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Extreme ultraviolet (XUV) transient absorption spectroscopy has emerged as a sensitive tool for mapping the real-time
structural and electronic evolution of molecules. Here, attosecond XUV transient absorption is used to track dynamics
in the A-band of methyl iodide (CH3I). Gaseous CH3I molecules are excited to the A-band by a UV pump (277 nm,
~20 fs) and probed by attosecond XUV pulses targeting iodine I(4d) core-to-valence transitions. Owing to the excellent
temporal resolution of the technique, passage through a conical intersection is mapped through spectral signatures of
nonadiabatic wave packet bifurcation observed 15 + 4 fs following UV photoexcitation. The observed XUV signatures
and time dynamics are in agreement with previous simulations [H. Wang, et al. J. Chem. Phys. 151, 124106 (2019)].
Due to the short duration of the UV pump pulse, coherent vibrational motion in the CH3I ground state along the C-I
stretch mode (538 + 7 cm™!) launched by resonant impulsive stimulated Raman scattering and dynamics in multiphoton

excited states of CH3I are also detected.

I. INTRODUCTION

Attosecond and femtosecond core-to-valence absorption
spectroscopy in the extreme ultraviolet (XUV) and x-ray
regimes is a powerful means to follow electronic and struc-
tural changes associated with chemical reactions.'™ In core-
to-valence absorption spectroscopy, transitions from element-
specific core orbitals to valence orbitals are measured. The
direct probing of the valence shell allows for excellent sen-
sitivity to the bonding configuration and electronic state of
the system. Combined with resonant pump pulses of few
to tens-of-femtosecond duration, ultrafast XUV transient ab-
sorption spectroscopy offers a clear path for observing some
of the fastest processes in photochemistry including electronic
state-switching dynamics at avoided crossings and conical
intersections.®’ Here, we apply attosecond transient absorp-
tion spectroscopy to the UV-induced dissociation of CH3l
along the C-I bond, with the express goal of mapping wave
packet dynamics through a conical intersection encountered
during molecular fragmentation.

CH3I has long been regarded as a prototype system for
polyatomic photodissociation.-1® The A-band is accessed by
I(5p) — o* excitation in the UV between 250-290 nm, com-
prising transitions to steeply repulsive electronic states that
dissociate along the C-I bond. The optically-allowed transi-
tions in the A-band consist of two weak perpendicular tran-
sitions to 2Q; and !Q, and one strong parallel transition to
3Qo.%17 As shown in the schematic in Fig. 1a, UV excitation

YElectronic mail: dneumark @berkeley.edu.
b Electronic mail: srl@berkeley.edu.

launches the majority of the excited wave packet on >Qy, ini-
tiating C-I dissociation to release spin-orbit excited I*(?Py»)
atoms. However, a conical intersection encountered along
the C-I bond length coordinate allows a portion of the wave
packet to transfer to ' Q, leading to the production of ground
state [(2Ps),) atoms. The photoproduct branching ratio result-
ing from the bifurcation of the initial 3Qy wave packet at this
conical intersection has been estimated to be L:I* = 1:3 fol-
lowing UV photoexcitation at 277 nm.'® Based on ab initio
molecular dynamics calculations, the 3Qy/!Q; conical inter-
section crossing is expected to occur on an exceedingly fast
~10-20 fs timescale, rendering direct experimental observa-
tions challenging.!6-19:20

The photodissociation of CH3I can be probed in the 40-60
eV spectral region of the XUV through iodine I(4d) core-to-
valence absorption transitions. As shown in Fig. 1a, dynamics
along the A-band excited states can be spectroscopically fol-
lowed with 4d — 5p transitions localized on iodine along the
reaction coordinate. Although CHj3I dissociation dynamics
have been the subject of previous XUV transient absorption
studies using this probing scheme,?!?? the ~100 fs tempo-
ral resolution of those experiments precluded observations of
sub-20 fs conical intersection dynamics.

