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Real-time dynamics of vibrationally and electronically excited |, molecules has been investigated

experimentally using the pump-probe technique. A 2-photon excitation was performed either at

269 nm or 266 nm. An electronic and vibrational wavepacket was built as coherent superposition of a

few (269 nm excitation) or many (266 nm excitation) Rydberg states of the [211;] nd and {ZHL} nd series
2 2

partly coupled with ion-pair states. The probe operated by ionisation or photodetachement. The energy

Received 10th January 2024, and angular distribution of the resulting photoelectrons, I* photocations and I~ photoanions were

Accepted 14th March 2024 monitored. During the dynamics that is turned on by the pump excitation, the wavepacket splits and
explores a variety of electronic states of Rydberg and ion-pair character. The experimental results were

complemented by molecular dynamics calculations. This provided invaluable information to identify
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1 Introduction

Although iodine is a diatomic molecule, its excited state
dynamics is rather rich, largely in line with its complex electro-
nic structure. Both a large number of electrons in the valence
shell and a strong spin-orbit coupling lead to a variety of
electronic states with mixed valence, Rydberg and ion-pair
characters. This has motivated many experimental and theore-
tical works as a benchmark for spectroscopy measurements
and simulations. For example, time-resolved dynamics of I, has
been investigated since the early beginning of gas-phase
femtochemistry.™” A large scope of open questions still exists.
Here we address the dynamics of I, near the first ionisation
limit, with a time-resolved approach.

Works by Bogomolov et al. in 2014, von Vangerow et al. in
2016 and Matthiasson et al. in 2022 focused on an energy
region between 71 500 and 74 500 cm™ ' where Rydberg states of
the iodine molecule I,** are coupled with ion-pair (IP: I'T7)
states.*™ An essential aspect of the resulting dynamics is the
efficiency of bound-to-free energy transfers when the Rydberg
excitation is above the dissociation limit of the IP states.>*
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wavepacket motion along ion-pair potential energy curves.

The richness of this energy region first appeared in a
seminal work by Mulliken.® The energy landscape is the follow-
ing. IP states of lowest energy form three clusters - also called
first, second and third tier - whether they correlate to the
['(*P,, *Py, or 'Dy) + I'('Sy) asymptotes at large separation
between the iodine anion and cation.” An isolated IP state
(tentatively called fourth tier) correlating to I'(*Sy) + I (*S,) is
likely present at slightly larger energies and was documented
theoretically only.® 1,** Rydberg states are grouped in ns, np,

2
particular.®>° The I,* cation and I, IP states have very different

geometries. Many coupling zones therefore exist between Ryd-
berg and IP states, a driving force for the bound-to-free energy
transfers mentioned above.

The 2022 work by Matthiasson et al. documented one-
photon excited Rydberg states of ungerade symmetry.> VUV
synchrotron light was scanned over the 71600-74000 cm "
energy range (by comparison, the ionisation energy of I, is
75069 cm ™ ').'® Excitation of Rydberg states I,** was detected
by recording I' and I™ ion signals, taking advantage of the
bound-to-free energy transfers.

In 2014, Bogomolov et al. investigated the spectroscopy and
dynamics of two-photon excited Rydberg states of gerade
symmetry over a similar energy range (73500-74500 cm™').?
Besides bound-to-free energy transfers that follow IP states,
other dissociative channels were observed with formation of
Rydberg states of the iodine atom. A complex dynamics with

nd. .. series converging to I," cation states, inég and X21'11g in
7
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interplay between bound and dissociative molecular states of
Rydberg and ion-pair character is therefore at play. This has
motivated the 2016 work of the same research group in the time
domain to examine this dynamics with sub-picosecond
resolution.” A femtosecond laser at 270 nm was used to pump
(two pump photons at 270 nm deliver 74074 cm ™) and probe
the I, sample. The velocity and angular distributions of " ions
were recorded as a function of the pump-probe time delay,
using a velocity map imaging (VMI) spectrometer. Analysis of
the kinetic energy release (KER) of these ions showed 6 active
dissociation channels: one goes to the valence state dissocia-

tion I(ng) + I(ZPL); one reaches the IP of lowest energy and
2 2
forms I'(®P,) + I'('S,); the other four channels reach the
I<3PJc6s[Jcbf) +I(2P§> asymptotes and form the Rydberg
2

states [1]1, [0]1, [2]3 and [2]5s of the iodine atom. These states
32 2

)
2
are built by JI (or JK) coupling between the I+(3ch) ion core and
the 6s electron. Only the valence state dissociation channel

forming I<2P§) +I<2Pl) can be accessed directly by the
3 )

pump excitation. In the five other channels, a predissociation
process is at play with first excitation of a single 6d molecular

Rydberg state, Ig(|:2nl:| 6d:2g>, then a predissociation
2lg

towards the observed dissociation products. IP states were
believed to mediate the predissociation.

The present work aims at further examining the interplay
between Rydberg and ion-pair states in the predissociation
dynamics of I,** molecular Rydberg states: two different pump/
probe configurations were used (269/807 nm and 266/334 nm); the
angular distribution and KER of both I' and I~ were recorded, as
well as the energy and angular distributions of photoelectrons
generated by the probe laser. In the 269/807 nm experiment, the
wavepacket was launched in a region where a few Rydberg states
are crossed by IP states, significantly below the first adiabatic
ionisation limit of I,. This situation is close to that explored in
ref. 4. In the 266/334 nm experiment, the Franck-Condon region of
excitation was located near the vertical ionisation limit, slightly
above the first adiabatic ionisation limit. It overlapped many
molecular Rydberg states that are also coupled with IP states.
Such wavepackets can be called vibronic wavepackets, since they
are built with states of different electronic configuration.

Section 2 of the present paper details the experimental
method. Section 3 presents briefly the energy landscape where
the wavepacket moves and the methodology used for running
molecular dynamics simulations over this landscape, a useful
complement in the discussion (Section 5). The experimental
results are presented in Section 4.

2 Experimental methods

The present experimental setup is the same as that described in
many of our former publications (e.g. ref. 11). It associates a
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molecular beam, femtosecond lasers and a VMI spectrometer
as schemed in Fig. 3 of ref. 11 Specific features regarding the
present work are described below.

Molecular beam of I,

The I, sample has been purchased as crystals from Merck.
No further purification is achieved. Helium gas with a backing
pressure of 1.1 bar is used to carry I, molecules into the gas
phase. The corresponding vapour is expanded into vacuum and
carried into a beam through a 0.1 mm nozzle and a 1 mm
skimmer, producing a continuous molecular beam which then
enters the interaction chamber and perpendicularly crosses the
quasi-collinear pump and probe laser beams.

Femtosecond lasers

A Coherent Legend Elite laser providing 35 fs, 807 nm, 3 kHz
pulses with a maximum energy of 4.5 mJ per pulse is used to
generate both the pump and the probe laser pulses at appro-
priate wavelengths. Here, 2.5 m] per pulse are shared between
the pump and probe lasers. 1.0 m]J is used directly as probe in
the 269/807 nm experiment. In that case, frequency doubling
and mixing of the remaining 1.5 mJ delivers 190 pJ pump
pulses at 268.7 nm. In the the 266/334 nm experiment, 1.5 m] is
sent to a TOPAS-Prime optical parametric amplifier (Light
Conversion) that provides tunable light from 240 nm to the
infra-red. It is set here to 334 nm. The remaining 1.0 m]J is
frequency doubled and mixed to provide 26 pJ at 266.7 nm.
In both experiments, the relative delay between the pump and
the probe pulses is controlled by a motorised delay-line. The
cross-correlation time between the pump and probe laser
pulses is estimated at 75 fs and 150 fs in the 269/807 nm and
266/334 nm experiments, respectively. In both experiments, the
lasers are linearly polarised with their polarisation direction
within the plane defined by the molecular and laser beams.

Charged particles detection

The ions or electrons generated by the probe laser ionisation
are detected using a VMI spectrometer after perpendicular
extraction with respect to the polarisation direction of the
probe laser. With appropriate settings, either I', I~ or photo-
electrons images are recorded as a function of the pump-probe
time delay. I', I” and photoelectrons are recorded and treated
separately. When photoelectrons are considered, the VMI detec-
tion allows us to measure the energy spectrum of the photo-
electrons as a function of the pump-probe time delay.
Femtosecond time resolved photoelectron spectroscopy (fs-
TRPES) experiments are therefore conducted.’”'® When the
VMI is tuned to I" or I detection, the ion KER is measured.
By analogy with the fs-TRPES acronym, the acronym fs-TRKERS
(femtosecond-time resolved kinetic energy release spectra) is
proposed here for these experiments.

