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Abstract. We use velocity map imaging of photoelectrons in coincidence with molecular cations
to determine which ionic states are populated via strong field ionisation, and whether the ionisation
to excited ionic states proceeds indirectly via the ground ionic state or directly from the neutral.
We carry out measurements on a series of molecules that have different energy gaps between the
ground ionic state and dissociative excited states. We measure both direct and indirect ionisation to
excited states of the molecular cations, and find that the energy gap between non-dissociative and
dissociative states plays an important role in determining the amount of excited state ionisation.
Direct ionisation to dissociative states is generally comparable to ionization to the ground state for
gap energies less than the photon energy, but is suppressed for gap energies larger than the photon
energy.

1. Introduction

There has been significant interest in the study of strong field ionisation (SFI) since
it provides access to attosecond electron dynamics via high harmonic generation [T}, 2]
and allows for direct probing of excited state molecular dynamics on ultrafast timescales
with no dark states [3, 4, 5]. While early studies suggested that SFI involved only the
most weakly bound electron, recent experiments (in addition to one earlier work [6]) have
provided evidence of ionisation from multiple orbitals 7, 8 @, 10, 11} 12} T3], 14], 15, 16]. A
detailed study of which orbitals are involved and what final cationic states are populated
by SFI is important for understanding the attosecond dynamics underlying SFI, and for
using SFI as a tool to follow molecular dynamics.

In this article, we make use of velocity map imaging (VMI) of photoelectrons in
coincidence with the corresponding cations [I7], [I§] in order to determine the amount of
ionisation to the ground state vs excited state, and to distinguish between direct and
indirect ionisation to excited states. Here we use the term “indirect” to refer to the
process whereby the final excited state of the cation is not produced directly from the
neutral, but rather via the ground ionic state. We consider a series of molecules and
explore the role that the energy difference or gap between the ground and excited ionic



states plays in determining the amount of ionisation to excited states and whether this
ionisation is direct or indirect.

Peaks in the low energy photoelectron spectrum derived from the VMI
measurements can be associated with ionisation to different electronic states of the
molecular cation [13]. The kinetic energy of electrons ionised to the i** continuum is
given by:

where hv is the energy of a single photon (typically 1.6 eV in these experiments), I]i is

the ionisation potential associated with the i’ continuum (i.e. 7*"

ionic state), U, is the
ponderomotive potential and E% g is dynamic Stark-shift of the i*" ionic state. As the
energy of the photoelectrons is determined at the moment of ionisation, their energy
yields information regarding the initial ionic state populated by ionisation, but it does
not provide information about whether the molecule is subsequently excited by the laser
to a higher lying state of the cation. On the other hand, the fragments produced by
the laser-molecule interaction do contain information regarding the final molecular state
since the parent ion labels low lying non-dissociative states of the molecule, denoted as
D, (typically the ground or first excited state, Dy or D;), while a fragment ion labels an
excited state with sufficient energy to dissociate, denoted as Dq [f] Thus, by measuring
the velocity of the photoelectrons in coincidence with the time-of-flight (ToF) mass
spectrum for the ions, we can acquire information about both the initial and final states

involved in SFI.

2. Experimental Apparatus

We use an amplified Ti:sapphire laser system, producing 30 fs pulses (intensity FWHM)
centred at 780 nm (1.6 eV) with 1 mJ pulse energy and 1 kHz repetition rate. The
focused laser pulses intersect an effusive molecular beam inside our velocity map imaging
spectrometer, all of which is inside a vacuum chamber with a base pressure of 1078 Torr.
The photoelectrons and photoions are velocity map imaged [20] onto a dual stack of
microchannel plates (MCPs) in chevron configuration located about 20 cm away from
the laser focus. The electron shower generated by the MCPs illuminates a phosphor
screen behind the MCPs. The voltages on the electrostatic lens are switched in sync with
the laser pulse such that both electrons and ions produced from ionisation are collected
by the MCPs and the magnitudes of the voltages are adjusted for velocity map imaging
- i.e. the velocities of the electrons and ions are mapped to position on the MCPs. For
the experiments described here, we are only interested in the time of flight (ToF) for the
ions, which we determined by capacitively coupling to the phosphor screen and directing
this signal to a digitizing oscilloscope with a sample rate of 500 Msps. Since the imaging
I We note the additional possibility of dissociation in an ionic state whose minimum energy is below
the dissociation threshold by having some fraction of the energy above the ionization potential going to

