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Abstract

The dissociation dynamics of CH3I at three UV pump wavelengths (279 nm, 254 nm, 243 nm)
are measured using an extreme ultraviolet probe in a time-resolved photoelectron spectroscopy
experiment. The results are compared with previously published data at a pump wavelength of
269 nm, [2020, Phys. Chem. Chem. Phys., 22, 25695], with complementary photoelectron
spectroscopy experiments performed using a multiphoton ionization (MPI) probe [2019, Phys.
Chem. Chem. Phys., 21, 11142] and with the recent action spectroscopy measurements of
Murillo-Sénchez et al [2020, J. Chem. Phys., 152, 014304]. The measurements at 279 nm and
243 nm show signals that are consistent with rapid dissociation along the C—I bond occurring
on timescales that are consistent with previous measurements. The measurements at 254 nm
show a significantly longer excited state lifetime with a secondary feature appearing after

100 fs which is indicative of more complex dynamics in the excited state. The
time-dependence of the changes are consistent with the previously measured MPI
photoelectron spectroscopy measurements of Warne et al, [2019, Phys. Chem. Chem. Phys.,
21, 11142]. The consistency of the signal appearance across ionization processes suggests that
the extended observation time at 254 nm is not an artefact of the previously used MPI process
but is caused by more complex dynamics on the excited state potential. Whether this is caused
by complex vibrational dynamics on the dominant *Q,, state or is due to enhanced population
and dynamics on the 'Q, state remains an open question.

Keywords: photoelectron spectroscopy, chemical dynamics, photodissociation

(Some figures may appear in colour only in the online journal)

* Author to whom any correspondence should be addressed.

Original content from this work may be used under the terms
BY of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title

of the work, journal citation and DOL.

0953-4075/21/000000+12$33.00 1 © 2021 The Author(s). Published by IOP Publishing Ltd  Printed in the UK


https://doi.org/10.1088/1361-6455/ac08f3
https://orcid.org/0000-0003-4018-6092
https://orcid.org/0000-0002-1205-6939
https://orcid.org/0000-0002-2958-317X
https://orcid.org/0000-0001-8625-6709
https://orcid.org/0000-0002-4622-8305
https://orcid.org/0000-0001-6775-2977
mailto:r.s.minns@soton.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6455/ac08f3&domain=pdf&date_stamp=2021-8-5
https://creativecommons.org/licenses/by/4.0/

J. Phys. B: At. Mol. Opt. Phys. 54 (2021) 134003

B Downes-Ward et al

1. Introduction

The A-band absorption profile of CH3I covers a broad wave-
length range from approximately 220 nm to 300 nm with a
maximum absorption at 258 nm [1, 2]. Excitation into the A-
band leads to rapid dissociation that has been extensively stud-
ied in both the frequency [2-9] and time [10—19] domains.
The accessibility of the A-band, and the structural simplicity
of the CHsI molecule, combined with the ensuing dissociation
dynamics that occur on coupled potential energy surfaces, has
resulted in CH31 being used as a prototype system for the study
of non-adiabatic dynamics and as a test sample for the devel-
opment of new experimental techniques. The experiments to
date however tend to focus on wavelengths to the red of the
absorption maximum with far fewer studies to the blue side
of 260 nm. Here we present the results of new time-resolved
photoelectron spectroscopy experiments of CH3I using high
energy probes that can drive one-photon ionization across a
wide range of geometries. The measurements are performed
at three new pump wavelengths (243, 254, and 279 nm) which
are combined with the previously published data at 269 nm
and analysed in conjunction with recent time-resolved product
state measurements.

Excitation of the A-band in CHsI results in the promotion
of anon-bonding electron localized on the iodine atom into the
lowest available anti-bonding molecular orbital (n — o*) [20],
this weakens the C—I bond and results in strongly dissociative
character along this coordinate for all of the spin—orbit states
within this excited state band [21]. The strong spin—orbit cou-
pling means the excited electronic configuration gives rise to
5 states which, in Mulliken notation, are labelled 3Q2, 3Ql,
3QOJF, ’0,- and 'Q,. Of these 5 states, only the 3Q,,! 0,
and 3Qo+ (the + will be dropped from now on) are opti-
cally allowed transitions [20]. For the majority of the A-band
absorption profile the strong parallel transition to the *Q, state
dominates [2, 3]. The 3Q, and ' Q; states are coupled via weak
perpendicular transitions from the ground state. Most experi-
mental studies indicate that direct transitions into the *Q, and
'Q, states only form a significant contribution to the overall
absorption cross-section in the wings of the absorption band
[3, 5, 6]. Theoretical simulations suggest these states become
significant closer to the centre, however these calculations
struggle to accurately simulate the absorption spectrum at the
wings [5, 22].