Data analysis

To get the full information from 2D VMI images, the 3D radial
and angular distributions of the detected particle must be
reconstructed. This is achieved using the pBasex algorithm

Phys. Chem. Chem. Phys., 2024, 26, 11516-11530 | 11517
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14 The latter includes a

based on inverse Abel transform.
Legendre polynomial decomposition (even orders up to the
fourth) to account for the angular anisotropy of the images.
A calibration is needed to relate the radius r of particle impacts
on the image (measured in pixels) to the kinetic energy E of the
detected particles. The calibration function E(7) is the same
whatever the mass and charge of the detected particle.
It therefore applies to photoelectrons, photoanions and photo-
cations. In practice, the calibration is achieved as in ref. 15 by
operating the molecular beam with O, and focusing the 266 nm
laser alone on the O, sample. The pBasex inversion of the
resulting photoelectron image reveals a vibrational progression
which, after appropriate fit, allows us deriving the calibration
function E(r). The data presented here are scaled using this
function.

The full experimental information for the I' cation and
I" anion consists of a series of KER spectra, one for each
Legendre order, as a function of the pump-probe delay 7, noted
Sgnionorcation (KER,‘L'), s;nionorcation (I@R,T) and Sinion or cation (KER,’L').
For the photoelectrons, it is a series of kinetic energy spectra,
one for each Legendre order, as a function of 7, noted S§°(E,1),
S$'(E,r) and S§°°(E,r) where E is the kinetic energy of the
photoelectrons.

3 Energy landscape and molecular
dynamics simulations
3.1 Energy landscape

Some relevant, mostly experimental, spectroscopic constants
are listed in Tables S2-S4 of the ESI} attached to the present
article. They allowed us building the complex network of
potential energy curves shown in Fig. 1 where the wavepacket
is launched by the pump pulse. The well region of the potential
curves is described by a Morse function

V(r)=Te+ De(l - exp(fncwe V2u/De(r — Re)>>27 (1)

at larger I-I distances the Morse function is switched to curves
with the proper asymptotic behaviour. A smooth arctangent
function is used for this purpose. Note the near degeneracy
between the I'(°P; and °P,) + I"('S,) asymptotes.

The Rydberg states shown in the figure are built by a simple
translation of the ionic curve to which they converge. This is
done using the observation of Donovan et al'® and their
reassignment in Section 7 of ref. 9. These authors identified
four Rydberg series that are expected to overlap the energy
region covered by the present two-photon pump excitation:

nd07,2g. The data of ref. 16
g
provide spectroscopic information for nd ranging between 5d

and 9d. A sufficient fit of these data is provided assuming a
constant quantum defect to each Rydberg series: 1.88, 1.96,
1.85 and 1.89, respectively. These values are used in Fig. 1 to
extrapolate the data of ref. 16 and plot Rydberg potential curves

X|:2H§:| nd0;,2g and X[ZHL}
2, 2
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Fig. 1 Top panel: potential energy curves of I, (full lines) and I,* (dotted
lines). I, valence state curves are coloured in pink. lon pair curves are
coloured in green (gerade states) and olive (ungerade states). Rydberg

states nd 0, 24 (6 = 1.85, 1.89, respectively) converging to I,* <X2H3> are
2
coloured in blue. Rydberg states nd Og, 24 (6 = 1.88, 1.96, respectively)
converging to I," <X21'Il> are coloured in red. Note that the horizontal
2

scale in the top panel changes when the 1| distance is 4.5 A. The vertical
blue arrow shows the 2-photon excitation. Bottom panels: zoom on the
top panel to show the Franck—Condon regions of excitation (light blue) at
269 nm (left panel) and 266 nm (right panel).

up to the ionisation limits X{ZHQ} (drawn in blue) and
2lg

X {ZHl] (drawn in red). This is actually very approximate at
2lg

large distances when the electronic configuration switches
from molecular Rydberg centred about the I," core to atomic
Rydberg centred about I".

The bottom panel of Fig. 1 focuses attention on the Franck-
Condon region of excitation, showing that far more Rydberg
states are overlapped by the pump spectrum in the 266/334 nm
experiment (right panel) than in the 269/807 nm experiment
(left panel).

3.2 Molecular dynamics

Molecular dynamics (MD) simulations results are used to help
the discussion in Section 5. The classical equations of motion
are integrated using the Verlet algorithm with a time step of
1 fs.'” Energy conservation is achieved with 10> accuracy. The
purpose of these calculations is not towards a full non-
adiabatic description of the dynamics in the spirit of that
described in ref. 18 where a doubly excited barium atom is
embedded in an argon cluster. Such extensive treatment is
beyond the scope of the present work. Instead, single state
dynamics along selected energy curves taken from Fig. 1 are
performed. This allows us to estimate relevant time scales in
the wavepacket evolution.

This journal is © the Owner Societies 2024
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4 Experimental results
4.1 Pump-only experiment at 269 nm

When an I, molecule absorbs two 269 nm photons (74 349 cm ™ %),
enough energy is present to open the I' + I~ dissociation along first
tier IP states, enabling I and I~ ions to be detected using the VMI
spectrometer. Raw VMI images of these ions are shown in the top
left panels of Fig. 2. They look almost isotropic. Nevertheless, a
small anisotropy is revealed by the Legendre decomposition in the
pBasex inversion. Although a small f, > 0 anisotropy cannot be
precluded, its accurate measurement is limited by an artefact: the
extension of the ionisation zone along the molecular beam. It can
be modelled indeed by convolution of an isotropic image with a
Gaussian velocity distribution along the beam direction. This bias
appears for both I" and I~ measurements and, in the following, the
higher orders S3hiop°reation KER 1) signals will be considered only
in the case of strong anisotropies that overcome this effect. Hence,
here, only the isotropic part of the Legendre decomposition is
considered to build the KER spectra shown in the bottom panel of
Fig. 2. As seen in the figure, the central energy of the peaks well
agrees with expectation from energy conservation.

4.2 269/807 nm pump/probe experiment

4.2.1 fs-TRKERS experiments with I detection. A series of
images were recorded at various pump-probe time delays, up to
40 ps, with the VMI spectrometer tuned to I". We saw in the
previous section that an anisotropic broadening limits accuracy
of polarisation measurements. Within this limit, the I images
look fairly isotropic and S3™°"(KER,t) carries the full experi-
mental information with I detection. It is conveniently repre-
sented as a 3D-plot in Fig. 3: the I" signal intensity, given by the
colour scale, is plotted as a function of the I KER energy
(vertical scale) and time delay t (horizontal scale).

Fig. 3 is dominated by a single class of KERs between 0.09
and 0.17 eV. The time dependence of the corresponding signal,
obtained by summing the anion signal over this energy range,

|+
1000

900

800

600 700 800 600 700 800

Iintensity /
o
S

|
080 0.1 0.4 0.5

0"2 0.3

KER / eV
Fig. 2 Pump only experiment at 269 nm — Raw VM| images of |~ (top left
panel) and I* (top right panel) and kinetic energy release (KER) (bottom
panel) for each ion. The red dashed line in the bottom panel is the
expected KER energy from energy conservation. The colour scale for
intensities in the 1~ and I* images is shown at the right hand side of the
figure.
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Fig. 3 269/807 nm experiment - 3D-plot of the fs-TRKERS signal
S§°"(KER, 1), up to 40 ps (top panel) and 2 ps (bottom panel): the signal
intensity is given by the colour map shown at the right hand side of the
figure; it is plotted as a function of the |~ KER energy (vertical axis in eV)
and pump-—probe delay (horizontal axis).

is shown as green dots in Fig. 4. A contribution is observed at
negative time. It is due to several excitation/ionisation schemes
where the role of the pump (269 nm) and probe (807 nm) lasers
is inverted. It is crudely described by a single exponential decay
of time constant . Dynamics at positive pump-probe time
delay is that of interest for the present work. It appears bi-
exponential and can be associated with a two-step dynamics of

the type A 2, B2, C where A represents the initial wave-
packet. The single exponential decay at negative time and the
two-step dynamics at positive time has been used to fit the time
dependency reported in Fig. 4, 17, 74 and tg being the fit
parameters. The fitting equations are provided in Section S1.1
of the ESL.f Of course, convolution by the cross-correlation
function of the pump and probe laser pulses is included in the
fit. Best fit parameters 7, 7, and tg are listed in Table 1.
Inclusion of t~ is necessary for a reliable fit of the experimental
curve. However its value as best fit parameter carries no
significant information because it is associated with a super-
position of several processes. Only 7, and 7y carry relevant
information for the discussion.

