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Abstract: We report the results of a time-resolved coincident ion momentum imaging experiment probing
nuclear wave packet dynamics in the strong-field ionization and dissociation of iodomethane (CH;l), a
prototypical polyatomic system for photochemistry and ultrafast laser science. By measuring yields, kinetic
energies, and angular distributions of CH;" + I* and CH;* + I** ion pairs as a function of the delay between
two 25-fs, 790-nm pump and probe pulses, we map both, bound and dissociating nuclear wave packets in
intermediate cationic states, thereby tracking different ionization and dissociation pathways. In both
channels, we find oscillatory features with a 130-fs periodicity resulting from vibrational motion (C-I
symmetric stretch mode) in the first electronically excited state of CH;I*. This vibrational wave packet
dephases within 1 ps, in good agreement with a simple wave packet propagation model. Our results indicate
that the first excited cationic state plays a key role in the dissociative ionization of CH;l and that it represents
an important intermediate in the sequential double and multiple ionization at moderate intensities.

Keywords: strong-field ionization, ultrafast lasers, coincident ion momentum imaging, Coulomb
explosion, molecular dissociation

1. Introduction

Advances in ultrafast laser technology and particle detection techniques have significantly
deepened our understanding of light-matter interactions and the ensuing dynamics on a molecular
level, facilitating insights into light-induced physical, chemical, and biological processes. Fueled
by the pioneering work of Nobel Laureate Ahmed Zewail, pump-probe spectroscopy with ultrafast
lasers has opened up the field of femtochemistry.! In such measurements, the pump pulse initiates
a reaction of interest by launching a molecular wave packet on certain neutral or ionic states, which
is then probed by a synchronized probe pulse arriving after a variable time delay. Each delay
between the pump and probe pulses results in a snapshot of the time-evolving process(es) at that
moment in time. This enables time-resolved studies of molecular processes driven by ultrafast
laser fields, including electronic, vibrational and rotational excitations, ionization, dissociation,
Coulomb explosion, and bond rearrangement.? 3 Depending on the specific molecular target, the
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wavelength, and the intensity of the laser pulse, molecules can be ionized by strong laser fields
through different competing mechanisms. In the near-infrared (NIR) region, the dominant
mechanisms typically evolve, with increasing intensity, from multiphoton, tunneling, and over-
the-barrier ionization, which leave the molecule in a variety of bound or repulsive singly-charged
final states, to double and multiple ionization. The latter two processes often result in the molecule
breaking into several charged fragments in a process termed “Coulomb explosion” (CE). If
multiple ionization and the ensuing breakup occur faster than the characteristic time scale of the
nuclear motion, the resulting fragment momenta carry information about the molecular geometry
at the moment of ionization.*® This experimental approach, known as Coulomb explosion imaging
(CEI), was originally developed for collisions of fast molecular beams with thin foils,” and later
proved to be an efficient probe scheme for time-resolved experiments with ultrafast lasers.!%-13

In this work, we apply the CEI technique to study strong-field induced ionization and dissociation
of iodomethane (CHj;l). Being a relatively simple and well-characterized polyatomic molecule,
CHasl has served as a prototype system for investigations of photoinduced molecular dynamics for
more than three decades'# 1932 and at wavelengths ranging from the infrared 33-4¢ to the hard X-ray
domain.#’- 4 For example, CH;I was recently used to demonstrate novel schemes to control
photodissociation reactions through light-induced conical intersections,?” 40 to address multi-
electron effects via two-electron angular streaking,*® and to study charge transfer processes
following X-ray absorption in laser-dissociated molecules.?? 431 These and other applications
require a detailed quantitative understanding of the single and multiple ionization and dissociation
of CHjl in strong laser fields. While the ultraviolet dissociation of neutral CH3I has been
extensively studied in various pump-probe experiments,'4 19 21-23, 25, 26,29-32, 5254 jtg jonization and
dissociation dynamics at near-infrared (NIR) wavelengths has been mainly characterized in single-
pulse measurements.33-363841.46 These studies are complemented by recent pump-probe
experiments, which utilized extreme-ultraviolet transient absorption to map vibrational motion*?
and dissociative ionization** of CH;l triggered by intense ultrashort NIR fields. In addition,
measurements aimed at characterizing the alignment- and orientation-dependence of the ionization
and fragmentation process by employing impulsive alignment***> and phase-controlled two-color
laser fields?® have been performed. However, despite these efforts, the current understanding of
fundamental issues such as the role of different molecular orbitals, branching ratios of different
fragmentation channels, the dependence of ionization and dissociation probability on molecular
orientation, and ionization enhancement at certain internuclear separations is far from being
complete.

In this work, a combination of a NIR pump-probe arrangement (employing two 25-fs, linearly
polarized, 790-nm pulses) and Cold Target Recoil lon Momentum Spectroscopy (COLTRIMS)3*
37 is used to map the spatio-temporal evolution of bound and dissociating nuclear wave packets
created by strong-field ionization of CHj3l. This is realized by measuring the yields, kinetic
energies, and angular distributions of ion pairs resulting from the CH;" + I" and CH;" + ' two-
body breakup channels, as a function of pump-probe delay. Coincident detection of both ionic
fragments allows for unambiguous identification of the reaction final charge state after the probe
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pulse and, thus, considerably simplifies disentangling different ionization and fragmentation
pathways. While for delay-independent channels, our results closely resemble the kinetic energy
release (KER) distributions obtained in earlier single-pulse measurements,?¢384! we observe a
pronounced oscillatory structure at lower KER values in both channels, which, to the best of our
knowledge, was not previously discussed in the literature. Based on the oscillation frequency, we
interpret this feature as a signature of coherent vibrational motion in the excited A%4; state of
CH;I". Within 1 ps, we observe a dephasing of this vibrational wave packet, in good agreement
with the results of a simple wave packet propagation simulation. Furthermore, we visualize the
dominant dissociative ionization pathways for fragments emitted parallel and perpendicular to the
laser polarization direction, show that they have distinctly different asymptotic dissociation
energies, and discuss the relation between these findings and the results of earlier single-pulse
measurements on aligned and randomly oriented molecules.