1D cuts of the potential energy surfaces for the three opti-
cally allowed states along the C—I coordinate are shown in
figure 1. To a first approximation the dynamics following
absorption can be understood through consideration of these
1D cuts. If we consider excitation into the dominant 3Q,, state,
the steep gradient along the C—I dissociation coordinate leads
to arapid extension of the C—I bond and dissociation into neu-
tral ground state methyl fragments in conjunction with either
a ground, I(ZP3 /2), or spin—orbit excited, I* (2P1 /2), iodine
atom. The branching between the two fragmentation channels
is controlled by the crossing between the *Q, and 'Q, elec-
tronic states at intermediate C—I bond lengths which allows
for population transfer between the two states. Population that

remains in the 3Q, state dissociates to form the spin—orbit
excited iodine atom, I* (2P | /2) , which is seen to dominate the

dissociation yield across the vast majority of the absorption
profile. Population that transfers onto the 'Q, electronic state
leads to formation of the ground state atomic fragment. Across
the majority of the absorption peak the product distribution

is dominated by the I* <2P1 /2) product with a quantum yield

of between 0.6—0.8 [3, 23—27], with the ground state product
thought to be almost exclusively formed via the non-radiative
transition onto the 'Q, state [3]. The quantum yield of I* is
defined as @ = [I*] / ([I*] + [11).

Previous time domain measurements have probed both the
excited state population and the appearance time of the prod-
ucts [11, 19, 29-31]. Recent measurements of the excited
state population have used both multiphoton and one-photon
ionization processes to study the dynamics in time-resolved
photoelectron spectroscopy experiments. The multiphoton
ionization (MPI) measurements were performed at pump
wavelengths, 269 nm and 255 nm [29], while the one-photon
XUV measurements were performed at 269 nm [30]. The
results from both of these experiments at 269 nm show rapid
decay out of the initially populated region of the excited state.
The XUV probe could follow the extension of the C—I bond
length and provided a time-dependent mapping of the C-I
bond. The MPI experiments at 255 nm showed a surprisingly
different time-dependence of the initially excited state popu-
lation. At this pump wavelength the excited state population
was observed for an extended time, with a secondary fea-
ture appearing after about 100 fs, well after the signal from
the other pump wavelength had disappeared. The cause of the
extended excited state observation time is not clear and cannot
be easily explained by the potential energy curve or by previ-
ously completed dynamics calculations. It was suggested that
this secondary feature may be a result of dynamics on the ' Q,
state.

Previous experiments have also measured the appearance
time of vibronic state-resolved products at a few pump wave-
lengths. At wavelengths around 266/268 nm the fragments
associated with the dominant spin—orbit excited state products
are observed with a formation time of approximately 100 fs
while the formation time of the ground state I products has
been shown to be more rapid with an appearance time of
around 80 fs [11, 19, 31]. The appearance time in this case
is defined as the time taken for the C-I bond length to reach
approximately 13 Bohr. The 13 Bohr value is derived from
calculations of when the experimental resonance conditions
are met for the REMPI detection scheme [19]. Increasing the
pump energy to 243 nm, Murillo-Sanchez et al [19] observed
a decrease in the appearance time for comparable fragments.
Formation of the vibrational ground state of CH; and the

ground state iodine, I<2P3 /2), had a decreased appearance
time of 53 fs and for the equivalent channel when form-
ing the spin-orbit excited iodine, I* (2P, , ), had a similar
decrease in appearance time with a value of approximately

80 fs. The measurements show that with increasing vibra-
tional excitation in the methyl fragment the appearance time
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Figure 1. 1D cuts along the C-I dissociation coordinate of the diabatic potential energy surfaces of CHsI relevant to the UV
photodissociation and photoelectron detection scheme used, adapted from references [21, 28]. Inset: expanded figure of the excited state
potentials and the total absorption spectrum of methyl iodide with the location of each pump wavelength marked.

at the pump wavelength of 243 nm tended to increase while at
268 nm they observed a decrease for v, = 1 (umbrella mode)

when produced in conjunction with I* (2Pl /2). This curious

result proved difficult to explain based on trajectory calcula-
tions on multidimensional potential energy surface with both
the magnitude of the change at 243 nm and the decrease in
appearance time at 268 nm not showing in the calculations.
The observation of rapid dissociation at 243 nm in this work
led the authors to suggest that the extended lifetime observed
at 255 nm in the MPI measurements may be due to accidental
resonances associated with the MPI process.

In the remainder of the article we present XUV TRPES
results obtained following excitation of CHil at 243, 254,
and 279 nm and combine these with the previously presented
data at 269 nm [30]. We initially compare the XUV TRPES
results to the MPI TRPES measurements at the lowest binding
energies measured and relevant to the early time dynamics,
before considering the extended observation window offered
by the high energy probe. We then finish our discussion of the
data through comparison with recent product state-distribution
measurements of Murillo-Sanchez et al [19]. Our one-photon
measurements confirm that the extended lifetime observed at
254 nm is not an artefact of the MPI probing used previously
but is due to the underlying dynamics of the molecule.