nuclear degrees of freedom rather than photolectron kinetic energy [19]. We considered this possibility
for all of the molecules we study, but found it to be relevant to only one of them as noted below.

2



process projects a three dimensional electron cloud (with cylindrical symmetry about
the laser polarization axis) onto a two dimensional detector, we perform an inverse Abel
transformation on the raw image to recover the photoelectron spectrum. Based on the
ToF trace, each photoelectron hit can be assigned to a particular cation provided that
one and only one electron-ion pair is detected.

Due to limited detection efficiency, false coincidences can occur when two or more
molecules are ionised in a given laser shot, and an electron from ionisation of one
molecule is detected in coincidence with an ion from a different molecule. In order
to minimize the false coincidence rate, we work with a low ionization rate (about 0.6
ionisation events per laser shot), which improves the ratio of true-to-false coincidences.
A thorough discussion of false coincidence and a correction algorithm are given in
[Appendix A] Interested readers are referred to [13] for more details on the experimental
apparatus.

3. Results and Discussion

We carry out measurements on the following eight molecules: Carbon disulfide(CS,),
1,3-Cyclohexadiene(CgHg), oo — terpinene(CioHyg), 1,3-butadiene(C4Hg), lodobenzene(CgHs1),
Trifluoroiodomethane(CF3I), Bromochloromethane(CH,BrCl) and Iodobromomethane(CH,IBr).
These molecules represent a range of sizes and structures, and the energies of their low
lying cationic states and dissociation energies are known. The gap energies (defined
as the energy difference between D, and Dq) range from below 1 eV to above 4 eV,
spanning from below to above our photon energy of 1.6 eV.

Table [1| gives the IPs and gap energies for the molecules we consider in this study.
Wherever possible we used experimental values for the ionic state energies.

Figure [1| shows a cartoon of different ionisation pathways and the photoelectron
spectra in coincidence with two different cations from CHy;BrCl. The portions of the
spectra in which we are interested are shaded, labelled and linked to their respective
ionisation pathways. The photon order indicated is the lowest order consistent with
positive photoelectron energy given the ponderomotive shifts estimated based upon our
intensity calibration. A detailed discussion of the peak assignments taking into account
all of the terms in equation 1| can be found in an earlier manuscript [13].

In order to quantitatively analyse our experimental data, we obtain the absolute
yields corresponding to different states by integrating over portions of the spectra in the
same fashion as illustrated in this figure, and compute the ratios shown below in table
2l The coincidence photoelectron spectra for all other molecules are shown in
Bl

We tried to maintain a constant ionisation rate for all experiments by adjusting
the laser pulse intensity. We also worked to achieve a total ionisaton yield of about
0.6 per laser shot in order to obtain a good true coincidence rate (i.e., A = 0.6 in the
notation used in . While we were generally able to use a combination of

sample pressure and laser intensity to achieve A = 0.6, it was not possible to achieve
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Table 1: Ionization energies and gap energies for the molecules measured in the experiments sorted by
increasing gap energy. Dy denotes the ground ionic state and D; denotes the i'" excited ionic state.
“(d)” labels dissociative states. Notice that since CHoIBr, CgHsI and CF3I all have two reasonably
resolved peaks in their photoelectron spectra in coincidence with the parent ions (see Figure
and [A3]in Appendix B), all of them are listed twice in the table.

In case where two states lie too close to each other to be resolved in the photoelectron spectra, we treat

them as one state with their average IP:
a

b

averaged non-dissociative states’ energy;
averaged dissociative states’ energy.