In this study, ultrafast transient absorption spectroscopy is
applied to the spectroscopic mapping of conical intersection
dynamics through core-level I(4d) transitions in the XUV. The
use of a considerably shorter, ~20 fs UV pump pulse en-
ables wave packet bifurcation dynamics at the 3Q0/'Qy con-
ical intersection to be resolved in time. In the experimental
XUV spectra, passage through the conical intersection is iden-
tified via a signature of wave packet bifurcation along distinct
valence-excited 3Qq and !Q; states. The observed spectral
signatures can be interpreted in a straightforward framework



of I(4d) core-to-valence transitions and is verified by compar-
isons to simulated transient XUV spectra obtained in a pre-
vious computational study by Wang er al.2° Finally, due to
the short duration of the intense UV pump pulse, dynamics in
multiphoton states and coherent vibrations in the CH3I ground
state launched by resonant impulsive Raman scattering are ob-
served.

1. METHODS
A. Experimental methods

Liquid CH3I (99.5% purity) was obtained from Sigma-
Aldrich. The sample target consists of a 3 mm long gas flow
cell filled to ~7 Torr of gaseous CH3I at room temperature
(298 K). The experimental laser setup utilizes femtosecond
UV pump pulses and time-delayed attosecond XUV probe
pulses focused into the sample gas cell to excite and probe
dynamics in the CH31 sample. Details of the instrumentation
have been given previously.>*

The experimental setup is based on the output of a
Ti:Sapphire amplifier, providing carrier-envelope phase-stable
near-infrared (NIR) laser pulses (~780 nm, ~27 fs, 1.9 mJ,
1 kHz). The NIR pulses are spectrally broadened through
self-phase modulation in a stretched hollow-core fiber (1.5
m long, 400 um inner diameter) filled with 2.0 bar of neon
gas. The spectrally broadened pulses span the visible to NIR
wavelength range and are then compressed in time by a com-
bination of chirped mirrors, a2 mm thick ammonium dihydro-
gen phosphate crystal, and fused silica glass wedges. Follow-
ing temporal compression, near transform-limited, few-cycle
visible-NIR pulses (~550-950 nm, 3.8 fs, 0.8 mJ) are obtained
and subsequently used to drive high harmonic generation of
XUV pulses.?* The few-cycle pulses are tightly focused into
a high harmonic generation gas cell filled with flowing argon,
producing ~200 as duration isolated attosecond XUV pulses
via amplitude gating. The spectrum of the attosecond pulses
exhibits a smooth continuum structure between 40 and 70 eV
shown in Fig. lc. Residual light from the few-cycle driving
pulse is removed from the XUV beam path by a 300 nm thick
aluminum filter. The XUV pulses are then focused by a gold-
coated toroidal mirror into the sample gas cell target, measur-
ing characteristic 1(4d) absorption resonances in the photon
energy range between 44.0-60.0 eV.”?! The transmitted XUV
spectrum is subsequently detected by a home-built XUV spec-
trometer consisting of a concave grating and x-ray CCD cam-
era. The energy resolution of the spectrometer is estimated to
be ~25 meV.

Femtosecond UV pump pulses are generated by frequency
tripling in beta barium-borate (BBO) crystals. Frequency-
doubling of a portion of the Ti:Sapphire amplifier light in a
second harmonic generation BBO produces 30 fs, 400 nm
pulses. The 400 nm pulses are mixed with 9 fs, 700-950 nm
pulses isolated from the hollow-core fiber using a long-pass
filter in a 50 pm thick sum-frequency mixing BBO to produce
UV pulses (277 nm center wavelength, 6 nm full width half
maximum, 19 fs transform-limited duration) and with pulse

energies up to 9 ulJ per pulse (9 mW average power at a 1
kHz repetition rate). The use of a free-standing BBO crys-
tal for sum-frequency generation allows for the generation of
significantly shorter, higher flux UV pump pulses compared
to a previous setup.’ In addition, the UV pulses are generated
in vacuum, avoiding air dispersion during propagation of the
pulses to the sample target. Following sum-frequency gener-
ation, residual 400 nm and 700-950 nm light is removed from
the beam path using three reflective UV mirrors (R > 98%
between 250-300 nm, T > 90% between 380-1000 nm).