2. Experimental details

The experimental methods used have been described pre-
viously in references [30, 32, 33] such that we provide
a brief outline here. A Ti:Sapphire amplified laser system
(Red Dragon, KMLabs) pumps an optical parametric ampli-
fier (OPA, HE-TOPAS, Light Conversion). Through second

harmonic generation of the sum frequency generated output
of an OPA we produce pulses at 279 nm (4.45 eV), 269 nm
(4.61eV), 254 nm (4.87 eV) and 243 nm (5.10 eV) with pulse
energies of 2.8 11J (279 nm), 3.7 1J (269 nm), 2.2 1J (254 nm)
and 1.5 pJ (243 nm). The wavelengths chosen cover both
the red and blue sides of the A-band absorption maximum
(258 nm) of methyl iodide. The probe is generated via high
harmonic generation using approximately 450 pJ of the sec-
ond harmonic of the Red Dragon output at 395 nm. The 7th
harmonic (54.9 nm, 22.6 eV) is isolated using a time preserv-
ing monochromator [34] and reflection focused off a toroidal
mirror into the interaction chamber. Overlap between the two
laser pulses is ensured with the use of a scintillator crystal and
optimised on the electron signal. The pump and probe beams
cross the molecular beam about 3 mm from the entrance of
the electron time of flight spectrometer (Kaesdorf ETF11). The
electron spectrometer has a resolution of approximately 0.1 eV
in the 13.5-18.0 eV electron kinetic energy region considered
in the manuscript. Both pump and probe beams are linearly
polarized along the time of flight axis and cross at an angle of
approximately 3°. The CH3I beam is created via an effusive
expansion of the room temperature vapour of CH3I through
a 200 pum diameter nozzle which is located a few centime-
tres away from the interaction region where the molecular
and laser beams cross. The low pressure effusive expansion
minimises any dimer formation and we see no evidence for
dimers in the photoelectron spectra obtained. Any signals asso-
ciated with background residual gas are small and observed
at a much higher binding energy than the signals associated
with the excited state dynamics presented. Each scan covered
pump—probe delays from —200 fs to 300 fs in 25 fs steps. To
avoid any issues with long term drifts in power and/or gas
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Figure 2. The excited state photoelectron spectrum following excitation by a 279 nm pulse and ionization by 22.6 eV. The spectrum is the
closest result to time zero (r = 10 fs). The intensity has been normalized so the most intense excited state peak is 1. At >9 eV there is the
onset of the first ground state peak of CH3l. States are labelled with final ion state symmetry and asymptotic product where known.

density we cycle through each delay position with the data
from each cycle being recorded. At each delay the signal is
the result of approximately 2 M, 2 M, 2.7 M and 5.2 M laser
shots for the 279 nm, 269 nm, 254 nm and 243 nm data respec-
tively. The maximum overlap between the pump and probe
pulses, defined as time zero, is taken from a fit to the sum of
the time profiles across the region of the strong initial X>E3 2
and X°E 1/2 features in the spectrum.

3. Results

In figure 2 we plot the excited state photoelectron spectrum
at t+ = 10 fs (the closest spectrum to time-zero) following
excitation by 279 nm (4.45 eV) and ionization by a 54.9 nm
(22.6 eV) photon. The spectrum is plotted against the one-
photon binding energy where ¢BE = hvyope — eKE, hvpope 18
the probe photon energy and ¢KE is the kinetic energy of the
electron. The electronic configuration of the neutral excited
state is (0)*(n)*(c*)'. At >9 eV we observe the onset of the
first ground state peak of CH3I. We also observe three excited
state peaks. The two lowest binding energy peaks at 5.3 eV
and 5.9 eV correspond to the removal of the (6*) electron
and ioniziation of the molecule in its Franck—Condon (FC)
geometry into the two spin orbit states of the ground elec-
tronic state of the cation, X?Es, and X*E| /5 respectively. The
third peak at 8.1 eV corresponds to the removal of an elec-
tron from the non-bonding orbital localized on the I atom,
leading to the population of a quartet cation state upon ion-
ization. For a more detailed analysis of these assignments
we refer the reader to reference [30] which also contains a
detailed analysis of the time-dependent changes observed fol-
lowing excitation at 269 nm which we only briefly discuss
here.