Species Do(eV) | Di(eV) | Dqo(eV) | Ds(eV) | Gap Energy (eV)
CH,IBr [13] 0.60 | 10.26 | 10.91(d) | 11.12(d) | 11.02-10.26=0.76 °
CH,BrCl [13] 10.77 11.03 11.72(d) | 11.81(d) | 11.76-10.90=0.86 *

CeHsI [21] 8.75 9.45 9.74 10.55(d) | 10.55-9.60=0.95 *
CH,IBr [13] 9.69 10.26 10.91(d) | 11.12(d) | 11.02-9.69=1.33°
CeHsI [21] 8.75 9.45 9.74 10.55(d) | 10.55-8.75=1.80
CF,l [22] [23] [24] | 10.37 | 11.09 | 13.02(d) | 15.17(d) | 13.02-11.09=1.93
C,Hs [25] 0.00 | 11.50(d) | 12.44(d) | n/a | 11.50-9.09=2.41
CF,I [22] [23] [24] | 10.37 | 11.09 | 13.02(d) | 15.17(d) | 13.02-10.37=2.65
CroHs [26] 757 | 10.25(d) | 10.71(d) | n/a | 10.48-7.57=2.91°
CoHs [27] 825 | 11.67(d) | 13.19(d) | 13.26(d) | 11.67-8.25=3.42
CS, 28] 10.08 | 1270 | 14.47(d) | 16.19(d) | 14.47-10.08=4.39

Table 2: Definition of ratios and corresponding figures. The last column indicates how these ratios are
obtained from the spectra illustrated in Figure [I] The first ratio Ryjeq is directly calculated from the
total number of photoelectrons measured in coincidence with parent and fragment ions.

Ratio Definition Plot Source
total fragment ion yield fragmetnt yield

VS. to-

Rvield total ionisation yield Figure (fragment+parent) yield
fragment yield via excitation of parent ions

VS.

Rip_p total parent ion yield Figure [I-to-(I+11)
direct fragment yield

VS.

Rpr_p total parent ion yield Figure [4] II-to-(I4+11)

exactly the same ionisation rate for each molecule. We estimate that the ionisation
rate varied between molecules within a factor of two above and below the mean value.
Given the strong intensity dependence of the ionisation process, we estimate that this
corresponds to variation in the intensity required to generate the same ionisation rate
of about 10 percent. We therefore tried to estimate the intensity dependence of the
photoelectron spectrum by measuring spectra in coincidence with fragment ions for
two different intensities for one of the molecules studied: CHyBrCl. We used the
differences between these spectra taken at different intensities to estimate error bars
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Figure 1: Left panel: a diagram illustrating ionisation to two ionic states via three different
pathways: “I” represents direct ionisation to the ground ionic state (or another non-
dissociative ionic state). “II” represents indirect ionisation to a dissociative excited state
via the ground state - i.e. ionisation to the ground state followed by a laser driven transition
between ionic states. “III”’ represents direct ionisation to a dissociative excited state.
Right panel: photoelectron spectrum for the molecule CHyBrCl taken in coincidence with the
molecular cations shown in the legend. Di(j) denotes the i*? ionic state at the j*" photon order.
Arrows between states and spectra illustrate which ionisation pathways correspond to which
features in the photoelectron spectrum. Shading indicates the portions of the photoelectron
spectrum which are integrated for calculations of the ratios listed in Table

for the graphs shown below. In order to check that the uncertainties we estimated
based on CH,BrCl are reasonable, we measured the photoelectron spectrum (not in
coincidence) as a function of intensity for all of the samples, and found that for small
variations in intensity (near the values used for the coincidence measurements) there
was only variation in the total yield and no significant variation in the shape of the
spectra. Thus, we believe the relative uncertainty obtained from CHyBrCl provides a
reasonable estimate of the uncertainty for the other samples. The error bars in Figure
[ and @ are obtained in this fashion.