2. Experimental Methodology \
The concept of the present experiment is “\f\
. . . .. "t |
illustrated in Fig. 1. The pump pulse ionizes \nn\ \ CHY + I**
. ¥ :
a neutral CH;I molecule, predominantly o ::‘: \CH} Tt
populating either bound or repulsive
. . . . . 16 AA
cationic and dicationic states. The probe » \ probe
o SN
pulse further ionizes the system, which ; D;\j B(E)
fragments along one of the higher-lying 9147 i \\~h‘\“: / CHy+1"(*Po1)
. - Tl CHI+I(P.p)
repulsive potential energy curves (PEC). g \“L‘“ Acay CH3+1+(3P;)
Since more than one final-state PEC can H 12+ 3 et
AAAA CHz+I1(°P3p)
yield a particular charge state pair, precise L X(2Eyp)
reconstruction of the nuclear wave packet in 10T
the intermediate state would require i ,
. . . . . ff pump CH3+I(ZP3I2)
detailed modeling of the ionization by the MM XA
probe pulse and the corresponding ol
deconvolution of the experimental data. & 5 g 7 B
Rc.; (au)

Nevertheless, even though both dicationic

and tricationic potential curves were shown Fig. 1: Schematics of the pump-probe experiment and relevant
potential energy curves (PEC) of CH;lI along the C-I bond. The

to deviate from purely Coulombic ones,*¢ -
bound states (the neutral ground state, the cationic ground

the KER for these final states measured as ) ) -
state, and first excited states) are simulated by using a Morse

function of pump-probe delay still carries ) . .
pump-p y potential with parameters based on spectroscopic data.*?->8-60

information about the C-I separation (Rc.),

] ) ) The repulsive cationic PECs are calculated using the
in particular, at large Rc;. In this work, we

= ' MOLCAS quantum chemistry package,®' while the dicationic
focus on the qualitative analysis of the  and tricationic PEC are sketches shown to illustrate the probe
doubly and triply charged final states  step.

resulting in a two-body break-up. Those
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events that, after the probe pulse, result in a bound dication or that end up in bound or dissociating
singly-charged states will be subject of a separate publication.5?

The experimental setup for NIR pump-probe
2;”{-5’“‘: 790 nm, Supersonic experiments  using  coincident  ion
s, 2 ml, 10kHz p . . ) . .

Jet momentum imaging is sketched in Fig. 2.
Y The linearly polarized output of a
Focusing Ti:Sapphire chirped-pulse amplification
pa laser system known as PULSAR®
(repetition rate 10 kHz, central wavelength
790 nm, pulse duration 25 fs (full width at
half maximum in intensity), maximum pulse
energy 2 ml) is fed into a Mach-Zehnder
type interferometer with one arm variable in
length, providing two identical NIR pulses
separated by an adjustable time delay. For
the measurements reported here, the delay
was varied between -0.5 and 9.5 ps. After
recombining, both pulses are focused by an on-axis spherical concave mirror with 7.5 cm focal
length onto a supersonic molecular beam in the center of a Cold Target Recoil lon Momentum
Spectrometer (COLTRIMS).%

Delay Stage

COLTRIMS L

Fig. 2: Sketch of the setup of the time-resolved
coincident momentum imaging experiment.

To minimize clustering during the beam expansion, we used a pure iodomethane sample without
a carrier gas. The temperature of the molecular beam is estimated to be 30 K by fitting the velocity
distribution of CH;I" parent ion with a Maxwell probability distribution. All the results presented
here are obtained with the polarization of both laser pulses parallel to the spectrometer axis and
perpendicular to the molecular beam. The peak laser intensity is determined from a calibration
measurement of the Ne*™ ion momentum distribution, which displays a characteristic kink at the
recoil momentum value corresponding to emission of photoelectrons with 2U, kinetic energy
(where the ponderomotive energy U, is the average quiver energy of the free electron in the laser
field), which represents the transition from direct to rescattered electrons, as detailed in®.

The COLTRIMS spectrometer has been described in more detail elsewhere.®* Briefly, the
molecular ions and ionic fragments produced by the interaction of the intense NIR pulses with the
molecules in the gas target are accelerated towards a microchannel plate (MCP) detector equipped
with a time and position resolving delay-line anode by applying a uniform extraction field of 48.5
V/cm. The analog MCP and delay line signals containing the time-of-flight and position
information of the detected ions are amplified, processed by constant fraction discriminators
(CFD), and recorded by a multi-hit time-to-digital converter (TDC) on an event-by-event basis for
further offline analysis. From this recorded information, the full three-dimensional momentum of
each detected ion is calculated (see>® 37 for details).
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3.1. Identification of CH;I fragmentation channels