In figure 3 we plot the time-dependent photoelectron spec-
tra of CH3l following excitation into the A-band at 279 nm
(4.45 eV, (a)), 269 nm (4.61 eV, (b)), 254 nm (4.87 eV, (c))
and 243 nm (5.10 eV, (d)), and subsequent ionization with a

54.9 nm (22.6 eV) probe. Each spectrum is normalized to the
highest intensity feature in each measurement. Around time
zero each spectrum shows the same three features shown in
figure 2. Two intense peaks below 6 eV that are separated by
approximately 0.5 eV, correspond to the two spin orbit states
of the ground electronic state of the cation, X2E; 2 and X2E, /2-
The position of these peaks shifts to lower binding energy
with increasing pump energy as expected, with the positions of
these peaks marked by dashed vertical lines in each spectrum.
A third, broader, peak is also observed at binding energies of
~7-8 eV, which is the result of ionization to a quartet cation
state. Again, we mark the centre of this peak with a dashed
vertical line in each spectrum.

At 269 nm we observe a rapid decay in intensity at the
initially observed energies which is accompanied by a shift
to higher binding energies as a function of pump-—probe
delay. This shift to higher binding energies corresponds to the
increase in electron binding energy as the C—I bond stretches
as the molecule dissociates. Analysis of the time-dependent
shift in binding energy provides approximate time-dependent
maps of the C—I bond length during the dissociation process
as detailed in Warne et al [30]. The measurements at 279 nm
and 243 nm, figures 3(a) and (d), show a qualitatively simi-
lar structure to that seen at 269 nm, with a rapid decay in the
photoelectron intensity combined with a time-dependent shift
to higher binding energies at later times. The similar appear-
ance and time scale upon which the changes occur suggests
that the dynamics at these three pump energies are very sim-
ilar, and are indicative of rapid C—I dissociation. In contrast,
the 254 nm pump data, figure 3(c), has a quite different struc-
ture with an extended excited state lifetime and more com-
plex changes in the time-dependent intensity profile across
the spectrum. The time-dependent changes observed between
4 and 6 eV in the 254 nm data, while very different to that
observed at the other pump wavelengths, show a similar struc-
ture to that observed in recent MPI photoelectron spectroscopy
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Figure 3. Time-dependent photoelectron spectrum of CHsI following excitation at 279 nm (a), 269 nm (b), 254 nm (c) and 243 nm (d). The
dashed white lines indicate the position of the initial peaks associated with ionization into the ground and quartet cation states. Each
spectrum is normalized to the highest intensity feature in each measurement.

experiments at a similar pump energy. We continue our discus-
sion of the analysis by first comparing the time-dependence
of the low binding energy regions that could be measured
by both the previously reported MPI probe photoelectron
spectroscopy experiments and the new one-photon ionization
data presented here. We then extend that discussion to the
longer term dynamics and provide a comparison to the results

of product state measurements performed at similar pump
wavelengths.

3.1. Comparison to MPI measurements

In order to aid comparison with previously reported MPI mea-
surements performed at pump wavelength of 269 nm and
255 nm, we initially consider the signal obtained at binding
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energies related to ionization of the FC geometry into the X
states of the cation as measured by both probes. The inten-
sity profiles over these features for each pump wavelength
are plotted in figure 4 and cover a binding energy range of
4.91-6.14¢V, 4.96-5.95 eV, 4.70-5.70 eV and 4.55-5.38 eV
for the 279 nm (a), 269 nm (b), 254 nm (c) and 243 nm (d)
data respectively. The error bars are derived from a boot-
strapping analysis of the data and mark the 95% confidence
intervals. The time-dependence of the integrated photoelectron
intensity in these regions were fitted to a sum of exponen-
tially decaying functions convolved with a Gaussian instru-
ment response function appropriate for the pump wavelength
used. The equation used had the form:

t — tofiser— O°A
1) = A e No-toa) [1 torf (#)} G

where I(¢) is the time-dependent intensity, A is the decay rate
constant and o is the pump—probe cross-correlation width
equivalent to FWHM/2v/21In2. foe is a temporal offset
that defines the delay in reaching a maximum intensity. This
is measured relative to the experimental time-zero which is
defined as the time at which the pump and probe are tempo-
rally overlapped. The results of the fits are given in table 1 with
the decay represented by the lifetime (7 = 1/)) rather than
the associated decay constant (\). For the 279 nm, 269 nm and
243 nm pump wavelengths this only required a single exponen-
tial term. However, the 254 nm data required two exponentially
decaying terms to obtain a good fit with the second term having
a variable time offset, with At being the separation between
the two terms. This behaviour was previously seen at a simi-
lar pump wavelength (255 nm) when measured using an MPI
probe. The fits to equation (1) are presented as solid lines in
figure 4, with the two components of the fit to the 254 nm data
presented along with the total.