Since the efficiency of the MCPs varies with mass for a given energy [29] [30],
we have corrected our measured photoelectron spectra with the detection efficiencies
extrapolated from Fig. 3 in [30]. The details of the correction algorithm are given in

Append A



3.1. Fraction of fragment ions
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Figure 2: Ryjelq, total fragment ion yield divided by the total ionisation yield. The ratios are calculated
directly from the numbers of photoelectrons collected in coincidence with the parent and fragment ions.
Here the fragment production includes both direct and indirect pathways.

Now we examine the ratios listed in Table[2] The first ratio Ryieq plotted in Figure
shows the fraction of the ionisation that is dissociative (i.e. the ratio of photoelectrons
in coincidence with fragments to the total photoelectron yield). Since CHyIBr, CgHsl
and CF3l all have two energy gaps listed in Table [T} in this plot we use their average
values: 1.10 eV for CH,IBr, 1.37 eV for CgHsI and 2.29 eV for CF3I. The measurement
shows a trend of decreasing ionization to excited states with increasing gap size, which is
reasonable given the highly nonlinear dependence of the ionization rate on laser intensity.
We note that the photon energy (1.6 eV) roughly divides the molecules into ones which
have a significant dissociative ionization yield and ones which don’t.

3.2. Indirect fragment vs parent

Rir_p, plotted in Figure [3| shows the fraction of ionisation to non-dissociative which is
followed by further excitation in the laser field to dissociative states, as a function of
the gap energy. Direct ionisation to dissociative states is excluded here. While there is
clearly a trend of decreasing indirect ionisation with gap energy, there is also a significant
spread of ratios around each gap energy. Earlier work has noted the importance of ionic
resonances in determining whether dissociation occurs in SFI [31], 32] [33], [34]. While the
energy separations and transition dipole moments between ionic states at the Franck
Condon (FC) point for vertical ionization are important, vibrational dynamics during
the ionisation process can also lead to dynamic resonances and transitions between ionic
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Figure 3: Rjp_p, fragment production from excitation of parent ion divided by total parent ion
production. This shows the fraction of the initially produced parent ions that are further excited
to dissociative states. The ratios are calculated by integrating relevant regions in the Photoelectron
spectrum measured in coincidence with the parent and fragment ions. The choice of these regions is
illustrated in Figure 1} in this case, the ratio between Area II and (Area I 4+ Area II).

states away from the FC point [35]. Furthermore, multiphoton absorption can also lead
to transfer between ionic states [36].

In order to illustrate how the various factors (resonance conditions, vibrational
dynamics and transition dipole moments) can influence the extent of indirect ionization,
we compare two of the molecular samples we considered in more detail. For CH5IBr,
we measure substantial indirect ionization from D, despite the fact that there is no
resonance at the FC point. However, motion along the Dy potential energy surface
can lead to a resonance between Dy and Ds/Ds during the laser pulse [36]. Since the
transition dipole moments between these states is large, population can be efficiently
transferred to Dy /D3 during the tail of the ionization pulse, leading to the large indirect
ionization yield observed. In contrast, we observe no indirect ionization to Dy (the first
dissociative state) from Dy in CF3l (see the data point at around 2.6 eV as well as
Figure . This can be explained by the vanishing transition dipole moment between
these states (calculated at the same level of theory as in earlier work [37, [13]) and the
fact that the states are separated by an energy much larger than the photon energy,
even if one considers vibrational motion along Dj.