At the peak intensities used in
this study (1.5 x 10'* — 4 x
10'* W/ecm?), CH;l is singly
or multiply ionized and can
break into several neutral and
ionic fragments. Only the
ionic products are recorded in
our experiment. Fig. 3
displays the ion time-of-
flight (TOF) spectrum (a) and
the photoion-photoion
coincidence (PIPICO)
spectrum (b) obtained from
the NIR strong-field
ionization of CH3I by a pair
of 4 x 10'* W/cm? pulses in a
pump-probe
(integrated over all delays
ranging from -0.5 to 9.5 ps).
Since the sum momentum of
the absorbed photons and
emitted electron is much
smaller than the momenta of
the nuclei, sharp lines in the
PIPICO spectrum represent

measurement

coincident ion pairs that
satisfy momentum
conservation and, thus,

originate from laser-induced
two-body breakup of the
parent molecule. Two of such
two-body channels, CH;" + I*
and CH5" + I'*, can be clearly
identified, as shown in the
inset of Fig. 3. The long “tail”
that extends from the former
channel [marked “1” in Fig.
3(b)] all the way to the main
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Fig. 3: (a) Ion time-of-flight (TOF) spectrum and (b) photoion-photoion
coincidence (PIPICO) plot for strong-field ionization and fragmentation
of CHsl by a pair of identical 4 X 10'* W/cm? NIR pulses. The data are
integrated over a delay range from -0.5 to 9.5 ps. Dashed vertical lines
in (a) show the TOF values for the corresponding ionic species with
zero momentum along the spectrometer axis. The labels 1 and 2 indicate
the two main channels of interest, CHs" + I* (1,1) and CH3" + I'** (1,2).
The insets show the zoomed-in regions around these channels. The
weaker PIPICO features that are parallel to these lines correspond to the
breakup channels where the methyl group has lost one or several protons
or hydrogen atoms. Broad vertical structures result from “false”
coincidences, i.e., ion pairs originating from two different target
molecules.
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diagonal originates from the dissociation in flight of a metastable CH;I** dication (see Ref.%).
Note that no sharp lines in the PIPICO spectrum are observed in the region containing H*, H,",
and H;" ions. This indicates that, under our experimental conditions, deprotonation or H,™ / H3"
elimination reactions following double or multiple ionization of CH3l predominantly result in
molecular breakup into three or more fragments.

When discussing the outcome of the pump-probe experiment in the following, we will mainly
focus on the two-body breakup channels highlighted in Fig. 3(b). Following the convention used
in3% 36, 41 " we will sometimes refer to CH;* + I and CH3" + I'* channels as (1,1) and (1,2),
respectively. In order to investigate the pathways leading to these final states and to elucidate the
underlying nuclear wave packet dynamics, we analyze the delay dependence of the corresponding
ion kinetic energies and angular distributions. For this analysis, we consider only those ion pairs,
which fulfil the momentum conservation condition for all three momentum components.

3.2. Pump-probe delay dependence of the CH;* + I* channel

Fig. 4(a) shows the dependence of the KER distribution for the CH;* + I* channel on the time delay
between two 1.5 X 104 W/cm? NIR pump and probe pulses. Three characteristic features can be
distinguished in the spectrum. First, there are two strong, delay-independent bands between 4 and
6 eV. Second, a delay-dependent structure, marked by the superimposed dashed lines in Fig. 4(a),
is discernible, which evolves towards lower KER with increasing pump-probe delay. Third, an
oscillatory structure in the KER range between 3-4 eV is visible. In the following, we will discuss
the dominant pathways resulting in these three contributions.

7.5
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S = |
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i 100 x 7|
> o
+ -
S o
+ =
+Im i 8
(®] o 10 2.5 -50:50 fs -
0 - 100:200 fs .
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Fig. 4: (a) Delay-dependent KER distribution of the CH;* + I* breakup channel measured at a peak
intensity of pump and probe pulses of 1.5 X 10'* W/cm?. The red and white dashed lines are the results
of classical Coulomb explosion simulations, with the numbers in the lower right corner indicating the
asymptotic KER values used for these simulations (see text). (b) KER distribution of the CH3" + I*
channel for four different delay intervals. The inset shows an enlarged view of the low-KER region.
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3.2.1. Delay-independent KER bands

The two delay-independent bands, peaked at a KER of 4.5 and 5.4 eV, represent the dominant
contribution to the spectrum, as can be seen in Fig. 4(b), where the KER distributions for four
narrow pump-probe delay intervals are shown. They mainly originate from a Coulomb explosion
that occurs within either the pump or the probe pulse alone. Therefore, these features do not show
any dependence on the delay between the two pulses, apart from the region close to zero delay,
where the ionization rate is strongly structured due to constructive or destructive interference
between pump and probe pulses when they overlap in time. The apparent minimum right around
zero delay is due to a sudden, large increase in the dead time of the data acquisition system when
the count rate surpasses a critical value due to the strong ionization at the maximum of the
constructive interference between pump and probe pulses. The KER distribution for this overlap
region [green curve in Fig. 4(b)] is nearly identical to the corresponding spectrum obtained with
either the pump or the probe pulse alone.