The intensity profiles for the 279 nm, 269 nm and 243 nm
data sets all show a rapid decay in intensity. Fitting the data
from each pump wavelength to equation (1) then provides
a lifetime equivalent to the time taken for the excited state
wavepacket to leave the observation window associated with
the FC region of the excited state potential energy surface.
From an initial inspection of both figures 3 and 4 the 279 nm
data appears longer lived. This appearance is however mis-
leading, the fits to the data show that the apparent extended
observation time is due to the much longer pulse duration of the
279 nm pump relative to that of the 269 nm and 243 nm pump
as shown in table 1. The relatively long instrument response at
279 nm means we cannot reliably extract a time-constant asso-
ciated with population leaving the FC region. We obtain our
most satisfactory fit with a simple Gaussian envelope which
places an upper limit on the lifetime of approximately 25 fs,
suggesting very rapid motion out of the FC region. This pic-
ture is consistent with that observed at a pump wavelength of
269 nm. The shorter pulse duration at 269 nm means we can
extract a lifetime of 23 + 6 fs utilising the XUV probe which
is in good agreement with that previously obtained with a MPI
probe (shown as an inset) of 32 fs.

The equivalent 243 nm pump data is plotted in figure 4(d).
Fitting to equation (1) provides a characteristic observation

lifetime of 46 + 14 fs which, while slightly longer than those
obtained for the 279 nm and 269 nm pump wavelengths, sug-
gests the excited state population rapidly dissociates at this
higher pump wavelength as well. While each of these three
traces show slight differences in their observation lifetime,
they are all consistent with a rapid reduction in measured popu-
lation that can be accurately described by a simple exponential
decay of population out of the FC region. This suggests that the
dynamics are broadly similar at each pump wavelength.

The 254 nm data shown in figure 3(c) has a strikingly dif-
ferent appearance. As with the other pump wavelengths, we
plot the integrated intensity over the initial excited state fea-
tures associated with ionization from the FC geometry cover-
ing the binding energy range 4.7-5.7 eV, in figure 4(c). This
data shows a significant increase in the observation time of the
initial excited state features, with significant intensity observed
out to over 150 fs. In this case we cannot obtain a satisfactory
fit to the data using a single exponentially decaying function.
In the previous MPI work at 255 nm, a satisfactory fit was
obtained using an empirical fitting function consisting of a
sum of two exponentially decaying functions, where one of
the two components is delayed relative to time zero. It should
be stressed that this provides a purely empirical measure of the
intensity profile and care should be taken in trying to extract
mechanistic information from the numbers alone. The num-
bers simply serve to highlight the extended period over which
significant signal is maintained and to highlight the difference
between this energy region and the others. We use a similar
empirical approach here and use the same function to fit the
measured data as in the MPI experiments to aid comparison.
The results from the MPI experiment are also plotted as an
inset in figure 4(c), with the fits in both plotted as solid lines
with the associated parameters given in table 1. Comparing the
two data sets we see that both show a similar temporal struc-
ture but with a much higher intensity delayed component in the
MPI measurements than observed in the XUV experiments.
The fits to the two data sets provide very similar results for
the delay between the two components and their associated
lifetimes but with quite different relative amplitudes.

To further compare the MPI and XUV ionization photo-
electron spectroscopy measurements around 255 nm, we plot
the time-dependent data over the FC energy region that both
probes measure in figures 5(a) and (b) respectively. In both
data sets the time step used is the same but the MPI data has
a significantly higher ultimate energy resolution as defined by
the detector pixel spacing for the MPI data while the XUV data
resolution is defined by the TOF binning size. The MPI reso-
lution is 0.005 eV as opposed to 0.1 eV for the XUV measure-
ments predominately due to the much lower electron kinetic
energies measured, ~1 eV and ~17 eV in the MPI and XUV
measurements respectively. Despite the difference in energy
resolution there are a number of key similarities. In both cases,
significant intensity is observed out to almost 200 fs, signifi-
cantly later than any of the other pump wavelengths. The MPI
data shows an initial energy shift to a slightly lower binding
energy. The shift of approximately 0.04 eV is smaller than the
energy resolution of the XUV data; however, as the pulse has a
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Figure 4. The photoelectron intensity profile (black data points) over the X state for 279 nm (a), 269 nm (b), 254 nm (c), 243 nm (d), covering
binding energy regions 4.91-6.14 eV, 4.96-5.95 eV, 4.70-5.70 eV and 4.55-5.38 eV respectively. Data error bars mark the 95% confidence
interval and are obtained from bootstrapping analysis. The yellow line is the fit to the data. For (a), (b), (d) this is an exponential decay, while
for (c) this is two exponential decays with variable time zero. The two decays are also plotted with the blue and red curves. The insets in (b)
and (c) are the fits and data for the same binding energy region from the MPI results and are reproduced from reference [29] with permission
from the PCCP Owner Societies. The fits use the same model as the one-photon ionization results [29]. The values for the fits are presented
in table 1. Reproduced from [29] with permission of The Royal Society of Chemistry.
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Table 1. Fit parameters from equation (1) for the observation time constants and delays for the
Franck—Condon regions obtained in the XUV and MPI [29] experiments. Fits were over the binding
regions 4.91-6.14 eV, 4.96-5.95 eV, 4.70-5.70 eV and 4.55-5.38 eV for the 279 nm (a), 269 nm (b),
254 nm (c) and 243 nm (d) data respectively. The errors are 1 standard deviation and are calculated using

bootstrapping analysis.