3.8. Direct fragment vs parent

Rpr_p plotted in Figurecompares two competing ionisation processes from the neutral:
direct removal of an electron from a high-lying vs more deeply bound orbital. The ratio
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Figure 4: Rpp_p, direct fragment production divided by total parent ion production. The latter
includes all the population reaching non-dissociative states, whether staying there in the end or excited
further to dissociative states. This figure compares the likelihoods of ionising a high-lying and a low-
lying orbital electron. The ratios are calculated by integrating relevant regions in the photoelectron
spectra measured in coincidence with the parent and fragment ions. The choice of these regions is
illustrated in Figure |1} in this case, the ratio between Area III and (Area I 4+ Area II).

shows a strong dependence on the gap energy, especially near the photon energy of
1.6 eV, where an abrupt jump can been seen. A natural framework for interpreting
the measurements is provided by the strong field approximation (SFA). In the SFA,
the ionisation rate is proportional to the product of the Dyson norm and the Keldysh
rate (Eq. 21 in [I4]). The Dyson norm < ¢y, | ¢pn > is simply the norm of the
Dyson orbital | ¢y,,, >, which is constructed as the overlap between the neutral |l > and
ionic states |m > . The Keldysh rate results from the calculation of tunnel ionisation

P where IP is the ionisation potential.

and is dominated by an exponential term e~
Considering low-lying ionic states here, one expects the Dyson norms to be all close
to unity, since the low lying ionic states are dominated by single hole configurations,
corresponding to removing an electron from a single orbital. Considering now the
dependence on the IP, we focus on two ionic states: a non-dissociative state a with
IP E, and a dissociative state b with IP Ej. According to the SFA, the ionisation rates
to these two states are proportional to e~ and e~ and it follows that the ratio of
their yields is simply given by e~ (¥»=Fa) [, — F, is nothing but the gap energy defined
earlier, and the ratio is plotted in Figure [dl The red dashed curve is the Keldysh rate.
We note that while this curve captures the general decreasing trend of the data, there is
a sharp drop in the measured ratio at roughly the photon energy. Furthermore, a few of

the molecular species, notably iodobenzene (CgH;I) deviate significantly from the curve.



Indeed, CgH5I, CgHg and CSs show no significant direct ionisation to excited dissociative
states. This suggests that there are deviations in the strong field ionization to excited
states from SFA predictions, consistent with earlier measurements and calculations [14].

As one can see, both Figure|3|and 4/ show a trend of decreasing yields to dissociative
states relative to the ground (or first excited) ionic state. This indicates that as the
energy gap gets wider, it becomes less likely to ionise directly to a dissociative state or
for a low-lying ionic state to absorb additional photon(s) in order to be excited to a
dissociative state. The photon energy (1.6 eV) appears to be an important threshold in
determining the amount of ionisation to excited states.

4. Conclusion

In conclusion, we have measured photoelectron spectra in coincidence with molecular
fragment cations resulting from strong field ionisation of eight different molecules and
compared the ionisation yield to different ionic states. We find both direct and indi-
rect ionisation to excited states of the molecular cations, and find that the energy gap
between non-dissociative and dissociative states plays an important role in determining
the amount of excited state ionisation. Direct ionisation to dissociative states is gener-
ally comparable to ionisation to the ground state for gap energies less than the photon
energy, but is significantly suppressed if the gap energy is larger than the photon en-
ergy. Indirect ionisation to dissociative states depends further on the transition dipole
moments between cationic states and the variation in energy with nuclear coordinates.
The authors gratefully acknowledge support from the National Science Foundation un-
der award number 1205397.



Appendix A - Probability of Coincidence

Here we provide a detailed assessment of true vs false coincidence rates given the
finite detection efficiency of our detector. Our measurements consist of velocity map
imaging measurements of the photoelectrons in coincidence with time-of-flight(ToF)
measurements of the photoions. The data collection algorithm accepts a data point
if and only if it detects exactly one photoion peak in the ToF trace and exactly one
photoelectron hit in the image. However, due to limited ( < 1) detection efficiency, it is
possible that a measured electron and fragment ion pair come from different molecules.
We distinguish two cases:

(1) Valid coincidence: this includes “true coincidence” - the electron and ion come
from the same molecule, and “cross coincidence” the electron and ion come from two
different molecules which, however, result in the same ionic state) .

(2) False coincidence: the electron and ion come from two separate molecules which
end up in different ionic states.