The observed KER distribution for these two bands is in good agreement with previously reported
results for strong-field induced Coulomb explosion of CH3I with 50 fs, 800-nm laser pulses at 10'3
to 10'* W/cm? .36 38 According to calculations presented by Corrales et al. 3%, the peak at 4.4-4.5
eV for the (1,1) channel corresponds to a fragmentation via the dicationic electronic ground state,
asymptotically converging to the CH3" and I*('D,) limit, while the peak at 5.2-5.4 eV includes
contributions from several higher-lying electronic states corresponding to the excited states ('S,
'D,, 3Py, 3P;) of the I ion after the fragmentation. In particular, it was noted that these KER values
are lower than the value of 6.73 eV, which is expected when considering a purely Coulombic
repulsion corresponding to the equilibrium distance of the neutral CH;1. Corrales et al. attributed
this deviation to the non-Coulombic character of the potential energy curves for the CH;1>* species
at small C-I distances, which leads to a weakly bound minimum and, thus, a smaller KER. This
picture is consistent with the detection of a significant amount of bound CH;I>" [see Fig. 3(a)],
with some of the metastable dications dissociating in flight, as reflected by the long tail of the main
coincidence line in Fig. 3(b). An earlier study by Liu et al.** provided an alternative explanation
for the lower KER values based on the concept of enhanced ionization occurring at an increased
C-I distance in the molecular cation. However, it is noteworthy that Liu et al.3* as well as a later
study of Zhang er al*' reported central KER values of about 3.7 — 4 ¢V for the CH;" + I*
fragmentation channel, which is significantly lower than the KER values reported in the more
recent studies’® 38 and those obtained for the delay-independent CE bands in the present work. The
key difference between these two groups of measurements is likely the longer pulse duration used
in the former two measurements (180 fs** and 100 fs 4! versus 50 fs36:3% and 25 fs pulses used in
this work). The longer pulse duration leaves more time for nuclear wave packets in intermediate
states to propagate to larger internuclear separations before the second ionization occurs, resulting
in lower KER. As we show in the following, our pump-probe experiment reveals a delay-
dependent structure, which appears exactly in the KER region of 3 —4 eV, suggesting that the two
explanations for the observed KER values by Liu et al. and Corrales ef al. are complimentary
rather than contradictory. A signature of this effect can be clearly seen in the KER distribution for
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100-200 fs delay window [purple curve in Fig. 4(b)], where a pronounced shoulder centered at
~3.5 eV appears. As will be detailed in the following two sections, part of the nuclear wave packet
at larger delays remains bound in the electronically excited cationic state, whereas another part
dissociates, resulting in the low-KER portion of the spectrum shown in Fig. 4.

3.2.2. Dissociative wave packets

In addition to the delay-independent bands, a delay-dependent structure marked by the dashed
lines in Fig. 4(a) is clearly visible, which evolves towards lower KER with increasing pump-probe
delay. The time-evolution of this feature is reflected in the appearance of low-KER peaks in the
KER distributions at different delays shown in Fig. 4(b). It is completely absent in the overlap
region [green curve in Fig. 4(b)], appears as a pronounced broad peak at 1.5 eV in the intermediate
delays range (orange curve), and splits into two low-energy peaks at largest delays (blue curve).
We attribute this structure to pump-probe events where the pump pulse dissociatively ionizes the
neutral molecule into a CH;* and I or a CH; and I" pair (which is often denoted as (1,0) and (0,1)
dissociation, respectively), and the probe pulse further ionizes the system such that the dissociating
wave packet is projected on a strongly repulsive, dicationic potential energy curve. The longer the
delay between the pump and the probe pulses, the larger the separation between dissociating
fragments created by the pump pulse, and, thus, the smaller the additional kinetic energy gained
when the wave packet is projected onto the dicationic potential energy curve. For a purely
Coulombic potential, this additional kinetic energy scales with 1/R, where R is the separation
between the two charges at the time of the second ionization. This relatively simple picture, which
results in characteristic descending lines observed in numerous pump-probe experiments (see
e.g.1467-69) is corroborated by classical Coulomb-explosion simulations [dashed lines in Fig. 4(a)]
assuming point-like charges located at the position of the iodine and carbon atoms. The
dissociating fragments produced by the pump pulse are assumed to travel with constant kinetic
energies during the time between the pump and the probe. These energies (and, subsequently, the
velocities of the fragments) are calculated via momentum conservation from the experimentally
observed asymptotic KER values at long pump-probe delays (~10 ps), where the contribution of
Coulomb repulsion becomes negligible. We used the KER values of 0.41 and 1.02 eV (indicated
by tick marks) for the red and white curves, respectively. The asymptotic KER values obtained in
our pump-probe experiment are consistent with the kinetic energies of the low-energy CH;* and
I" ions in our single pulse measurements and also with the kinetic energy values of 0.37 and 0.91
eV for CH;" in the (1,0) channel, and 0.07 eV for I' in the (0,1) channel reported by Liu et al.3*
The additional energy gained after the ionization by the probe pulses is assumed to be given by
the Coulomb repulsion at a given R (i.e., proportional to 1/R;) and is added to the KER of the
initial dissociation. It should be noted that the kinetic energy distributions for these dissociative
ionization channels are rather broad, such that the simulated lines corresponding to the peak values
should be considered only as an indication of the dominant trends.
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Fig. 5: Same as Fig. 4 but selecting only those events where the ion pairs are emitted parallel to laser
polarization, i.e., in a cone with an opening angle 8 with |cosé| > 0.75.

10

L to polarization
absteost) = [0, 0.25]

1 to polarization
1 (a) abstcost) = [0, 0.25] 10 1500

(b)

1000 -

+ 1" KER (eV)
Counts

+
3

500 -50:50 fs 7
100:200 fs
600:700 f5

1500:1600 fs

CH

=
=+
=+
=

0 e e e e 0
-200 0 400 800 1200 1500 c 2 4 6 8 10 12 14
Delay (fs) CH; + I' KER (eV)

Fig. 6: Same as Fig. 4 but for ion pairs emitted perpendicular to the laser polarization (|cos| < 0.25).