The bottom panel of Fig. 3 shows the first 2 ps of the
dynamics. Two points must be mentioned. First, an oscillation

Iy
=)
T

o
©
T

o
>
T

Intensity / normalized
° °
9 >
T T

0.0 2!5 5{0 7!5 10‘.0 12‘.5 15‘.0 171.5 20.0
time delay / ps

Fig. 4 269/807 nm experiment — Sum of the S3"°"(KER, 1) fs-TRKERS for

anion energies between 0.09 and 0.17 eV as a function of the pump-

probe delay (green dots). The full red curve best fits the experimental signal

as described in the text, using the time constants t~, 74 and g listed in

Table 1.
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Table 1 269/807 nm experiment — Time constants 7~, 74 and g used to
fit the pump—probe time dependencies shown in Fig. 4 (photoanions),
Fig. 6 (photocations) and Fig. 8 (photoelectrons)

Ton detection 7 (fs) 75 (pS) 75 (ps)
| 270 £ 20 0.85 £ 0.1 14.5 £ 0.5
I' ROI C5° 270 + 20 0.85 & 0.1 >10.0

I' ROI C, 165 =+ 20 1.7 £ 0.2 9.0 £ 1.0
' ROI C, 5 80 + 10 0.39 + 0.02 9.5 & 0.5
e~ detection T (fs) 7 (ps) 5 (PS)

e~ Bkgl 110 + 10 4.1 £0.5 —

e~ Bkg2 86 + 10 1.36 + 0.1 —

e Neg 155 £+ 20 — —

e~ Decl — 2.1 £ 0.6

e~ Dec2 — 1.0 £ 0.1 —

e Dec3 — 0.68 £ 0.07 —

e HE1 — — 11.9 £ 1.2
e HE2 — — 8.7 £ 0.9
e HE3 — — 7.08 £ 0.7
e LE1 — 39+04 >10.0

e LE2 — 54+ 0.5 >10.0

e LE3 — 54 £ 0.5 —

@ The time dependencies of the I~ signal and that of ROI C; of I'" were
fitted together after adjusting the height of their baselines at negative
time and giving a higher weight to the less noisy I" signal.

regime appears. A Fourier analysis reveals that the intensity of
I" anions with KER = 0.15 eV oscillates with a frequency of
230 + 15 cm ™. Second, I™ anions of very small energy appear
during a short time near the zero pump-probe delay. This
signal is presumably associated with a dissociation along third
tier ion pair curves that is energetically allowed when I, is
pumped by three photons (2 pump photons + 1 probe photon)
simultaneously, during the cross correlation time of the lasers.
This signal turned out to be very useful to set time zero of the
experiment.

4.2.2 fs-TRKERS experiments with I" detection. The I' raw
images contrast with those of the I™ anion since angular
anisotropy is present. The full experimental information is
then provided by S{*°"(KER,r) and S5*“°"(KER,t). However,
within the previously mentioned limitation of the anis-
tropy measurement, S5*°"(KER,t) brings no new information
compared to S{°"(KER,r) (see Fig. S7 of the ESI{). Only
SEON(KER,t) is shown as 3D-plot in Fig. 5 and will be con-
sidered in the discussion.

The bottom panel of Fig. 5 focuses attention on the first 2 ps
of the dynamics. A time-dependent band is clearly visible. Its
central energy decreases from 0.35 eV to 0.15 eV as the time
delay goes between 0.5 and 1.0 ps. Upon close look, another
time-dependent band is slightly visible on the top panel of
Fig. 5. Its central energy decreases from 0.35 eV to 0.15 eV as the
time delay goes between ~5 and 20 ps.

Projection of S§2“°"(KER,t) on the vertical axis is a conveni-
ent way of visualising regions of interest (ROIs) in the KER
spectrum. Six ROIs are identified and labelled in the top left
panel of Fig. 6. These regions match quantitatively those found
by Mudrich and coworkers in ref. 3 and 4, thus Fig. 6 repro-
duces the labelling of these authors. Of course, this way of
delimiting ROIs attenuates bands whose centre energy varies as
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Fig. 5 269/807 nm experiment — Top panel: 3D-plot of the fs-TRKERS
signal S§"°"(KER,7) up to 40 ps time delay with the same colour map as in
Fig. 3. Bottom panel: zoom on the first 2 ps with a different intensity scale
to highlight the band whose central energy is changing with time delay.
The top panelis reproduced on Fig. S6 of the ESI{ with another colour map
that enhances the weak time-dependent feature described in the text. The
equivalent 3D-plot of the fs-TRKERS signal S5?""(KER,z) are plotted on
Fig. S7 of the ESI.¥
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Fig. 6 269/807 nm experiment — Top left panel: TKER spectrum
obtained by integrating S§Y°"(KER,7) along the KER axis (vertical axis in
Fig. 5). The colours and labels C1’, C2, C3, C3’, C4 and C5 isolate 6 regions
of interest (ROIs). Note that TKER is twice the I* KER shown Fig. 5. Other
panels: time dependencies of the signal associated with each ROI. Dots
show the experiment. Solid lines in ROIs C2, C3, and C4,5 are fits using the
time constants listed in Table 1.

a function of the time delay. We mentioned above that such a
band exits. It is averaged within the weak broad ROI C3'.
Unlike the time delay dependencies associated with
ROIs C1’ and C3’, those associated with C2, C3 and C4,5 have
a clear bi-exponential behaviour at positive delay time and a

This journal is © the Owner Societies 2024
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contribution existing at negative time. The fit model used above
with I” signals is thus used again to derive time constants 7, 75
and 1z for ROIs C2, C3 and C4,5. Note that the time delay
dependence associated with ROI C3 in Fig. 6 (middle right
panel) has strong similarities with that of the anion signal
(Fig. 4). We will see in the discussion that both have the same
origin. Hence a single set of time constants was used to fit both
curves together.

Section 4.2.1 revealed an oscillation regime in the anion
signal. No such behaviour appears in Fig. 6 even when con-
sidering ROI C3 (bottom left panel), presumably because of the
poor signal-to-noise ratio. Absence of clean oscillation within
noise is confirmed when performing a Fourier analysis of the I"
ion data (not shown here). Both probe laser ionisation and
energy transfer to first tier IP states produce I' ions, whereas
only the latter process (energy transfer) generates I ions. This
could be another reason why an oscillation regime associated
with energy transfer to first tier IP states is easier to observe in
I" ion signals. A last observation can be done in Fig. 6. The
time dependencies associated with ROIs C1’ and C3’ have fairly
equally spaced over-intensities that may reflect severely
damped oscillations.

4.2.3 fs-TRPES experiments: photoelectron detection. A series
of photoelectron images (raw VMI images) were recorded at various
pump-probe time delays, up to 40 ps, and reconstructed using the
pBasex algorithm. Legendre orders 0 and 2 were included in the
reconstruction and the full experimental information is pro-
vided by S§°°(E,t) and S5°°°(E,t). 3D-plots of these quantities are
shown in Fig. 7: the signal (intensity given by the colour scale)
of isotropically distributed (left panel) and polarised photoelec-
trons (right panel) is plotted as a function of E (vertical scale)
and 7 (horizontal scale).

A series of energy bands superimposed on a continuum are
observed in Fig. 7. Projection of S§°°(E,t) on the vertical axis of
the figure is a convenient way to isolate these bands and the
continuum and adjust their position and width as shown in the
top panel of Fig. 8. The structured part of the spectrum that
appears in the figure is represented by 9 bands with Gaussian
profile (three temporally decaying features Decl, Dec2, Dec3,
and six temporally increasing features at low energy LE1, LE2,
LE3 and high energy HE1, HE2, HE3), the continuum by two
exponential functions (Bkgl and Bkg2). An extra band named
Neg was set to model the signal at negative pump-probe delay.

