]. In the sections that follow here
we compare our KER measurements with available experimental
and theoretical data.

43.1. CO* +0*

The formation of CO* + O* ion pairs is the dominant dication
dissociation channel at all ionizing energies investigated in this
study above the double ionization threshold. For CO* + O™, the
slope of peaks appearing in our pairs spectra, reassuringly, all lie
close to —1, as required for a simple two-body dissociation pro-
cess [42]. For this ion pair at 50 eV we determine a single-valued
kinetic energy release of 4.4 + 0.4 eV and this KER component
increases to 5.0 & 0.5 eV at 65 eV. Furthermore, at ionizing ener-
gies in excess of 50 eV, a second discrete KER of 7.5 £0.5eV
is observed. The weighting of this second KER increases from
15% to 35% between 55 and 75eV. Our values of the KER
in the ionizing energy range 50-75¢V are in good agreement
with corresponding data from earlier PIPICO measurements of
Dujardin and Winkoun [20], who determined a single-valued
KER of 4.5 eV at a photon energy of 40.5 eV, and noted the emer-
gence of a second KER component of 6.5 eV at photon energies
above 43.5 eV. Curtis and Eland [19] determined a single-valued
kinetic energy release of 6.0 £ 0.3 eV, with a very broad distri-
bution (3 eV FWHM), using the PIPICO technique at a photon
ionizing energy of 40.8 eV. If we compare our values for the aver-
age KER, 5.8 £0.4eV at 65eV and 5.9+ 0.4eV at 75 eV, with
the values of Curtis and Eland [19], good agreement is found.
Our KER measurements do not agree quite as well with a more
recent PIPICO investigation by Masuoka et al. [24], who used
a curve fitting procedure to extract the kinetic energy release
distribution of CO* + O™ ion pairs formed by photoionization in
the energy range 40-100eV.

Our kinetic energy release obtained at 50 eV, assuming the
formation of ground state products CO* 2Z+)+ 0" (*Sy), a
dissociation limit which lies at 33.15eV [43,44] with respect
to CO; in its ground state (X! E; ), suggests a dissociative pre-
cursor state lying at 37.55 £ 0.4 eV. Previous measurements of
the appearance potential for CO* +O* formation have been
reported by Masuoka [23] (39.2 +£0.3eV) and by Millie et al.
[21] (39.7 £ 0.5eV), using the PIPICO method, and by Slat-
tery et al. [29] (38.65-38.80¢eV) using TPEsCO spectroscopy
coupled with an ion-coincidence technique. Of these previous
experimental studies, only the TPEsCO-ion—ion-coincidence
technique of Slattery et al. [29] selectively probes CO* + O* ion
pairs formed exclusively via direct dissociative double ioniza-
tion. Theory similarly predicts a barrier to CO* + O* formation
on the ground 32g_ surface of the CO,%* dication at 38.7eV
[36]. The lower precursor state energy we observe suggests that
we are sampling indirect processes contributing significantly to
the CO* + O* ion yield from states lying below the threshold for
direct ion pair formation. Indeed, recent TOF-PEPECO mea-
surements [29] have observed CO* +O* formation below the
double ionization threshold, involving autoionization of oxygen
atoms:

COs+e = COY*  4+2¢~ — COT+0* +2e™
— COT +0" 43¢ )

Using this PEPECO data, Slattery et al. [29] proposed
a threshold for indirect formation of CO*+O" ion pairs of
35.56£0.10eV, below even the threshold we determine for
50eV electrons. The second KER component we observe at ion-
izing energies above 55 eV, measured as 7.5 £ 0.5 eV, implies a
precursor state energy lying higher in the electronic state mani-
fold of CO»%* at 40.65+0.5¢eV.

432. C*+0*+0

Tian and Vidal [15] described the formation of C*+0O*+0O
ion pairs from CO,%* as a secondary decay process, as shown
in Eq. (2):

CO*t - COt+0T - 0 4+ Ct+07 )

The peak slopes we measure for this ion pair lie close to
—0.43 below 65¢V, then increase gradually with increasing
electron energy (—0.34 at 100eV, —0.26 at 200eV). In addi-
tion, we observe a broadening of the C*+O" ion pair peak
in our pairs spectra, with increasing ionizing energy. Tian and
Vidal [15] attributed this broadening of the ion pair signals to
an increasing contribution from concerted processes involving
higher electronic states of CO,2*. For secondary decay of CO*
to C* + O, with no kinetic energy release in the secondary step,
the peak slope is expected [42] to be —0.43, as we observe within
experimental error below 65 eV. For a concerted process form-
ing C* + O™ ion pairs, the peak slope should lie between —0.43
and —1, depending on whether the dissociation process involves
a head-on-collision or an unobstructed instantaneous Coulomb
explosion [42]. Thus, if concerted processes contribute signifi-
cantly to the C* + O* ion yield with increasing ionization energy,
as proposed by Tian and Vidal [15], we would expect values of
the peak slope to decrease from —0.43 towards —1. The gradual
increase in peak slope values that we observe above 65 eV can
be explained by the growth of a small component of aligned
energy release [42] in the secondary decay step. This aligned
secondary KER, coupled with small deviations from linearity
in this three-body dissociation process, may also give rise to
the observed broadening of C* + O* ion pair peaks in the pairs
spectra.