Probe-XUV Probe-MPI [29]
Pump
Pump FWHM T T At wave- FWHM 7, T At
wavelength (nm) (fs) (fs) (fs) (fs) length (nm) (fs) (fs) (fs) (fs)
279 87 +9 <25 — — — — — — —
269 60 + 8 23+6 — — 269 64 32 — —
254 77 +27 52 +23 <20 114 + 38 255 94 40 12 97
243 57 + 20 46 + 14 — — — — — — —
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Figure 5. Time-dependent photoelectron spectrum of CH3I following excitation at 255 nm and probed using a multiphoton ionization (a),
and at 254 nm and probed using one-photon XUV ionization (b). The dashed white boxed indicates the peak that has previously been
assigned to ionization through a Rydberg state. Each spectrum is normalized to the highest intensity feature in each measurement. The data
in (a) has previously been published. Reproduced from [29] with permission of The Royal Society of Chemistry.

finite energy width we do see a shift in the centre of the photo-
electron peaks in the XUV data to lower binding energies that
matches the observations in the MPI data. In the MPI measure-
ment we also observe a long lived feature at 5.5 eV which is
highlighted by the white dashed boxes in figure 5. This fea-
ture was assigned to X>E; s v3 with ionization through a reso-
nant Rydberg state. Although the XUV data does not have the
energy resolution to separate this feature from the X2E, /2 peak
we do not observe any unexpected enhancement of the peak,
supporting our original assignment of the feature at 5.5 eV.
The resonant enhancement of this ionization process is most

likely why the delayed feature appears much stronger in the
MPI data than in the XUV data. The similarity in appearance of
the photoelectron spectrum and obtained lifetimes from both
the MPI and XUV measurements suggest that the extended
excited state lifetime observed here is not due to any accidental
resonance as previously suggested [19], but is a consequence
of the excited states dynamics of methyl iodide in the A-band.
The accidental resonance appears to have enhanced the relative
intensity of the long lived component in the MPI measurement
but its origin is due to some extended excited state dynamics
of the system.
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Figure 6. Integrated photoelectron intensity over a number of binding energy regions as labelled for pump wavelengths of 279 nm (a),

254 nm (b) and 243 nm (c). The error bars mark the 95% confidence interval. Each region has been normalized to the highest intensity
feature. The bottom traces are over the FC region and are the same as those in figure 4. All other regions have been fitted to a single
exponential decay. The second row is over the binding energy just below the appearance of the quartet state. The third row is over the quartet

state and the fourth row is just below the ground state features.

3.2. Longer term dynamics

To analyse the longer term dynamics of the 279 nm, 254 nm
and 243 nm data we follow a similar method to that outlined
in Warne et al [30] and plot the integrated photoelectron inten-
sity across a number of other energy regions as a function of
pump probe delay, figure 6. The energy regions are selected
to provide a series of discrete energy bands below the onset
of the ground state spectrum (approx. 9.54 eV) where we can
observe the changing intensity profile with time. From the bot-
tom to top of figure 6 the binding energy of the corresponding
spectral region plotted increases. The bottom trace in each plot,
labelled with an X, is equivalent to that plotted in figure 4 and
corresponds to ionization into the X state of the methyl iodide
cation from the FC region. The second row corresponds to
the binding energy region between that covered in X and the
initial energy associated with ionization into the quartet state.
The third trace, labelled with a Q, covers the energies associ-
ated with ionization into the quartet state from FC geometries,
while the fourth plot in the 254 nm and 243 nm data cov-
ers the energy region between that associated with the quartet
state and the onset of the ground state features. This is absent
from the 279 nm data due to a lack of separation between the
initial quartet and ground state peaks. The solid lines plotted
for the X state region in the 243 nm, 254 nm and 279 nm are
the same as those described above for figure 4. For all of the
other energy regions the solid lines are fits of the experimen-
tal data to equation (1). The scatter of the data at these higher
binding energies means that the fits are used more as a qualita-
tive guide to the eye rather than for the extraction of quan-
titative information from the absolute values obtained. This
means that we cannot extract accurate time-dependent shifts

for the new data, as we have previously demonstrated on the
269 nm pump data, [29] in order to extract approximate C—I
bond lengths. The data at 279 nm and 243 nm however show
the same time-dependent shift towards higher binding energy
as a function of pump probe delay as seen at 269 nm. The inten-
sity at binding energies between those associated with ioniza-
tion into the X and quartet states peak at a later time which is
indicative of the increasing C—I bond length as the molecule
dissociates. The intensity of the quartet state signal masks the
continued shift to some extent but in the 243 nm data the con-
tinued shift can be seen at the highest binding energy region
plotted. The data at 243 nm and 279 nm therefore provides
a consistent picture of the rapid dissociation along the C-I
with what appears to be a slightly longer lifetime observed at
243 nm.