Additional insight can be gained when considering the angular distributions of the ionic fragments
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with respect to the polarization
direction of the laser pulses, e.g., by

plotting the delay-dependent KER °
distribution in Fig. 4 only for those < 10"
fragments emitted parallel or i— -
perpendicular to the polarization &Y
direction, as shown in Fig. 5 and 6, +:
respectively. Here, it becomes ::!:;“

apparent  that the  dominant
dissociation channels with lowest
asymptotic = KER are strongly
anisotropic with a maximum along
the polarization direction, while a
weaker band with higher KER (~2 —
2.5 eV) is only visible when selecting
ions emitted perpendicular to the
polarization direction. A more
explicit picture of angular distributions of different pathways is shown in Fig. 7, where the yield
of the CH5" + I" channel in the 1.3 — 1.6 ps delay interval is shown as a function of the cosine of
the fragment emission angle 6 with respect to the laser polarization and the KER. From this graph,
it can be clearly seen that while most of the fragmentation channels peak at cos@ = +£1 (i.e., parallel
to the laser polarization), the KER region between 2 and 3 eV manifests a more isotropic angular
distribution, with a significant contribution at cosé values close to zero (perpendicular to the

cos@

Fig. 7: Measured yield of the CH;* + I* channel, integrated over
a delay window of 1.3 to 1.6 ps, as a function of the KER and
the emission angle 0 with respect to the laser polarization.

polarization direction).

While a more detailed experimental and theoretical analysis of dissociative ionization pathways
observed in the present experiment will be presented elsewhere,®? a brief overview of the major
channels contributing to the low-energy (KER < 3 eV) part of the spectra shown in Figs. 4 — 6 is
provided in the following. The non-coincident low-energy I fragments resulting from the (0,1)
channel in our single-pulse measurements exhibit a pronounced peak centered at 0.11 eV, a smaller
peak at 0.02 — 0.04 eV, and a weaker broad shoulder centered at 0.22 eV. This structure of the
spectrum remains nearly unchanged for all intensities studied (1.5 X 10 — 4 x 10'* W/cm?). In
our pump-probe measurements, the probe-pulse ionization of the molecule dissociating via the two
lower-energy channels results in the descending bands with an asymptotic KER of ~1 eV and 0.4
eV, respectively (shown as dashed lines in Figs. 4 — 6), whereas the pathway originating from the
0.22 eV I" energy yields an asymptotic KER of 2.1 eV, which is clearly visible only for the
fragments emitted perpendicular to the laser polarization in Fig. 6(a). The CE simulation assuming
a KER value of 2.1 eV [shown as a yellow dashed line in Fig. 6(a)] matches well the delay-
dependent KER of this feature.

10
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For a particular dissociative ionization channel, the angular distribution of the resulting fragments
is mainly determined by two factors. The first one is the dependence of the ionization probability
on the initial orientation of the molecule.***>7 The second is the angular dependence of the
dissociating transition in the cation, if the ionization itself does not directly populate the
dissociative state.** 4 Furthermore, a direct link between the fragment angular distributions and
the orientation of the molecular axis relies on the validity of the axial recoil approximation.’! For
strong-field ionization of CH;l at NIR wavelengths, it was recently shown, both experimentally
and theoretically, that the non-dissociative ionization yield, which is dominated by electron
removal from the (degenerate) m-type highest occupied molecular orbital (HOMO) (which
corresponds to the population of the spin-orbit split ionic ground state, see Fig. 1), reaches its
maximum when the laser polarization is perpendicular to the molecular axis.** 43 70 The same
studies conclude that for molecules aligned parallel to the laser polarization, the ionization of the
o-type HOMO-1 orbital (leaving the ion in the excited A?A; state) provides the dominant
contribution. Since the production of singly-charged CH;* and I* fragments observed in* 4
peaked when the molecules were aligned parallel to the laser polarization, it was suggested that
the dissociative ionization of CH;I mainly proceeds via the excited A%4; cationic state (denoted

as “A state” in Fig.1). Our results for the dominant low-energy dissociation channels (KER < 2
eV) support this interpretation, which is at odds with the channel assignments made in3* 35 41,
where the observed dissociative ionization energies are explained in terms of various multiphoton
transitions from the spin-orbit split ionic ground state. The dominance of the A-state contribution
to the dissociative ionization of CHj3l is also predicted by our calculation employing a combination
of molecular ADK theory with the numerical solution of the TDSE for the nuclear wave packet
propagation in the cationic potential curves.®? Specifically, we assign the (0,1) channels producing
I* ions with ~0.11 eV and ~0.03 eV energies to single-photon transitions from the A state to the B
(%E) (CH3 + 11 (3P,) and to higher-lying CH3 + 1T (3P 1) repulsive states, respectively. All of
these transitions occur at C-I distances beyond the Franck-Condon region while the nuclear wave
packet is propagating outwards on the A-state potential, which results in rather low kinetic energies
of the corresponding fragment ions.®? They are preferentially emitted along the polarization
direction since, according to our simulation,®? the dominant contribution to these channels comes
from parallel transitions.

The dissociative ionization pathway(s) resulting in the appearance of a pronounced dissociating
band centered at a KER value of ~ 2.5 eV for the fragments emitted perpendicular to the laser
polarization in Fig. 6 require further investigation. Possible scenarios for this channel include an
initial ionization to the ionic ground state, or a perpendicular dissociating transition upon the
population of the A?A; state. The appearance of such contribution can, in fact, also be observed in

Fig. 2 of Ref.3¢, even though (0,1) and (1,0) channels are not discussed in that work.