I
N B
T T

Iy
=)
T

o«
o
——

Electron Energy / eV
=} =}
) 0
T

0212

TEEgse T R == & i £ i I t

0

10 20 30 40 10 20 30
Pump/Probe delay / ps Pump/Probe delay / ps

Fig. 7 269/807 nm experiment — 3D-plot of the fs-TRPES signals

SEe(E 1) (left panel, isotropically distributed photoelectrons) and S§'°“(£,)
(right panel, polarised electrons) with the same colour map as in Fig. 3.
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Fig. 8 269/807 nm experiment — Top panel: photoelectron spectrum
obtained by projecting S§°(KER,1) along the energy axis (vertical axis in
Fig. 7). Colours and labels isolate 9 bands, two continua and a further band
for the signal at negative time. Bottom panels: photoelectron spectra near
7 = 0 ps (left panel) and above 9 ps (right panel) for isotropically distributed
electrons (full line) and polarised electrons (dotted line). Both are obtained
by integrating S§°°(KER,7) and S$°“(KER,7) over r, respectively, between
—80 fs and +80 fs for the former, above 9 ps for the latter.

This set of bands and continua has been used as basis to fit the
S¢'°°(E,7) and S§'°°(E,t) spectra as a function of the pump-probe
time delay 7, their intensities serving as fit parameters. This
provides us with 12 time dependencies that are shown in the
ESL.f Various shapes are observed. Nevertheless, the same
kinetic model as above could be applied to fit all these curves:
a bi-exponential behaviour at positive time and a contribution
at negative time. This provides us with time constants 77, 7,
and tp for the 12 spectral elements listed in Fig. 8. Best fit
curves are shown in the ESI{ and time constants 7, 74 and 1g
are given in Table 1.

4.3 266/334 nm pump/probe experiment

Fig. 9 summarises the experimental data when the I, molecule
is pumped at 266 nm and probed at 334 nm. From top
to bottom, 3D representations of SS““’“(E,I), Sﬁaﬁ"“[E,r) and
S¢'°(E,7) are shown up to 10 ps time delay.

4.3.1 fs-TRKERS experiments with I" detection. As above
in the 269/807 nm experiment, a single class of KER energies is
present in S3"°"(KER,r). Here, it is located at ca. 0.19 eV
(top panel of Fig. 9). Summing up the corresponding signal
along the energy axis provides us with the time dependence of
the total anion signal. Actually, the experiment has been
conducted up to 600 ps time delay although only the first 10 ps
appear in Fig. 9. The full time dependence of the total anion
signal is shown in Fig. 10. Note that four experiments sampled
with different time steps are averaged and smoothed to construct
the figure. This generates oscillations which must be disregarded.
The information brought by Fig. 10 is a multiexponential
behaviour with a broad revival centred about 300 ps.

4.3.2 fs-TRKERS experiments with I' detection. Raw-
images recorded with the VMI spectrometer tuned to I' look
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Fig. 10 266/334 nm experiment — Total |~ anion signal as a function of

the pump/probe time delay 7, up to 600 ps (top panel) and 10 ps (bottom

panel).

substantially anisotropic. Orders zero and two are retained in
the Legendre decomposition. S§2°(E,) is shown as 3D-plot in
the middle panel of Fig. 9 and S§*'°"(E,7) in Fig. 11 with the
colour code at the right hand side of the figure. The latter
includes positive and negative values. S5*'°"(E,7) is indeed

positive when the signal is dominantly aligned along the laser

3000
2000
1000

—1000
—2000

—3000

Pump/Probe delay / ps

Fig. 11 266/334 nm experiment — 3D-picture of S5%"°"(E,7) using the
colour scale shown at the right hand side of the figure. Positive values
indicate preferential dissociation along the polarisation direction of the
pump laser.
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polarisation, negative otherwise. We already mentioned an
artefact due to the geometry of the VMI which affects cation
images and broadens them along the molecular beam axis.
This sets a negative offset to the S3*“°"(E,r) term in the
Legendre decomposition and the band which appears in blue
is associated with less anisotropically distributed cations than
suggested by the figure.

A band centred near 0.19 eV is observed in both figures.
It presents an oscillation regime in the upper energy part, near
0.2 eV. This band has the same energy as the single one
observed above with I anions. Note that no oscillation regime
is observable in the I anion signal.

Bands whose central energy varies as a function of the
pump-probe delay are also observed in these figures: one
between 1.5 and 4 ps whose central energy decreases from
~0.08 eV to ~0 eV; another one makes recurrences near 0.7 eV
at 0.5, 1.3, 2.2 ps and goes to zero in between. The second and
third recurrences of the latter band are especially visible in
Fig. 11. With no ambiguity, the angular distribution of the
cations associated with this band shows a favoured alignment
along the laser polarisation.

4.3.3 fs-TRPES experiments: photoelectron detection.
Unlike fs-TRKERS measurements, fs-TRPES signals are domi-
nated by pump-only and probe-only signals due to multiphoton
ionisation of I, as I,". Mass selection in fs-TKERS measure-
ments suppresses contributions of these ionisation processes
in the I" and 1" signal. Of course, such a filter does not exists
when recording photoelectron signals and pump-only and
probe-only signals must be subtracted to get the fs-TRPES
information, which becomes very noisy as observed in the
bottom panel of Fig. 9. Nevertheless, features can be distin-
guished. A very intense feature centred near 1.7 eV disappears
almost immediately after time zero. A series of dim, apparently
very anharmonic recurrences appear near 0.88 eV after the
1.7 eV feature has decayed. Other features might be present
at smaller energies.

5 Discussion

Two pump photons input 9.22 eV electronic energy into I, in
the 269/807 nm experiment and 9.32 eV in the other. Table 2
lists useful energetics for the present discussion. Two classes of
dissociation channels are opened: formation of the ion pair
of lowest energy (I'(*P,) + I"('S,)); formation of ground state
iodine I(°P3,) plus one of the four atomic Rydberg
states T*((*P,)6s%[2]s12), 1*((CP2)65%[2]31), I*((*Po)6s°[0]1,2) and
*((°P,)65°[1]52)-

Note that a valence state dissociation forming I(ZP%) +

i(tn)

observed by Mudrich and coworkers, both in their nanosecond
(ref. 3) and sub-picosecond (ref. 4) experiments. It was asso-
ciated with a small 1" signal at TKER ~ 2.1 €V in the sub-
picosecond experiment and was discussed as associated with
successive pump and dump processes through intermediate

is also open by the pump laser excitation. It was
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Table 2 Excess energy to be shared between fragments when ground
state I, molecules absorb two pump photons. A more complete table is
presented in the ESI when several pump and probe photons are absorbed
(Table S1, ESI)

Excess energy

Dissociation or ionization as 266/334 nm (eV) 269/807 nm (eV)

2x pump photons

I(P)+I(Sd 0.38 0.27
I'(*Py) + 17("So) —0.42 —0.53
TPy + T7(*Sy) —0.50 —0.61

+<X2 )+e 0.02 —0.09
I( Psp) + I* ((’Pz)es [2]52) 0.99 0.89
1(P3o) + I*((°Po)6s 2] 0) 0.81 0.71
I( P3j) + I*((*Po)6s [0]1,2) 0.22 0.11
1CP15) + TH(°P1)6s[1]u12) 0.10 0.002

resonances. Given the very different probe wavelength here,
807 nm versus 270 nm, no such signal is observed. Hence, after
addressing the nature of initial wavepacket, we focus attention
on the dissociation channels mentioned above where either
atomic Rydberg states or first tier IP fragments are formed.
In terms of detection, they correspond to very different situa-
tions since the latter channel produces ions that are detected
directly by the VMI whereas the former channels produce
neutral species which need ionisation by the probe laser to be
detected.