At the sample gas cell, the UV pump beam is focused to
a spot size of ~100 um at a crossing angle of 0.7° with re-
spect to the XUV beam. The UV beam after the sample cell
is blocked before the x-ray CCD camera by a 300 nm thick
aluminum filter. A measurement of the UV-XUV instrument
response function and the calibration of the pump-probe time
delay are obtained using an in situ cross-correlation measure-
ment in atomic xenon.”?! With this methodology, an instru-
ment response function of 24 £ 5 fs (full width at half maxi-
mum) and a O fs time delay calibration within an uncertainty
of &+ 4 fs is determined. Due to the 0.7° crossing angle be-
tween the UV and XUV beams, the measured instrument re-
sponse function is expected to be ~4 fs longer than UV pulse
duration at the sample target. The UV pulse duration is there-
fore estimated to be 20 &£ 5 fs in sifu, corresponding to a near
transform-limited pulse. In the current experiment, UV pump
energies of 8.6 uJ per pulse are used, corresponding to a ~5
x 102 W cm™ peak intensity at the sample target. As shown
in Fig. 1b, the spectrum of the UV pump pulse lies within the
absorption spectrum of CH3I but is slightly detuned from the
absorption band maximum located at ~260 nm.

Transient XUV absorption spectra are recorded as changes
in optical density AOD = —log[Ixuv+uv(E,T)/Ixuv(E)],
where Ixyviuv(E,T) is the XUV spectrum recorded at the
time delay 7 following the UV pump and I'xyy(E) is the XUV
spectrum recorded in the absence of the pump. Each XUV
spectrum is obtained from an average of 50 x-ray camera
frames captured at an integration time of 1 second per frame.
XUV spectra are collected at time delays between -60-300
fs at 4-fs intervals. To eliminate high-frequency noise, the
recorded transients are post-processed using a low-pass Gaus-
sian filter (see Supplementary Information).

B. Theoretical methods

Simulated XUV transients corresponding to CH3I dynam-
ics in the A-band are obtained from a previous theoreti-
cal study by Wang er al..?* Briefly, Tully’s fewest-switches
surface hopping (FSSH) approach? implemented within the
SHARC software package was used to compute molecular tra-
jectories starting on the 3Qq electronic state. The initial nu-
clear configurations of the trajectories are defined by a ground
state Wigner distribution at 300 K. For each trajectory, tran-
sient XUV spectra based on 4d; — Sp transitions where j =
5/2 and 3/2 were computed using the MS-CASPT2 method
and ANO-RCC-VTZP basis set. The transients are summed
in order to simulate an expected I:I* yield of 1:2 from ~277



(a)

ry

i
L

Potential Energy

CHyl (X)
C-| Distance

j=3/2

1j=5/2

JCH, + I*
{CH, + |

(b)

1 -y
" -~ -~
- s ~
E_ 0.8 ‘s If\_‘\
3%‘0_6 CH,l abs. .
'E LY
S04f UV pump
o ~20fs
(V)] 0.2 bt

0 i
250 260 270 280 290
Wavelength (nm)

(c)

1}

S0l XUV probe
£ ~200as
14+]

~0.6

=

s 04

44 ]

& 0.2

45 50 55 60 65 70
Photon Energy (eV)

FIG. 1. Experimental pump-probe concept for the A-band photodissociation of CH3I. (a) Relevant potential energy curves plotted schematically
as a function of C-I distance. 3Qq (solid blue curve) is accessed from the ground state (solid black curve) by a UV pump (blue arrow).
Wave packet bifurcation at a conical intersection (dashed circle) formed with 1Q; (solid red curve) governs the formation of atomic I and
I* photoproducts from C-I dissociation. In this work, wave packet dynamics before the conical intersection (Region 1), after the conical
intersection (Region 2) and in the dissociation limit (Region 3) are mapped through XUV transitions to a pair of molecular (4dj)'1 o* core-
excited states, correlating to atomic (4dj)'1 core-excited states at long C-I distances. Due to their antibonding character, the core-excited states
are depicted as repulsive. In the schematic, strong and weak XUV transitions to the core-excited states are indicated using solid and dashed
purple arrows, respectively. (b) UV pump pulse spectrum (shaded blue area) plotted in comparison to the previously reported absorption
spectrum of CH3I 23 (dashed black curve). (¢) XUV probe pulse spectrum.

nm excitation.'® Finally, for comparison to the experimental
results, the resulting simulation is temporally-broadened by
the experimental Gaussian instrument response.