The data measured at a pump wavelength of 254 nm shows
a much longer excited state observation lifetime across each
energy region considered. This is most clearly shown in the
comparison of the highest energy region covered in the 243 nm
and 254 nm data. The 243 nm data at 8-8.6 eV binding
energy shows a very sharp peak that reaches a maximum
around 50 fs after time zero and decays back to the base-
line level within a further 50-60 fs. The equivalent region
in the 254 nm data shows a similar delayed increase reach-
ing a maximum intensity at a similar delay to that seen at
243 nm, but in this case it does not return to the baseline
level for approximately another 150 fs. Similar increases in the
observation time at 254 nm, relative to the other wavelengths
measured, are observed in the other binding energy regions
plotted suggesting more complex dynamics in the excited
state before dissociation. We stress again that the fits here are
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empirical and, while there are hints of signal related to peaks
from multiple components in the time-dependent traces these
cannot be asserted with any confidence within the current
data set. Current signal levels are limited by a combination of
the high-harmonic flux and the gas density at the interaction
region.

4. Discussion

Having characterized the excited state dynamics across arange
of pump wavelengths, we now compare these to the recent
time-resolved measurements of product formation with a par-
ticular focus on the recent work of Murillo-Sanchez ef al who
measured quantum state-resolved appearance times at pump
wavelengths of 269 nm and 243 nm.

4.1. 269 nm and 279 nm

Numerous measurements at wavelengths close to 266 nm have
shown that the dominant dissociation product channel forms I*
<2P I /2) in conjunction with the CHj co-fragment in its vibra-
tional ground state. Previous product formation experiments
measured the appearance time (as defined by the time taken for
the C—I bond to reach a length of 13 Bohr) of this dominant
fragment was recently measured to be around 114 fs. A shorter
appearance time, of approximately 75 fs, was also observed
for the next most abundant peak which corresponds to for-

mation of the ground state I (2P3 /2) in conjunction with the

CH3; co-fragment in its vibrational ground state. Interestingly,
the measurements showed that the product channels associ-
ated with the vibrationally excited umbrella mode in CHj
fragments have shorter appearance time than their vibration-
less equivalent when produced in conjunction with the excited

I* (2P1 /2) co-fragment, and longer appearance times when

associated with the ground I (2P3 /2) co-fragment. The shorter
appearance times (84 fs for the v, = 1 channel) observed for
the vibrationally excited fragments in the I* (2P1 /2) chan-

nel is difficult to explain and is at odds with the modelling
performed with both 4D and 9D potential surfaces which con-
sistently show very similar or slightly longer lifetimes for the
various vibrational states covered [19]. Our experiments show
it takes ~25 fs for the wavepacket to leave the initial FC
region. This gives the wavepacket 50-90 fs to travel about
4.4 A to be consistent with the product formation experiments.
Although timescales measured are not directly comparable,
they are, however, consistent, with both showing rapid dis-
sociation. Due to the fact we cannot quantum state-resolve
the individual product channels or the vibrational distributions
within them, our measurements will be a weighted average of
the individual contributions to the lifetime convolved with the
laser cross-correlation duration.

4.2. 243 nm

Other experiments have shown that at the shorter wavelength
of 243 nm the I* (2P1 /2) in conjunction with the CHj3

co-fragment in its vibrational ground state continues to be the
dominant product channel. The appearance time was recently
measured to be shorter than that observed at 266 nm standing at
approximately 83 fs and there is a commensurate reduction in

the appearance time (53 fs) of the equivalent I <2P3 /2) chan-

nel [19]. This is perhaps unsurprising given the extra kinetic
energy available upon dissociation at this higher energy but
is contrary to the extended excited state lifetime observed in
our photoelectron spectroscopy experiments. The product state
measurements also show that vibrationally excited fragments
are produced with higher yield at 243 nm and the appear-
ance times increase with the level of vibrational excitation
observed. This is more in line with the supporting simula-
tions, however, the magnitude of the observed increase is much
larger than those calculated. The vibrationally excited frag-
ments typically appear within 10 fs of the vibrationless product
in the calculation while experimental measurements suggest
the delay can be as much as 50-60 fs for some fragments
[19]. We suggest that the higher prevalence of the vibrationally
excited products and their increased lifetimes would result
in an effective increase in the excited state lifetime observed
in our photoelectron spectroscopy measurements explaining
why the measured lifetime was ~20 fs longer than lifetime
measured for 269/279 nm. The increased lifetime therefore
reflects the different vibrational dynamics associated with the
various dissociation channels. This discussion highlights clear
issues around comparing time frames obtained from various
measurement techniques. The selectivity provided by REMPI
ionization and product fragment recoil detection, allows mea-
surement of product fragment appearance times with full
vibrational and spin—orbit state-resolution but is limited in
only measuring the dynamics of the system at the end of the
dynamic process. In contrast the photoelectron spectroscopy
probes provide a more general probe of the system over all
geometries but this is necessarily averaged over all quantum
states. A combination of all techniques will clearly be required
to disentangle the dynamics of systems where multiple product
states are populated.