Besides the (0,1) channel producing I" ions with a neutral CH; partner, the (1,0) transitions
resulting in the creation of CH;* fragments also contribute to the low-energy part of the spectrum.
The kinetic energy distribution of the non-coincident CH;" ions detected in our single-pulse
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Fig. 8: Same as Fig. 4 but for higher peak intensity (4 X 10'*W/cm?) of both pump and probe pulses and
for a longer delay range.

measurements is dominated by low-energy fragments (CH;™ energies below 0.05 eV). It also
manifests a broad shoulder at ~0.35 — 1 eV kinetic energies, which rapidly decreases towards
higher energies. The (1,0) dissociative ionization events from the latter region (corresponding to
the asymptotic KER of 0.39 — 1.1 eV) contribute to the descending band between the two dashed
lines in Figs. 4 and 5. According to our analysis detailed in®?, they originate from single-photon
coupling between the A and the B(’E) (CH3 * +1(*P4 /2) states, which is consistent with fact that
the angular distribution of the corresponding band peaks along the laser polarization direction. As
for the dominant low-energy peak in the (1,0) channel, it can be produced by internal conversion
between the A and X%E /2 states.> 72 Since this process occurs on a nanosecond time scale, it does
not contribute to our pump-probe data. Several net zero-photon processes involving downward
transitions to the X°E, /2 State can also contribute to this structure.®” The contribution from this

nearly zero-KER pathway can be better visualized using the data from a longer delay scan, which
are presented in Fig. 8.

Fig. 8(a) displays the delay-dependent KER distribution of the CH;" + I channel measured in a -
0.5 —9.5 ps delay window using more intense, 4 X 10'* W/cm? NIR pump and probe pulses, while
Fig. 8(b) displays the KER distributions for four different, narrow delay intervals within this range.
As can be seen from the KER distribution at large delays [magenta curve in Fig. 8(b)], the part of
the dissociating wave packet around 1 eV KER significantly broadens, reflecting the overlapping
contributions from (0,1) and (1,0) channels discussed above. The lower KER feature at this large
delay is centered close to the asymptotic value of 0.4 eV, also in good accord with the assignments
made above. However, from the delay-dependent plot in Fig. 8(a), it is clear that the lowest-energy
component of the dissociating wave packet did not yet reach its asymptotic KER values even at 10
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ps delay, suggesting a contribution from a very low-energy dissociation via the (1,0) channel. This
is highlighted by the classical CE simulation assuming a CH;"* energy of 0.03 eV (asymptotic KER
0.034 eV) shown as a magenta line in Fig. 8(a).

3.2.3. Vibrational wave packet in the cationic A state

In addition to the features with strongly delay-dependent KER discussed above, an oscillatory
structure in the KER range between 3 and 4 eV is clearly visible in Figs. 4(a) and 5(a). This
structure only appears in the direction parallel to the laser polarization [Fig. 5(a)], and the periodic
oscillations are clearly fading out over the displayed delay range.

A projection of the coincident CH3™ + I"ion yield in the KER region of 3 — 3.8 eV onto the delay
axis is shown in Fig. 9(a) and displays a pronounced oscillation with ~130-fs period. The power
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Fig. 9: (a) Delay dependence of the coincident CH3* + I* ion yield in the 3 — 3.8 eV KER range. (b)
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Fig. 10: (a) Calculated Franck-Condon vibrational state distribution. (b) Simulated probability density of
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spectrum resulting from a fast Fourier transformation (FFT) analysis of these data is presented in
Fig. 9(b). It has a prominent peak centered at ~265cm™! (within the 45 cm™ experimental
uncertainty), slightly below the vibrational frequency of the C-I stretching mode (v3) in the excited
A state of CH;3I* (294 cm!). % This suggests that the pump pulse creates a coherent superposition
of vibrationally excited states in the cationic A state, which is then probed by CEL The pronounced
angular anisotropy of this channel, which can be observed in Figs. 5 and 6, supports this
interpretation. Since the potential minimum of the A state is shifted with respect to the neutral
ground state (see Fig. 1), the created vibrational wave packet propagates towards larger C-I
separations, initiating a large-scale vibrational motion.

Fig. 10(a) shows the vibrational-state population of the cationic A state calculated for the Franck-
Condon transition from the ground state of the neutral CHsl. In the calculation, the wave functions
for both initial and final states are obtained by solving the one-dimensional, time-independent
Schrédinger equation for the PEC (along C-I bond) approximated as Morse potentials using
spectroscopic data.4>8-%0 The Franck-Condon factors determining the population of the vibrational
levels v are calculated as fc, = < Wnewrd| w4 > 73 The resulting distribution is centered at v=15,
whereas the peak in the measured vibrational frequency [Fig. 9(b)] corresponds to somewhat lower
states (v=7-9). Besides the limitations of the simple model used to estimate the vibrational
distribution, a likely reason for this deviation is the vibrational redistribution occurring during the
pump pulse, including losses via dissociation. It should be noted that the vibrational states with
v>10 lie above the lowest dissociation limit CHs + +I(*Ps5 /2)-

Fig. 10(b) displays the simulated time-dependent probability density of the vibrational wave packet
resulting from the vibrational state population shown in Fig. 10(a), which is obtained by the field-
free propagation of this wave packet on the A-state potential. The wave packet manifests a
characteristic temporal evolution observed in numerous earlier calculations (see e.g.!% 747%). The
originally rather well-localized wave packet dephases (i.e., spreads out) on the time scale of ~1ps
because of the broad distribution of vibrational states and, thus, noticeably different vibrational
frequencies. This dephasing explains the fading of the oscillatory structure observed in Figs. 4 and
5. Within the present simple model considering the propagation on a single one-dimensional
potential curve, the wave packet would revive at ~ 6 ps. The experimental analysis of the revival
structure (or lack thereof) requires further studies. However, in contrast to earlier observations for
diatomics,'% 7¢ the overall averaged signal also decreases, as can be clearly seen from Fig. 9(a).
There are a several possible reasons for this behavior. First, the reduction of the signal can be a
consequence of the dependence of the A-state ionization probability on the internuclear separation
Rc., which increases at large R, because of the decreasing energy gap between the initial and the
final state PEC. As can be seen from Fig. 10(b), the wave packet extends to large R at small
delays, which is reflected by the pronounced oscillation of the expectation value of Rc;. Second,
rotational dynamics induced by the pump pulse can influence the signal on a comparable time
scale.*” 77 Finally, the population losses due to dissociation can also be a contributing factor. Even
though the major dissociation pathways discussed in the previous section unfold on a much faster
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time scale (reflected by the descending bands in Fig. 4-6), the contribution from the slower
dissociation mechanisms also plays a role. Further studies are needed in order to quantitatively
determine how much each of the above factors contribute to the reduction of the A state signal in
our pump-probe experiment.