Ill. RESULTS AND DISCUSSION

A two-dimensional colormap depicting transient XUV ab-
sorption spectra of CHsI between 44.0-54.0 eV is shown in
Fig. 2. The transient represents the time-resolved probing
of CH3I molecular states and atomic photofragments through
one-electron probing from the iodine 4d core orbital into un-
occupied valence orbitals. The 49.5-54.0 eV spectral region
of the transient is dominated by a pair of negative AOD fea-
tures corresponding to the depletion of core-to-valence 4d;
— ©o* transitions from the CH3I ground state where j = 3/2
and 5/2.721:22 Meanwhile, the 44.0-49.5 eV spectral region is
dominated by positive AOD features corresponding to avail-
able 4d; — Sp transitions from molecular excited states and
atomic photoproducts produced by the UV pump. Due to

spin-orbit splitting of the 4d; core level, 4d; — o*/5p tran-
sitions appear as a spin-orbit split pair of features in the XUV
spectrum separated by ~1.7 eV.26-27

Between 49.5-54.0 eV (Fig. 2), oscillations in the 4d; — o*
depletion features capture ground state wave packet dynamics
launched by the UV pump. In addition, weak positive AOD
features overlapping the depletion signals near O fs time de-
lay are observed. The rise and decay of these signals closely
follow the temporal profile of the experimental instrument re-
sponse (see Supplementary Information), which are assigned
to an AC Stark effect®?® of the UV pulse electric field on the
ground state resonances.

Between 44.0-49.5 eV, the evolution of molecular and
atomic iodine 4d; — 5p features captures rapid A-band disso-
ciation. C-I dissociation is evidenced through the appearance
of well-known transitions of atomic I and I*,2° which domi-
nate the transient. These transitions consist of three allowed
45.9 eV [I2P3, — 2Dsp)], 46.7 eV [I*(?Py, — 2D3p)], and
47.6 eV [I(3P3;, — 2D3»)] transitions and a forbidden 45.0
eV [I*(*P1, — 2Dsp)] transition, which lies below the de-
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FIG. 2. Experimental transient XUV spectra of CH3I plotted as a colormap. The colorscale of the transient corresponds to AOD. Between
44.5-49.5 eV, positive AOD features corresponding to molecular and atomic species produced by single or multiphoton UV pump excitation.
The locations of well-known atomic 1(45.9, 47.6 eV) and 1*(46.7 eV) transitions and a forbidden atomic 1*(45.0 eV) transition are labelled
above the transient. Between 49.5-54.0 eV, a pair of negative AOD features corresponding to 4d; — o* transitions from the CH31 ground state

are observed.

tection threshold of the experiment. The rise of the atomic
iodine signals at long time delays is indicative of C-I disso-
ciation launched by the UV pump. At early time delays, the
convergence of short-lived molecular features into the atomic
iodine lines provide a mapping of C-I dissociation dynam-
ics. Through comparisons to simulated XUV transients, the
molecular features can be assigned to excited states accessed
by single and multiphoton UV excitation.

The time-resolved probing of alkyl iodides by 4d core-to-
valence transitions have been the subject of previous XUV
transient absorption studies.”?!?>3% However, the use of 50 fs
or longer UV pump pulses in the previous studies precluded
the observation of several dynamics accessed in the current
study. In particular, the use of significantly shorter ~20 fs
UV pulses allows for the resolution of rapid CH3I conical in-
tersection dynamics during A-band dissociation as well as the
launching of a coherent vibrational wave packet in the molec-
ular ground state. In the following sections, we identify spec-
tral signatures of A-band dynamics, separate these from sig-
nals associated with multiphoton excitation, and analyze the
launching mechanism of the ground state wave packet.