5.1 Initial wavepacket

269/807 nm experiment. The bottom left panel of Fig. 1
suggests that the two-photon excitation at 269 nm overlaps a
region where molecular Rydberg states are likely mixed with IP
states of the second and third tiers (possibly the fourth also).
The initial wavepacket would thus be a superposition of these
states, some of them having a strong Rydberg character and the
others a strong IP character, the oscillator strength of excitation
being in favour of the former. The situation in the work of von
Vangerow et al. in ref. 4 was significantly simpler since these
authors could assign their initial excitation to the sole

IZ(FHL} 6d:2g> state, a 6d molecular Rydberg state. Here
2lg

with slightly more energetic pump photons Rydberg states

[21‘[%} 12d0;,2, (07 and 24 almost not distinguishable at the
g

6d0, are likely populated. Direct
g
vertical ionisation of these states by 807 nm probe photons

delivers photoelectrons with 1.4 and 0.7 eV energy, respectively,
as those observed experimentally (especially the 0.7 eV photo-
electrons) at zero pump-probe time delay in Fig. 8 (bottom left
panel). Additional peaks and a broad continuum are also
present in the figure. They might be due to excitation of
molecular Rydberg states belonging to other series than those
shown in Fig. 1. In addition, at T = 0 pump/probe delay, other
excitation-ionisation schemes than 2-pump-excitation + 1-

scale of the figure) and {21'14
2
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probe-ionisation are possible. For example vertical excitation
(between 33 000 and 47 000 cm ') and ionisation of many low
lying I, states is accessible energetically through the following
two schemes: 1-pump + 1-probe-excitation followed by 1-pump
ionisation, and 1-probe-excitation + 2-pump ionisation. These
schemes account quantitatively for extra features in the top
panel of Fig. 8. Interestingly, they were invoked a long time ago
by Donovan et al. as responsible for a continuum and many
unassigned lines in the (2 + 1) REMPI investigation of the
{21'14 nd and [21'[4 nd series.”'®

2lg 21

266/334 nm experiment. The situation met in the 266/
334 nm experiment is illustrated in the bottom right panel of

Fig. 1. Molecular Rydberg levels with n > 20 in the {zl'll] nd
2lg
series are overlapped by the Franck-Condon region. The initial
wavepacket is built as a linear combination of these states. It
appears as a vibronic wavepacket where both electronic and

vibrational coordinates are involved.

5.2 Monitoring access to atomic Rydberg states in the 269/
807 nm experiment

Monitoring dissociation channels forming neutral atomic Ryd-
berg states follows the scheme of usual femtosecond pump-
probe experiments, where the probe signal starts rising at (or
after) delay time zero when the probe laser interacts with
reaction products or reaction intermediates and makes them
detectable. ROIs C2, C4 and C5 in Fig. 6 have this behaviour.
Their central energy match quantitatively ROIs found in the
work by von Vangerow et al.” This is expected since the pump
wavelength is almost identical between these experiments: 269
and 270 nm. von Vangerow et al. related each ROI to a specific
probe process, within a global picture of the dynamics: the
initial vibrational wavepacket is launched by the pump laser in
a single Rydberg state; it subsequently transfers to IP states
and, either goes to dissociation and forms I' and I™ ions, or
back-transfers to molecular Rydberg states, dissociates and
forms atomic Rydberg states. The present section follows
and complements the assignment of von Vangerow et al.
concerning the three channels where atomic Rydberg are
formed. The channels are labelled as the ROIs they correspond
to in Fig. 6:
C2 Photoionization of the atomic Rydberg state [0];
2

=15 = 1([*Po]6s[0], ) + 1(*P32)
|
throbe
l
I"(Pg)---I+e” = I"(PPy) +1+e"

From the top left panel of Fig. 6 we know that this probe
process produces I' + T with centre TKER energy around 0.11 eV
in agreement with the energetics in Table 2.
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C4 Same as C2 for the I(ZPQ) + I(3P26s[2] ) asymptote.
3

3
- L = I<[3P2}6S[2]3/2) +1(°P32)
\

throbc
l
IFCPy) - I+e = I7(PPy) +1+e”

C5 Same as C2 for the I(zPl) + I(3P265[2}§) asympstote.
3 3
- L = I<[3P2}6S[2}5/2> +1(*P3)2)
\

throbe
!
IT(Py) - IT+e” = I7(3Py) + I+~

As above with ROI C2, central TKER energy in ROIs C4 and C5
(top left panel of Fig. 6) agree with energy conservation in
Table 2 for the formation of the relevant atomic Rydberg state.
This gives the experimental evidence that three of the four
expected dissociation channels forming atomic Rydberg states
are actually populated by the pump laser excitation. Given the
similarity between the present 269/807 nm experiment and that
of ref. 4, it is not surprising that the time delay dependencies of
ROIs C2 and C4 + C5 reported in Fig. 6 match those reported in
ref. 4. The better time resolution of the present experiment
reveals their bi-exponential character as reported in Table 1.
Probe of the fourth opened Rydberg channel would produce I*
ions with very small KER, close to 0 eV. These ions appear in
ROI C1'. Unfortunately, we will see below that they are mixed
with I' ions of a different origin.

Electron energies are presented in Table 3 when Rydberg
states of atomic iodine are ionised by either three probe
photons at 807 nm or a single one at 334 nm. Correspondence
is given in the table between photoelectron bands identified in
the 269/807 nm experiment (see top panel of Fig. 8) and
detection of specific atomic Rydberg states.

Table 3 lonisation energetics of a few Rydberg states of atomic iodine
with probe photons at 807 nm and 334 nm. The indication between
parenthesis makes the correspondence between photoelectron bands
isolated in the top panel of Fig. 8 (269/807 nm experiment) and detection
of a specific atomic Rydberg state. Several experimental bands are very
broad and cannot be associated with a single ionisation process

Electron energy (eV)

3 probe photons 1 probe photon

Atomic Rydberg ionisation at 807 nm at 334 nm
*((’Py)6s’[2]s.) — TI'(CPy)  0.93 (HE1) 0.03
- TI'(py)  0.13 (LE1) <0
- I(P1) 0.05 <0
*((*Py)6s”[2)5) —  I'(’P,)  1.11 (HE3) 0.21
- I(py)  0.31 (LE3) <0
- I'(P1)  0.23 (LE2) <0
*((CPy)6s?[0]1) — I'(CPy) 171 0.81
- I(Py)  0.91 (HE1) 0.01
- TI'(’P1) 0.83 (HE1) <0
*((PP)6s’ 1) — I(PPy)  1.82 0.92
- I(Py)  1.02 (HE2) 0.13
- TI'(*’P1)  0.94 (HE1) 0.05
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5.3 Monitoring evolution along ion-pair (IP) states

Single colour experiment. The single peak centred near 0.14
eV in the KER spectra of I' and I~ deduced from the single
colour experiment at 269 nm (bottom panel of Fig. 2) is
quantitatively consistent with the TKER of 0.27 eV read in
Table 2 for the I'(*P,) + I"(*S,) dissociation. Hence, the I'(*P,)
+17('S,) dissociation, which is energetically allowed by the sole
pump laser at 269 nm, is actually populated during the
dynamics. This is likely the case also with the pump at
266 nm, and the single class of KER energies observed for I"™
in Fig. 9 matches quantitatively with the TKER = 0.38 eV read in
Table 2 for the I'(°P,) + I"(*S,) dissociation.

Role of the probe pulse in pump-probe experiments.
Monitoring dissociation forming I'(*P,) + I ('S,) is very
different than encountered in the section above when
monitoring channels forming neutral species. The probe
pulse does not produce the detected species indeed, I' and T~
ions with KER = 0.13 eV (269/807 nm experiment) and KER =
0.19 eV (266/334 nm experiment). The latter are produced by
the sole pump. The role of the probe pulse is to prevent the
wavepacket from completing the I'(*P,) + 1" ('S,) dissociation.
Either it inhibits formation of the dissociation products (probe
process 1) or it destroys one of them prior to detection (probe
process 2). Probe process 1 could be ionisation or excitation of
I, by the probe pulse before transfer to first tier IP states where
dissociation proceeds. This probe process is certainly very
sensitive to intermediate resonances that enhance its efficiency.
For energetic reasons, the present probe process 2 can only be
photodetachment from I". It is active at fairly long time delays,
when dissociation proceeds along first tier IP states.

Information provided by the photodetachment probe pro-
cess (probe process 2) can be recognised in the 269/807 nm
experiment when observing the delay time dependence of ion
signals with KER = 0.13 eV in Fig. 6 (ROI C3 in the I" fs-TRKERS)
and Fig. 4 (main class of KER energies). Using the same
notation as above with ROIs C2, C4 and C5, ROI C3 and its
correspondent when observing I" is described as:

C3 Photodetachment from almost free I, when the ion-pair
moving on first tier IP state is almost dissociated:

—TI7(Py) - 17 = TH(3Py) + 17 ('Sp)
|

hy, probe

!
IF(CPy) +1+e.

This probe process lets the T" signal (ROI C3) unaffected,
whereas the I signal is suppressed.