4.3. 254 nm

As far as we are aware, there are no time-resolved product
state measurements at wavelengths close to 254 nm which
makes comparison difficult. In the work of Murillo-Sdnchez
et al [19], it was suggested that the extended lifetime observed
in the MPI photoelectron spectroscopy measurements could be
due to accidental resonances in the ionization step. Our one-
photon measurements presented here rule this suggestion out.
The accidental resonances appear to have enhanced the ampli-
tude of the longer lived features when compared with the one-
photon measurements but the extended lifetime measured, and
the unusual profile of the excited state decay transient, persists
when this effect is removed. The authors also suggested that
the enhanced lifetime may be due to transfer of kinetic energy
into product vibrational modes, as seen at 243 nm, as opposed
to an enhanced contribution of the ' Q, state as originally sug-
gested in reference [29]. Both of these options are possible.
We observe the extension of the lifetime due to vibrational
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dynamics in the 243 nm measurements but the appearance of
the time-delay transient at 243 nm is strikingly different to
that measured at 254 nm. If a new region of the *Q, potential
energy surface became accessible at 254 nm where FC overlap
with the methyl cation X state were reduced, this may explain
the time-dependent modulation of the ionization cross section
observed in this measurement. However, we would also expect
to continue to see the effect of this on the shape of the delay
transients at shorter wavelengths, yet there is no evidence of
this in the 243 nm measurement. We also expected some vibra-
tional excitation of the room temperature ensemble of methyl
iodide, with about 7% in the v3 vibration (C-I stretch) and
1% in the v¢ vibration (CH3 rock). This may have an effect on
the observed photoelectron spectrum but why this would only
be observed at 254 nm is not clear. Therefore, while we can-
not rule out the possibility that the extended lifetime is due to
vibrational dynamics, the stark difference in the appearance of
the delay transient at 254 nm makes us lean towards an alter-
native theory, such as enhanced population of the 'Q, state
at this wavelength, followed by geometric relaxation on the
'Q, surface, for the changes in the photoelectron spectrum.
What is clear is that more measurements are required and we
hope that our measurements encourage directly comparable
measurements around 254 nm to allow a direct comparison of
the quantum state distributions obtained with the excited state
dynamics measured.

5. Summary

We have presented new experimental measurements on the
photodissociation dynamics of CHs;I using a 22.6 eV probe in a
time-resolved photoelectron spectroscopy measurement. The
experiments have been performed at a series of pump wave-
lengths across the A-band absorption profile covering both
the red and blue sides of the absorption maximum. The anal-
ysis of the resulting measurements has been compared with
previously published MPI photoelectron spectroscopy mea-
surements of the excited state population and vibronic state-
resolved measurements of the products. At pump wavelengths
of 243 nm, 269 nm and 279 nm, the results are consistent
with rapid dissociation along the C—I bond while the 254 nm
data shows a more complex dynamic profile and an extended
excited state lifetime with a secondary feature appearing after
100 fs. These new one-photon ionization measurements are
consistent with the results obtained with the MPI probe and
with the results of product state measurements at wavelengths
where direct comparisons are available.

The extended excited state lifetime with a secondary fea-
ture appearing after 100 fs is observed at pump wavelengths
around 255 nm is present in both one-photon and MPI experi-
ments. It had previously been suggested that the extended life-
time could be due to an accidental resonance occurring at some
extended internuclear separation. The similarity in appearance
and observed lifetime between the single and MPI measure-
ments means that we can now confidently rule out the effect
of accidental resonances on this extended lifetime. The use of
a higher-energy single-photon probe also allows us to follow
the excited state population away from the initial FC region.

1

Again, the 254 nm data shows significant differences from the
other pump wavelengths with an extended observation life-
time at higher binding energies, and an unusual excited state
decay profile, indicative of more complex dynamics of disso-
ciation. The origin of these dynamics is difficult to identify,
particularly with no complementary time-resolved and vibron-
ically state-resolved measurements of the products close to this
wavelength. Quantum resolved final state product measure-
ments similar to those performed by Bafiares and co-workers
[10, 19] but close to 254 nm could provide helpful insights
into the dynamics at this wavelength. Improved potentials that
can quantitatively reproduce the absorption spectrum could
provide information on the role of the ' Q, state.
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