To calculate the occurrence of each case and compare them, we first assume the
)\k;;f)\
ionisation occurrence per laser shot ( ~ 0.6 in our experiment). Most of our

reaction probability follows a Poisson distribution , with A being the expected
measurements show one dominant fragment ion production along with the parent ion.
In cases where there are multiple competing fragment ions, we found that the different
fragments typically have similar photoelectron spectrum, and therefore we combine
their photoelectron spectrum for better statistics. In light of this and to simplify the
derivation, we denote by b, and b, the branching ratios of the parent and the fragment
ion, respectively, with b, +b. = 1. We also denote by 7, and 7. the detection efficiencies
for the parent and fragment ion, respectively, with 7. being the detection efficiency for
photoelectrons.

Probability of Valid Coincidence

V(>\, bpynpanmne) (Al)
Cwe s B = (1= ) (] — )
k=1 k! ]:lj!(k _]>| P p p c e e
_ 6—>\)\bpne[6)\(1—"7e)(1—'f]c+bp"70) — (]_ — np)e>\(1—ne)(l—nc-l—bp'f]c—bpﬂp)] (A2)

This result can be readily generalised for multiple fragment ion species with various
branching ratios and detection efficiencies. [§

§ However, this is much more complex and not necessary. To deal with multiple species, it’s easier to
treat them as two species - the spectrum of one species and the sum of the spectra of the rest. The
detection efficiency can be renormalised using the branching ratio, ie, a weighted average.
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Probability of False Coincidence

Now we consider the case that the detected photoion-electron pair come from two
molecules which produce different photoion fragments. The probability of false
coincidence in the parent due to the fragment (i.e. a photoelectron which came from
a molecule that fragmented, but is measured in coincidence with a parent ion from a
different molecule) is given by:

(X, by, ps Nes e) (A.3)

o Aet oy k! : k—j : k—j : k-1
= X, X T0n(L = by)" (1 = (1= 1p)) (1 = 1) (k = j)ne(1 — 7e)

kLTI — g)!
— 6_/\77@/\(1 _ bp)(l _ nc)[e/\(l—nchbpnc) _ e/\(l—nc+bpnc—bpnp)] (A.4)

Correction to Systematic Error

False coincidences introduce a systematic error in the Photoelectron spectrum. Here we
try to make a first-order correction. We write the spectra as follows:

my(E) = V(A bp)p(E) + F,(A, by, be)c(E) (A.5)
mc(E) = ‘/;()‘7 bc)c(E) + Fc()\a bw bp)p(E)

where m,(E), m.(F) are the measured photoelectron spectra for the parent and

fragment ions, respectively, £ denotes the photoelectron energy, and p(E),c(E) are

the real photoelectron spectra for the parent and fragment, respectively. Both are
normalized such that the integral over all energies is 1:

/p(E)dE = /c(E)dE —1

Vp, Ve are the probabilities of a valid coincidence for the parent and fragment,
respectively. F),, Fi. are the probabilities of false coincidence for the parent and fragment,
respectively. b, is calculated from the measured spectra:

b= ([ mpaB) [y mdE) " b=1-0, (A.6)
Solving the system of equations above, we get
—m.F, —m,F,

p(B) = Telemmely gy meVy m ke (A7)

(A (A
This is not the complete correction since b, is obtained from the measured spectra, not
the real ones. Taking into account the branching ratios, the final photoelectron spectra
are : p(E)b, and ¢(E)b.. One can iterate this process by re-calculating b, using the
resultant spectra to get a better correction.
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Numerical Results

. . Vp V. . . .
Here we give the numerical values for ViE and T e, the fraction of valid

coincidences, for all samples. The first number in the table is obtained from and
while the second number is obtained from a separate Monte Carlo simulation. The
two approaches yield consistent results.