C3’ Of course, photodetachment can occur along first tier IP
states when the I'(*P,) + 1" (*S,) dissociation is not achieved yet.
This produces an I' signal with ROI C3':

S TPy T — 1 (Py) +17(1So)
|

throbe

|
I'(PPy) - I+e —TI7(°Py) +I1+e”
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As with ROI C3 above, this probe process suppresses the I
signal but here, T" is left with the KER it has at the moment of
interaction with the probe laser. This likely results in a KER
band whose central energy moves as a function of the pump/
probe time delay.

von Vangerow et al. identified a last probe process that is
also relevant to the present work:*

C1’ Photodetachment forming I" + I at an outer turning
point of the I'T” oscillation when the wavepacket oscillates
within the well of second tier IP states:

— I"(PProro) -+ - 17+ I (*Proro) +17("So)
|
hl/probe
!
I"(PPror) - T4+e = IT(PPyorg) + 1+ ¢~

This probe process forms I' with KER ~ 0 eV. As already
announced, ROI C1’' appears as superposition of two probe
processes, the present one, and that mentioned in Section 5.2 which
probes formation of the atomic Rydberg state I*((*P;)65°[1]3/2).

5.4 Dynamics towards first tier dissociation

We already mentioned that first tier dissociation I'(°P,) +
I (*S,) is the only source of I ions with KER = 0.13 eV. It is
therefore best documented when observing this ion signal as a
function of the pump-probe time delay for ions as shown in
Fig. 4 (269/807 nm experiment) and Fig. 10 (266/334 nm
experiment). In the 269/807 nm experiment, the signal is
minimum near t = 0 and makes a bi-exponential revival at
increasing t values. An oscillation regime is observed during
the first one or two picoseconds of the evolution. In the 266/
334 nm experiment, it makes an extremely rapid decay near
0 and experiences no revival. Instead a single broad
oscillation is observed between 100 and 600 ps. This contrast-
ing observation is due to very different energies of the probe
photons (1.54 and 3.71 eV, respectively), which offer two
different points of view on the dynamics.

These behaviours are very different from observations in
ref. 15 where ion-pair dissociation of O, is induced at 18.165 eV
and probed by photodetachment. The O~ signal decayed
abruptly as a step function decay during the cross correlation
of the lasers. No revival was observed. The very different
observation here suggests a much more complex dynamics
than the simple direct excitation of O'O~ IP states reported
in ref. 15.

Let us examine first the 269/807 nm experiment, then the
266/334 nm experiment.

269/807 nm experiment. The potential energy curves in
Fig. 1 show that photo-detachment or photo-ionisation is
possible (probe processes C1’ and C3’) with a single probe
photon when the I'---I" or I.--I separation is smaller than
2.8 A. For almost any potential curve on which the wavepacket
is evolving (molecular Rydberg or IP curve of the second or
third tier) at this early stage of the evolution, interaction with a
single probe photon is possible and deviates the wavepacket
from reaching first tier IP states where the dissociation should

T =

This journal is © the Owner Societies 2024

View Article Online

PCCP

proceed. At longer distances, hence at larger pump/probe time
delays, two or three photon are needed for the photodetach-
ment probe. The electronic affinity of atomic iodine is indeed
—3.059 eV, whereas the energy of 807 nm probe photons is
1.54 eV. This explains why the I" signal in Fig. 4 and ROI C3 in
the I" signal of Fig. 6 are minimum near pump/probe time
delay 7 = 0 ps and make a revival at longer time delay when the
efficient single probe photon process switches progressively off
and is replaced by less efficient two or three photons photo-
detachment processes. The bi-exponential character of the
revival with 7, = 0.85 ps and 1t = 14.5 ps (see Table 1) indicates
that two different regimes are at play.

When the wavepacket has transferred to IP states of the first
tier, an important information from Fig. 1 is that no curve
crossing can prevent dissociation and no drastic change of the
electronic configuration is expected after I'-- -1~ separation is
larger than 2.6 A. Accordingly, the longer time constant 1 =
14.5 ps would be the time scale for reaching the large I"-- -1~
separations where the less efficient two probe photon photo-
detachment is at play. Then, the rapid revival with 7, = 0.85 ps
would document the departure from regions where probe by a
single photon is especially efficient. This suggests that a frac-
tion of the wavepacket does not transfer directly to IP states in
the Franck-Condon region of excitation and explores the
complex network of potential curves.

An oscillation regime is clearly observed up to 1.5 ps pump/
probe delay in the anion signal (Fig. 3, bottom panel). To be
quantitative, a 2-D Fourier analysis of Fig. 3 has been per-
formed and reveals ¢ = 230 & 15 cm ™" oscillations for anions
whose KER spectrum peaks at ~0.15 eV. This ¢ value matches,

within error bars, the vibrational constant of the I} [21—[4
2
g

1

and I {21'14 ions: w. = 239.04 cm™ ' and w. = 229.0 cm ™’
g

2
respectively (see Table S4 of the ESI{). We have seen in Section
5.1 that the initial wavepacket is built from a superposition of

{ml} 6do;
21g

e whose

the Rydberg states {21'14 12d0;,2, and
2lg

cores are I, |:2H§:| and I," {21'[4 , respectively. We are left
2lg 2lg

with the conclusion that the pump pulse vibrationally excites
the core of the initial Rydberg wavepacket, with the conse-
quence that the probe efficiency is, as least partially, modulated
as a function of time. Although difficult to extract from the
data, the lifetime of the oscillation seems consistent with the
time constant 7, = 0.85 ps, assigned above as associated with
transfer to first tier IP states.

266/334 nm experiment. An oscillation regime is visible in
the middle panel of Fig. 9. It concerns I' ions of KER ~ 0.2 eV,
at the upper limit of the band due to the opening of the I' + I~
dissociation by the sole pump laser. Its Fourier transform
analysis provides an oscillation wavenumber ¢ = 110 =+

15 cm™'. This value is close to the w. constant of the

It {21'11} ion (120 cm™" see Table S4 of the ESIf). This is
21y
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surprising at a first glance since the molecular Rydberg and
third tier IP states forming the initial wavepacket are not built
about a core ungerade symmetry. Although this possibility
cannot be ruled out, we can also observe that the value ¢ =
110 + 15 em ™' is close to the w. constants of the gerade IP
states 1, and 2, of the third tier (106.9 cm™' and 108.3 cm ™"
respectively, see Table S3 of the ESI{). We anticipated in Section
5.1 that with 266 nm excitation, the Franck-Condon region
overlaps areas of coupling between molecular Rydberg and
third tier IP curves. Actually, third tier IP curves are bound
and this coupling can be considered as perturbations between
molecular Rydberg states and heavy Rydberg states corres-
ponding to vibration within third tier IP curves. The theoretical
framework for describing heavy Rydberg states was developed by
Reinhold and Ubachs to describe H'H™ ion-pair vibrations.*
Importantly with regard to the present work, Mollet and Merkt
documented the spectroscopy of a series of heavy Rydberg states
of Cl,, which converges to Cl~(’S,) + CI'(*P,).>" To achieve these
measurements, advantage was taken of couplings between mole-
cular Rydberg states of Cl, and the two IP states just mentioned.
In a sense, the work by Mollet and Merkt on Cl, dissociation
appears as a spectroscopy counterpart of the present work on I,
dissociation in the real-time domain. Of course, the energy land-
scape and the mixing between electronic configurations here are
more complex.

The energy of 334 nm probe photon is 29940 cm™ =3.71eV.
It is larger than the electronic affinity of atomic iodine
(—3.059 eV) and probe photons can photodetach the electron
of I and therefore deplete the I” signal, even at large I'-- I~
separation when I™ is quasi-free. An important observation in
Fig. 10 is the smooth oscillation of the I" signal where it slowly
increases between 100 and 300 ps and decays between 300 and
600 ps, a time interval where the photodetachment probe is
active. This behaviour is likely associated with rotation of the
I'--- 1" ion-pair. The very polarisable electron cloud of I~ is
certainly stretched along the I'- - -I™ axis, which is promoted as
an alignment axis of the photodetachment transition moment.
The observed behaviour therefore appears as a rotational
recurrence after the rotation momentum of I, has been aligned

1

2
The signal decay between 300 and 600 ps is 100 ps slower than
its rise between 100 and 300 ps. This may be due to the slower
and slower rotation of I, as the I'-- -1~ separation increases.

by the pump pulse excitation in the {21'11} nd series (n > 20).
g

5.5 Formation dynamics of the atomic Rydberg states

269/807 nm experiment. We have seen that the pump
laser excitation (269 or 266 nm) opens dissociation along
molecular potential curves that correlate asymptotically to
the atomic Rydberg states I*((*P,)6s*[2]5), I*((°P2)65%[2]3/2),
*((®Pe)65°[0]1/2), I*((*P1)6s°[1]s2). From Section 5.2 and
Table 3 we know that dynamics to access these channels are
documented by ROIs C2, C4 and C5 when observing I' ions
and by the photoelectron bands HE1, HE2, HE3, LE1, LE2 and
LE3. The corresponding signals increase as a function of the
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pump-probe time delay. Bands HE1, HE2 and HE3 have a
mono-exponential behaviour. They reach a plateau with time
constants 7y (see Table 1). The other photoelectron bands and
ROIs C2, C4 and C5 of the I' ions have a bi-exponential
behaviour with time constants 7, and t listed in Table 1.