From a Monte-Carlo simulation of the coincidence data for
this ion pair at 60 eV we determine two components of kinetic
energy release, 6.0 £0.5 and 9.5 0.5V, with weightings of
7:3. The asymptote for the formation of ground state products
C* (PPy)+O* (*Sy) + 0 (PPy) lies at 41.55 eV [43,44], suggest-
ing precursor states for C* +O* formation at 47.55 £ 0.5 and
51.05 £0.5¢eV, respectively. The lower of these values is in
good agreement with previous measurements of the appearance
potential for forming C* + O* via photoionization [21,23].

433 O*+0*+C

In our experimental setup, due to the deadtime of the discrim-
ination circuitry, kinetic energy release determinations cannot
be easily performed for monocation pairs with identical mass.
Despite this, by manually fitting a straight line to the visible
portion of O* + O* ion pair peaks, observed in our pairs spectra
at higher ionizing energies (Fig. 2), we determine peak slopes
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all lying close to —1. These measurements are consistent with a
concerted mechanism for forming O* + O* ion pairs.

4.4. Dissociation of CO2>*

In our coincidence mass spectra recorded at 200eV we
observe four ion pairs and one ion triple arising from the disso-
ciation of the carbon dioxide trication CO,3*. Our data shows
that dissociation of CO,3* to form an ion triple, C* + O* + 0%, is
the most abundant trication dissociation channel at all ionizing
energies investigated in this study. Indeed, the propensity of sym-
metric charge separation among the ion fragments formed upon
dissociative multiple ionization of CO, has been observed pre-
viously, in studies using intense laser pulses [28] and involving
collisions with high energy ions [27,45].

The peak slopes we measure for O>* + O* ion pairs above
125eV all lie close to —0.50. Assuming that this dissociation
reaction is approximately linear, our peak slopes suggest the
formation of O?* +O* +C is via a concerted process [46], in
which the central C atom remains almost stationary. For the for-
mation of O** + CO™ ion pairs our peak slopes similarly all lie
close to —0.50, as predicted for a two-body dissociation pro-
cess. For C** + O* formation we determine a peak slope close
to —0.10 at ionizing energies above 125 eV. If this reaction were
to proceed via an instantaneous Coulomb explosion, where the
central C2* ion is obstructed by the neutral O atom, we would
predict a minimum peak slope of —0.21. The peak slopes that we
measure show that the C2* ion carries a much smaller compo-
nent of momentum than predicted for an instantaneous explosion
reaction [15]. For dissociation of CO53* into O?* + C* ion pairs,
we measure peak slope values of around —1.40. If this reaction
were to proceed via an instantaneous explosion, in which the
departing C* ion is obstructed by the neutral O atom, we predict
a maximum peak slope of —1.17. This again suggests that the
momentum partitioned to the central carbon ion is much lower
than is predicted for a concerted process. This feature of the
fragmentation of CO,* has been explained previously [15] by
using the charge exchange model of Hsieh and Eland [47].

5. Conclusions

Time-of flight mass spectrometry coupled with a 2-D ion-
coincidence technique has been used to measure relative partial
ionization cross-sections for the formation of positively charged
ions following electron ionization of CO» in the energy range
30-200eV. Using this methodology we have also derived rel-
ative precursor-specific PICS, which enable us to quantify the
contribution to the yield of each fragment ion from single, dou-
ble and triple ionization. These measurements include, for the
first time, contributions from ion triples formed by dissociative
electron ionization.

Excellent agreement is found between our data and two recent
determinations of the PICS of CO;. Our relative precursor-
specific PICS reveal that contributions to the C* ion yield are
dominated by dissociative single ionization across the ionizing
energy range. By contrast, contributions to the yield of O* and
CO* fragments ions from dissociative double ionization, are

comparable to contributions from dissociative single ionization
above 100eV. We also show that contributions to the yield of
fragment dications, C** and O, are from both double and triple
ionization. Fragment ions formed via dissociative triple ioniza-
tion are shown to comprise 1.8% of the total ion yield at 200 eV,
much greater than reported previously.

The analysis of the 2-D coincidence spectra provides infor-
mation on the dynamics and energetics of charge separating
dissociation of the C022+ dication. We conclude that indi-
rect double ionization contributes significantly to the yield of
CO™* + O pairs at electron energies below 55 eV. In our analysis
of the dissociation of CO,>*, we observe a propensity of sym-
metric charge separation among the ion fragments leading to the
formation ion triples.
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