Table Al: Fraction of valid coincidences

Species CSQ CﬁHS ClOHIG C4H6 C6H5I CF31 CHQBI‘CI CHQIBI’
v 0.99 | 0.98 0.99 0.99 | 093 | 0.95 0.89 0.89
Vot 0.99 | 0.98 0.99 0.99 | 094 | 0.96 0.87 0.89
v 0.86 | 0.87 0.85 0.87 | 091 | 0.89 0.96 0.97
var | 089 088 0.87 0.89 | 092 | 0.90 0.96 0.98
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Appendix B - Photoelectron spectrum of Selected Molecules

Di(j) denotes the i" ionic state at the j*" photon order, with i = 0 corresponding to the
ground state. CHyIBr, CgHsI and CF3lI all contribute two data points each in the ratio
figures. When the relevant peaks overlap, we try to fit multiple Gaussians to them
to have a better discrimination. However, a comparison between integrating over a
Gaussian fit and a straight-cut region in the case of CHyIBr shows little discrepancy
in the resultant ratios, that is, it doesn’t affect the trend observed in the ratio plots.
So we only carry out a Gaussian fit when it’s necessary. For Figure and the
spectra in coincidence with the fragments are rather flat and have very low yields, which
is something we don’t quite understand yet. In these cases, the assignment of the ionic
states and the choice of the integration regions are based on both the ionic state energies
and the comparison with the spectra in coincidence with the parent. More specifically,
in Figure and [A5] the light green and dark blue regions of the spectra in coincidence
with the fragment ions have similar yields while the spectra in coincidence with the

parent ions vary by a lot. Hence we believe the green regions are direct ionisation to
dissociative states.
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Figure Al: Photoelectron spectrum of CH»IBr.

A multi-Gaussian fit is carried out and the ratio calculations are based on the shaded areas indicated
in the figure because there are significant overlaps between the peaks in the photoelectron spectrum.
We note that in an earlier study of the molecule CH,IBr [37], we found negligible indirect ionisation yield
to Dy/D3 at low laser intensity based on an indirect pump-probe analysis and theoretical calculations.
We feel that our current results, which find significant indirect ionisation to Dy /Dg, provide an improved

measurement since the photoelectron spectrum gives a more direct indication of the state resolved
ionisation yields.
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Figure A2: Photoelectron spectrum of CgHsl.
No direct ionisation to dissociative states is observed.
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Figure A3: Photoelectron spectrum of CF3l.

Although state D; itself is non-dissociative, it is possible to ionise the molecule to a vibrationally
excited Dy which may dissociate due the extra energy available from vibrational degrees of freedom.
We label this feature as Dgs) (Diss). This is also observed in [I9]. It is also worth noting that there is
no post-ionisation excitation from the state Dy, in contrast to all other molecules. We believe this is
due to a negligible coupling strength and a large energy gap between Dy and excited ionic states. A
Gaussian fit is applied to discriminate various features in the spectra. First, we fit a Gaussian curve to
Dgs)(Ind), shaded in dark blue, such that its shape resemble that of Dgs)’ shaded in light blue, and it’s
below the red spectrum. Then we subtract this Gaussian from the red spectrum and fit the resultant
spectrum with two Gaussian curves, which are labelled Dgg)(Diss) and Dég). The assignment of these
peaks are base on the ionic state energies and the discussion in [19].
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Figure A4: Photoelectron spectrum of C4Hg.
The spectrum in coincidence with the fragment ion is multiplied by 10 for better viewing.
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Figure A5: Photoelectron spectrum of CigHyg.
The spectrum in coincidence with the fragment ions is multiplied by 5 for better viewing.
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No direct ionisation to dissociative states is observed.
12 |
@]
Dy —parent
1 - =children x 5 1

o
00

Yield (arb. unit)
o
()]

0 200 400 600 800 1000 1200 1400 1600
Photoelectron Energy (meV)

Figure A7: Photoelectron spectrum of CSs.

No direct ionisation to dissociative states is observed. The spectrum in coincidence with the fragment
ions is multiplied by 5 for better viewing.
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