Time constant 7y describes a slow dissociation. Depending
on which photoelectron band or which I' ROI (C2, C4 or C5) is
observed, tp has not exactly the same value. This is not
surprising however. Ionisation by the probe is not active at
the same I-I distance when forming these bands and ROIs.
The important point is that their approximate value, >7 ps
(see Table 1), matches that encountered in the section above for
dissociation along first tier IP states (>10 ps). Photoelectron
bands HE1, HE2, HE3 are sensitive to this probe process only.
Strikingly, this time constant is consistent with the time delay
observed in Fig. 6 to access the plateau in ROI C1'. The later
ROI is associated with detection of the atomic Rydberg
*((°P1)657[1]s2)-

An additional contribution with faster dynamics (time con-
stant 7,) is present in the photoelectron bands LE1, LE2, and
LE3 and in ROIs C2, C4 and C5 of I". It likely reflects dynamics
to access the molecular states where dissociation towards
atomic Rydberg states occurs. This perspective is actually
similar to that encountered above when discussing access to
dissociation along first tier IP dissociation. The diversity of T,
values in Table 1 reflects the complexity of the wavepacket
motion over several molecular curves of various electronic
configuration prior to final access to the molecular Rydberg
curves where the dissociation proceeds.

266/334 nm experiment. We already noted that information
provided by the photoelectron signal with this set of wavelength
is quite poor, essentially because the photoelectron signal is
dominated by single colour ionisation, which has to be sub-
tracted to get the much weaker pump-probe contribution.
Apparently, signal emerges from the noise only when the
ionisation process is enhanced by intermediate resonances.

5.6 Dynamics along energetically closed ion-pair channels

269/807 nm experiment. We have seen in the previous
sections that the wavepacket splits into several parts, one being
associated with a tg = 14.5 ps dynamics before transferring to
first tier IP states where dissociation occurs.

This observation must be brought together with an observa-
tion of von Vangerow et al. in a similar experiment.* These
authors showed that direct energy transfer from the initial
Rydberg wavepacket to dissociation along first tier IP states is
in competition with non-adiabatic transfer to energetically
closed ion-pair channels of the second and third tier.
An oscillation regime appears within the well of these states.
It was documented by von Vangerow et al. when observing T
ions of almost zero KER being produced by photodetachment
at the outer turning point of the oscillation. This information is
contained in ROI C1’ in the present 269/807 nm experiment. In
Sections 5.2 and 5.3 we outlined the ROI C1’ reflects both the
photodetachment probe that is under discussion here and the
access to the molecular Rydberg state I*((*P,)6s°[1]3/), which is
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associated with a monotonic increase of the corresponding
probe signal. The important aspect of ROI C1’ in the perspec-
tive of the present discussion is therefore the structured part
of its dependence with the pump/probe time delay in Fig. 6.
As expected, this intensity variation is fully comparable to that
reported in Fig. 5 of ref. 4: a first maximum at a 4-6 ps pump/
probe delay is followed by a single, severely damped revival near
9-13 ps. The damping time of the oscillation cannot be
determined accurately with a single clear revival. Nevertheless,
a value of ~8 ps was proposed in ref. 4 and assigned to the
lifetime of the wavepacket within second tier IP states. This
interpretation applies to the present work also, bringing the
picture that a fraction of the wavepacket transfers to second tier
IP states, where it makes a single round-trip. Since first and
second tier IP curves do not cross, no direct transfer of the
wavepacket is possible between IP states. Mediation by inter-
mediate Rydberg states is necessary.

266/334 nm experiment. Similar exploration of energetically
closed channels by a fraction of the initial wavepacket is
certainly at play in the 266/334 nm experiment also. Detection
of 1" ions with a KER close to zero is actually observed in the
middle panel of Fig. 9. It appears in two ways: as a short
transient near 1 ps; as a monotonic increase to a plateau after
4 ps. These signals constitute actually the low energy part of
bands whose central energy vary as a function of the pump
probe time delay. They will be discussed later.

5.7 Direct probing of wavepacket motion along ion-pair curves

When the wavepacket is moving along IP potential energy
curves, we have seen that the probe acts by photodetachment
from the I" moiety. With the nomenclature of Section 5.3, this
corresponds to observation of I' ions with ROIs C1’ when the
photodetachment acts as an outer turning point of oscillations
within second tier IP states, and ROI C3’ when it acts along first
tier IP curves. The present section does not limit the discussion
to these very special situations.

The photodetachment probe projects the wavepacket on
potential energy curves which have a very different shape from
those where the wavepacket was moving before the probe. In
other words, the probe pulse deviates the wavepacket from IP
potential curves to ionic curves of very different shape. When
the wavepacket has reached large I-I separations, the I'-I
potential onto which the wavepacket is projected is essentially
flat. The I" KER in fs-TKERS spectra is therefore equal to the
intramolecular kinetic energy in the ion-pair states at the
moment of photodetachment. The latter varies as a function
of the pump-probe time delay. We thus expect bands in fs-
TKERS whose central energy moves as the pump/probe delay
varies. The same phenomenon may appear when the wave-
packet is probed at smaller I-T separations when the I'-I
potential is not flat. Quantitative interpretation is simply a bit
more difficult and necessitates going through MD simulations
as reported below. Moving bands as those just anticipated
are observed in Fig. 5 (269/807 nm experiment) and Fig. 9
(266/334 nm experiment). A similar moving band has also been
reported in ref. 4.

This journal is © the Owner Societies 2024

View Article Online

PCCP

5.8 Information carried by MD calculations

To account for the moving bands just mentionned in the KER
spectra of Fig. 5 and 9, MD simulations were run separately on
each IP potential energy curves of the first, second and third
tier. Calculation started at T = 0 with initial conditions repre-
senting the wavepacket launched in the Franck-Condon region
of excitation. The initial potential energy along an IP curve is
set equal to the energy provided by the two-pump-photon
excitation. In practice, the I-I distance at t = 0 is adjusted so
that the calculation is started with no initial kinetic energy
along the potential energy curve. MD calculations are stopped
at time delay 7. This mimics a photodetachment probe where
neither the interatomic distance, nor the intramolecular kinetic
energy are changed. Depending on the I-I distance where the
probe process occurs, one, two or three probe photons are
necessary. The excess energy of the probe photon(s) goes into
the photoelectron kinetic energy, not in the I' KER which stays
therefore the same, whatever the number of probe photons.
When the probe acts near the equilibrium distance of the
molecular ion, the photodetachment may produce I," + e™.
Otherwise it produces I' + I + e. In the latter case, the energy
balance between intramolecular kinetic energy and potential
energy of the newly formed I'-I pair is equal to the KER of the I
ion after dissociation of the I'-1 pair. This simulates a KER
spectrum as a function of 7, which can be compared to experi-
ment. To mimic the finite time of the probe pulse, Gaussian
broadening of 60 fs width is included in the calculation. For the
energy resolution, a Gaussian broadening of the pump energy
is modelled by the calculation of 51 trajectories sampled within
+20 (fwhm of 50 meV) around the mean energy. The transpar-
ency of the corresponding trajectories is weighted by the
relative intensity associated.

These MD calculations implicitly assume that the IP curves
are neither coupled together, nor coupled to the molecular
Rydberg curves they cross. Moreover, the calculations assume
that the IP curves are accessed with no time delay after the
pump pulse. All channels are calculated with the same popula-
tion. Although these assumptions, especially the latter one, are
apparently drastic, the discussion below outlines the simula-
tions are helpful to clarify the access dynamics to second and
third tier IP curves.