Interestingly, the oscillatory structure reflecting the nuclear wave packet motion in the cationic A
state is not present in the delay-dependent KER for the doubly-charged (1,1) channel obtained
using higher intensities of the pump and probe pulses [see Fig. 8(a)]. Moreover, in the projections
onto the KER axis shown in Fig. 8(b), a pronounced minimum can be observed at a KER of ~3.5
eV, i.e., corresponding to the center of the oscillatory feature in Fig. 4(a) and 5(a). We interpret
this as a signature of efficient dissociation of the A state within the pump pulse at higher intensity.
The A state dissociates efficiently with one NIR photon at large Rc.; In a more intense pulse, the
effective time window, where the laser intensity is high enough to dissociate the molecule, can
significantly exceed the 25 fs (FWHM) duration of our laser pulses. In good agreement with this
hypothesis, we observe a similar disappearance of the signatures of A state vibrations in the
dissociative ionization with increased pump-pulse intensity.%>

The signatures of A-state vibrations observed in the (1,1) channel in Figs. 4, 5, and 9 indicate that
at the intensity of 1.5 x 1014 W/cm?2, (i) the A-state population constitutes a non-negligible fraction
of the bound cations (i.e., the ionization from the HOMO-1 orbital plays an important role), and
(ii) that sequential double ionization proceeding via the cationic A state can contribute significantly
to the dissociative double ionization. The formation of the excited-state cations is important for
the discussion of different KER values reported for this channel in earlier studies, which was
briefly addressed at the end of section 3.2.1. For longer pulses used in** 4! (180 and 100 fs,
respectively), the nuclear wave packet created in the A state has enough time to propagate towards
larger internuclear separations, resulting in KER values of 3.7 — 4 eV, which fall within the A-state
band observed in the present work. In contrast, for shorter (50 fs) pulses as used, e.g., in3% 38 the
dynamics in the intermediate A state do not play a role.

The KER value expected for a vertical (instantaneous) CE of the molecule at the equilibrium
distance of the A state is 5.9 eV. However, because of the population of higher vibrational states,
the expectation value for R of the vibrational wave packet for large delays settles at a larger R¢;
value, which corresponds to a KER of 4.77 eV within the CE model. Nevertheless, even this KER
value is significantly higher than the KER at which the oscillatory structure is observed. This can
be readily explained by the deviation of the final-state PEC from Coulombic ones discussed in3¢
and by the larger A-state ionization probability at large internuclear distances. The dominant
contribution from the delay-independent bands above 4 eV, which is produced by either the pump
or the probe pulse alone, prevents more detailed analysis of this issue (1,1) channel.
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3.3. Pump-probe delay dependence of the CH;* + I** channel

Although triple ionization is significantly weaker than double ionization at the laser intensities
considered here, our data still contains a significant amount of triple ionization events that can be
analyzed in order to verify our findings using a different final charge state reached in the probe
step, namely the CH;™ + I'* channel. Fig. 11(a) shows the delay dependence of the KER
distribution for this channel obtained in the same measurement as the results shown in Fig. 4-7,
i.e., for the pump and probe intensity of 1.5 X 10'* W/cm?. A pronounced oscillatory structure
appears in the KER range between 6 and 10 eV. Fig. 12 shows the projection of the coincident ion

L (b) —F—  -25:25fs
[ 650:700 fs
150 1550:1600 fs |
€ 100 - m il g
Q ! |
U |-
50 - 1 S =
; e 0 ‘|..:"F;|.‘..
-200 0 400 800 1200 1600 0 10 15 20
Delay (fs) CH: + I KER (eV)
Fig. 11: Same as Fig. 4 but for the CH;" + [** channel.
200 N L J
(e H =
—~ 100 (b) ]
o C |
ﬁ o
—~ = i = 6.6-8.6eV
i - ]
< 150 E 75]
+.on ] L
Z :
- a5 .
c @ L
3 100° 3 I
o <) i
Q& 25—
=
[T
n L
7o) S — {0 /
250 500 750 1000 1250 1500 0 250 500 750 1000
Delay (fs) Frequency (cm™)

Fig. 12: Same as Fig. 8 but for the CH;* + I** channel.
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yield in that KER range on the delay axis and the corresponding FFT power spectrum, which has
a pronounced peak slightly above 250 cm™!, Similar to the frequency that has been discussed above
for the CH;" + I channel, this also indicates that the pump pulse is preparing a wave packet on the
A state of CH5I™. However, in the probe step, the temporal evolution of this wave packet is mapped
by a transition to the higher-lying CH;* + I'* PEC. The advantage of this probe scheme can be
clearly seen in Fig. 11(a): since triple ionization by a single pulse is rather small at this intensity,
the pump-probe signal reflecting the vibrational wave-packet motion in the cationic A state yields
the dominant contribution to the spectrum. Therefore, the dephasing of the wave packet becomes
even more visible, and one can identify the upper limit for the KER stripes reflecting the
vibrational motion, which is hidden by the delay-independent bands in Fig. 4-6. As can be seen in
Fig. 12(a), besides dephasing, the overall signal resulting from the A state wave packet decreases
with increasing delays, similar to the CH3" +I* (1,1) channel in Fig. 8(a). Since both channels
reflect the motion of the same vibrational wave packet, the most likely reasons for this decrease
are the same as those discussed in the previous section for the (1,1) channel.