Simulation of the 269/807 nm experiment is shown in
Fig. 12. A first striking correspondence is found between the
predicted electron energies at time 7 = 0 ps and the experiment
reported in Fig. 7. Narrow bands near 0.7, 0.9 1.05 and 1.3 eV
are observed in Fig. 7 during a short time after t = 0 ps. They
find a correspondence near T = 0 ps in Fig. 12. The band near
0.7 eV is especially intense. It is documented with label Dec1 in
Fig. 8 and Table 1. In the calculation, it corresponds to single
photon photodetachment forming I," + e~ from a second tier IP
curve. Its observation in the experiment is an indication that
this state was populated directly by the pump laser, presumably
because the Franck-Condon region of excitation overlaped
coupling zones between this second tier IP state and Rydberg
states that carry the oscillator strength for ionisation.
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Fig. 12 Simulation of the 269/807 nm experiment — MD predictions of
I* KERs (top panels) and photoelectron energies (bottom panels) as a
function of the pump-probe time delay. Predictions up to 30 ps and a
zoom on the first 2.5 ps are shown in the left and right panels, respectively.
The red and green colours indicate whether two or three probe photons
respectively are needed to achieve photodetachment. Calculation on first
tier potential curves leads to the curves with monotonic evolution, those
on second and third tier are periodic, that on third tier having the shorter
period. Blue spots in the photoelectron simulation are associated with
single probe photon photodetachment forming I,™ + e~ from IP curves in
the Franck Condon region of excitation. Note that blue spots near 1.3 eV
make recurrences of ~2.1 ps period. They correspond to photodetach-
ment at the inner turning point of oscillations within the well of third tier IP
curves.

A second striking correspondence is found between the
second tier MD prediction and the experiment when observing
the moving I' band that is clearly visible in the bottom panel
of Fig. 5 compared to the top right panel of Fig. 12. This
correspondence concerns both the energy location and the
t-dependence. The centre energy of the band decays indeed
from ~0.4 eV to almost 0 eV when the pump-probe time delay
varies between 0.5 ps and 2 ps. The agreement on the z-
dependence is particularly striking. This suggests that the
wavepacket motion, which is probed on second tier IP curves,
is actually accessed with no time delay after the pump pulse.
This observation is qualitatively different from the comparison
between the first tier MD prediction (monotonically decreasing
curve in Fig. 12, top left panel) and the corresponding moving
band in Fig. 5. The latter is barely visible in the top panel of
Fig. 5 between 0.3 eV at 5 ps and 0.13 eV above 15 ps. The very
unfavourable experimental signal/noise ratio is partly due to
the diffuse character of the band, likely because first tier IP
curves are not accessed directly from the pump laser excitation.
We already know that an initial dynamics is at play to access
these curves, resulting in a temporal broadening (see Section
5.4). Apparently, this is not the case for the access to second tier
IP curves, suggesting that the initial wavepacket is partly built
on second tier IP curves. We came to this conclusion already
in the paragraph above. It is consistent with Fig. 1, given
uncertainties on the exact location of coupling regions between
molecular Rydberg and second tier IP curves in the Franck-
Condon region of excitation.

Simulation of the 266/334 nm experiment is reported in
Fig. 13. The energy location and t-dependence of the curves
associated with motion in the second and third tier match the
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moving bands, which are clearly observed experimentally in the
middle panel of Fig. 9 for isotropically distributed I" and in
Fig. 11 for non-isotropically distributed ions. The moving band
associated with motion within third tier states looks like a
parabola with minimum near 0.9 ps. The central energy of that
associated with second tier motion decays from 0.2 eV near
1.1 ps down to almost 0 eV above 3.5 ps. The interpretation
done above for the 269/807 nm experiment is used again.
Accordingly, the quantitative agreement that has just been
mentioned between experiment and MD-predictions for
motion within second and third tier IP states indicates that
these states are accessed with no temporal delay after the pump
pulse. Hence, the initial wavepacket of the 266/334 nm experi-
ment likely includes states of the second and third tier. No state
of the third tier appeared above in the 269/807 nm experiment.
This difference between the 266/334 nm and the 269/807 nm
experiment is not surprising given the Franck-Condon regions
of excitation shown in Fig. 1. Only that of the 266/334 nm
experiment overlaps a third tier IP curve.

Upon close look at Fig. 9 (isotropically distributed I")
and especially at Fig. 11 (non-isotropically distributed I'), the
moving band associated with motion within third tier IP states
appears three times successively with maxima near 0.5, 1.3 and
2.2 ps. This reveals an oscillation regime within the well of
third tier states as predicted by MD simulations in Fig. 13. The
third oscillation is close to the noise, indicating efficient
damping of the oscillation regime. Broadening of the wave-
packet and leak of the wavepacket to other potential energy
curves are likely at play. Both are consistent with the existence
of energetically accessible coupling area between molecular
Rydberg and IP curves, making them anharmonic.

It is interesting to observe that the moving bands associated
with motion in the second and third tier in Fig. 9 and 11
originate from recurrences of over-intensity in the I' cation
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Fig. 13 Same caption as Fig. 12 for the 266/334 nm experiment except
the probe acts with one (blue) or two (red) photons.
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signal at KER =~ 0.2 eV. The latter are interpreted in Section 5.4
as vibrational recurrences within the well of Rydberg states
excited by the pump laser. This observation is consistent with a
point that appeared several times above: the initial wavepacket
is split over states of different dominant electronic configura-
tions, either Rydberg or IP. It further evolves along these state
where it looses coherence.

6 Conclusion

Real-time dynamics of vibrationally and electronically excited I,
molecules has been investigated experimentally using the
pump-probe technique in a setup that associates femtosecond
lasers, a molecular beam and a Velocity Map Imaging (VMI)
spectrometer. The pump laser excites I, in a two photon process
from ground state to a region where molecular Rydberg states
are coupled with I'T” ion-pair (IP) states. The probe laser acts
either by photodetachment from I" or by photoionization of
molecular Rydberg states. The VMI allows detection of the
energy spectrum and angular distribution of photoelectrons,
I" cations and I~ anions in independent experiments (no
coincidence) as a function of the pump-probe time delay.
Femtosecond-time resolved photo electron spectroscopy (fs-
TRPES) is performed with the VMI tuned to photoelectron
detection, and femtosecond-time resolved kinetic energy
release spectroscopy (fs-TRKERS) when the VMI is tuned to I
orI" ions.

Two pump/probe schemes, 269/807 nm and 266/334 nm
have been used. The Franck-Condon region of excitation of the
269/807 nm experiment overlaps a limited number of Rydberg
states of gerade symmetry (4 states of Rydberg series converging
to the le'[%g and le'I%g states of the I,” molecular ion). That of

the other experiment overlaps many molecular Rydberg states
converging to le'I;g. In both experiments, the Franck-Condon
2

region of excitation is crossed by ion-pair states of the second
tier (269/807 nm experiment) and of the second and third tiers
(266/334 nm experiment). The corresponding IP curves are
therefore coupled to the molecular Rydberg states present in
the Franck-Condon region of excitation and borrow their
oscillator strength. The initial wavepacket is therefore built as
coherent superposition of both on molecular Rydberg and IP
states.

The present work reveals a complex dynamics where the
initial wavepacket splits and moves within several ion-pair and
molecular Rydberg states. The final step of the wavepacket
evolution is dissociation as a first tier ion-pair I' + I (the two
ions are in their ground electronic state) or as a neutral pair
I + I** where I** is an atomic Rydberg state. The information
stems essentially from considerations on KERs of I' and I~
(fs-TRKERS). Probing the wavepacket motion along IP curves
was of special interest because it leads to the observation of
KER bands whose central energy changes as a function of the
pump-probe time delay. Importantly, the position of these
bands and their time-delay dependence could be reproduced
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quantitatively by molecular dynamics calculations. This appeared
as clear evidence that the initial wavepacket has a double Rydberg
and ion-pair character.

The photoelectron spectra (fs-TRPES) have not been used in
the present work as readily as we might have imagined. In non-
coincidence experiments, processes that are well identified by
specific features in KER spectra of ions are mixed together in
photoelectron spectra. This was not a real difficulty here for
documenting exit channels where an atomic Rydberg state is
formed. These channels were readily identified by the photo-
electron energy. Given a diatomic molecule was considered, a
single vibrational degree of freedom was present and unravel-
ling photoelectron spectra was easy. In complex situations
where several vibrational degrees of freedom are at play, a full
experimental understanding of the dynamics would largely
benefit from a double coincidence approach where the energy
and angular distribution of the photoelectrons is correlated
with the same information on cations.
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