The data presented in Fig. 11 along with the results of the simulation shown in Fig. 10(b) provide
an intuitive, quantitative illustration how the CEI technique maps the structure of a particular
nuclear wave packet into the delay-dependent KER. The wave packet in Fig. 10(b) is confined
between 4 a.u. and ~9 a.u. Assuming that the ionization to the triply charged final state is
instantaneous and that this state is purely Coulombic, we would expect the resulting KER to range
from 13.6 €V to 6 eV. However, as it was shown in3¢, CH;I breakup upon triple ionization close
to the equilibrium distance of the neutral molecule (which essentially coincides with the 4 a.u.
innermost boundary of the cationic A state wave packet) results in a KER peaking slightly above
10 eV because of the non-Coulombic nature of the tricationic PEC. This matches well with the
KER measured in our experiment in the region where the pump and the probe pulses overlap [green
curve in Fig. 11(b)] and where the dynamics in the intermediate state do not play an important
role. The oscillatory structure reflecting vibrational motion in the cationic 4 state extends from 10
eV down to ~6 eV. A good agreement between the latter value and the KER expected for the
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outermost region of the A state wave packet within the simple CE model reflects the fact that at
large C-I distances, the tricationic PEC becomes nearly Coulombic, as shown by the calculation
presented in3°.

Here too, the oscillatory structure is not present in the results obtained using more intense pump
and probe pulses [Fig. 13(a)], confirming that the cationic A state is unlikely to survive during the
pump pulse at 4 X 10'* W/cm? without undergoing dissociation. In comparison with the low-
intensity data of Fig. 11(a), the spectrum in Fig. 13(a) shows a stronger delay-independent band
centered around 10.8 eV, resembling the peak observed for zero-delay region in Fig. 11, and
matching closely the KER value of 10.2 eV reported for the same channel by Corrales et al.>¢ The
higher-intensity data also shows a stronger contribution from dissociating wave packets in singly
and doubly charged states produced by the pump pulse and promoted to the CH;" + ' final state
by the probe pulse. At long delays, the low-energy bands due to dissociation in the singly charged
states approach the same asymptotic values as the descending bands in Fig. 4-6. The feature
resulting from dissociative double ionization [simulated by the red lines in Fig. 13(a)] reaches
much higher asymptotic values corresponding to the KER of the CH;"+ I channel.

4. Conclusions

In this work, the ionization, dissociation and Coulomb explosion of CH3I molecules induced by
intense, 790-nm, 25-fs laser pulses is investigated by means of time-resolved coincident ion
momentum imaging. By analyzing the kinetic energies and angular distributions of coincident ion
pairs resulting from two-body breakup of doubly and triply charged CHsl states as a function of
pump-probe delay, we map the nuclear wave packet motion in several dissociation channels as
well as in the bound cationic A state. This state is identified as an important intermediate for
dissociative ionization and sequential multiple ionization, which can, in sufficiently long laser
pulses, result in Coulomb explosion at internuclear distances that are significantly larger than the
equilibrium distance of the neutral molecule. Together with the non-Coulombic shape of the
dicationic and trication potential energy curves near the equilibrium internuclear distance, our
findings resolve the apparent contradiction between previous results for the strong-field induced
Coulomb explosion of CHj3l that are reported in the literature. An oscillatory structure resulting
from vibrational motion in the A state, observed for pump and probe intensities of 1.5 x 104
W/cm?, dephases within ~1 ps, in qualitative agreement with the prediction of a simple wave
packet propagation simulation. No signatures of such bound-state wave packet motion are
observed at higher laser intensity of 4 X 10'* W/cm?, indicating that under these conditions, the
cations in the A state are efficiently dissociated during the pump pulse.

The majority of the dissociative ionization channels studied in this work can be well understood
in terms of initial ionization to the A state and subsequent one- or two-photon transitions to one of
the higher-lying repulsive curves. However, one observed channel with an asymptotic KER of
~2.1 eV and nearly isotropic angular distribution is not consistent with this scenario. While the
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dominating mechanism populating this channel requires further investigation, it is evident from
the results presented here that a combination of different, complementary experimental approaches
significantly facilitates the reliable identification of different fragmentation pathways. The
coincident ion imaging technique employed in this work yields asymptotic dissociation energies,
reveals angular dependence of different channels, and, in a pump-probe scheme, provides
information about the internuclear separation at a given time. However, this approach is not
directly sensitive to the quantum state of a particular dissociation product, which can be
determined, e.g., by transient absorption measurements.?®- 3% 4243 Therefore, one of the important
remaining tasks for ultrafast photodissociation studies is to understand the relation between the
asymptotic fragment kinetic energies, time-resolved CEI and photoelectron spectroscopy data, and
characteristic time constants (“dissociation times”) revealed by transient absorption
measurements® or other state-sensitive probing techniques such as resonant multiphoton
ionization.”® Strong-field or single-photon-induced dissociation of CH;I, which has been
extensively studied with various experimental techniques, represents a promising test ground for
establishing such a relation.
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