A. Direct mapping of conical intersection and dissociation
dynamics in the A-band

The spectroscopic mapping of A-band dynamics in the ex-
perimental and simulated transients can be interpreted accord-
ing to the UV pump-XUYV probe scheme pictured in Fig. 1a.
In this scheme, A-band states are probed through doublet 4d;

— Sp transitions in the XUV to a pair of spin-orbit split core-
excited (4dj)'16* states where j = 5/2 or 3/2. In the corre-
sponding XUV absorption spectrum, 4ds;, — 5p transitions
appear at lower photon energies relative to 4d3, — Sp transi-
tions. In the Fig. 1a probing scheme, the preparation of a wave
packet by direct UV photoexcitation to the Franck-Condon re-
gion (Region 1) of Qg manifests in the appearance of a pair of
3Qy features at early time delays. At later time delays, bifurca-
tion of the initial 3Qy wave packet following passage through
the 3Q/'Q; conical intersection is evidenced by a spectro-
scopic bifurcation of Qg (Region 1) features into distinct 3Qq
(Region 2) and 'Q; (Region 2) features. Finally, diabatic dis-
sociation in the asymptotic region of the excited state poten-
tials (Region 3) is observed through the convergence of bifur-
cated >Qp (Region 2) and 'Q; (Region 2) features in energy
into purely-atomic I* and I limits, respectively. The evolu-
tion of molecular features into atomic transitions are also ac-
companied by changes in intensity. Because atomic selection
rules that govern the intensities of XUV transitions become
increasingly relevant in the dissociation limit, spectral shifts
of 3Qp (Region 2) features into the forbidden atomic 1*(45.0
eV) limit are correlated with a decay in signal intensity.

Fig. 3a shows an expanded view of the experimental tran-
sient in the 44.0-49.5 eV spectral region. Signatures of dy-
namics launched by single-photon excitation can be identi-
fied through comparisons to a simulated transient represent-
ing CH31 photodissociation in the A-band plotted in Fig. 3b.2
In particular, signatures of conical intersection and dissoci-
ation dynamics in the A-band in the experimental transient
can be identified and distinguished from overlapping spectral
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FIG. 3. Experimental and simulated transient spectra of CH3I excited-state dynamics. (a) Experimental and (b) simulated spectra are plotted
from 44.5-49.5 eV. Transients from -30-150 fs are plotted as a colormap and divided into dynamical regions before and after the conical inter-
section (Regions 1-2) and in the dissociation limit (Region 3). In the experimental and simulated transients, single-photon A-band dissociation
manifests as sub-100 fs shifts of Qg and 'Q; signals into atomic I* and I limits. Experimentally-observed shifts and theoretically-expected
shifts that are too weak to be observed are indicated using white and gray arrows, respectively. (¢) Experimental and (d) simulated spectra
captured over representative time delays. In the upper panels of (¢)-(d), early time delay XUV spectra averaged between -8 to 8 fs characterize
molecular states accessed directly by UV pump excitation before the conical intersection (Region 1). Experimental data (blue circles) are fit
to a sum of Gaussians (solid red curve), allowing for the identification of distinct molecular peaks (solid blue, green, and yellow curves). In
the lower panels of (c¢)-(d), representative XUV spectra characterizing the temporal region just after the conical intersection (Region 2) and in

the atomic I* and I dissociation limits (Region 3) are shown.

features associated with multiphoton excitation. Spectral sig-
natures characterizing the Franck-Condon region before the
3Qo/'Q; conical intersection (Region 1), after the conical in-
tersection (Region 2), and in the dissociation limit (Region 3)
are labelled in the experimental and simulated transients (Fig.
3a-b). Representative XUV spectra averaged over time delay
ranges within Regions 1-3 are also plotted in the panels of Fig.
3c-d.

XUV spectra captured near O fs time delay characterize the
Franck-Condon region (Region 1). Averaged XUV spectra
from -8 to 8 fs time delay characterizing molecular states ac-
cessed by direct UV excitation in the Franck-Condon region
are plotted in Fig. 3c-d. From a sum-of-Gaussians fitting, six
distinct molecular signals can be identified in the experimen-
tal XUV spectrum (Fig. 3c). As summarized in Table I, the
molecular signals can be assigned to three pairs of ~1.7 eV



TABLE I. Experimental peak positions and assignment of molecular signals identified in the 44.0-49.5 eV spectral region of the early time

delay XUV spectrum averaged from -8 to 8 fs (Fig. 3c, upper panel).

]Molecular state assignment UV excitation mechanism XUV transition ~ Peak position (¢V)  Energy splitting between peaks (eV) [
3Q0 single-photon 4dsp — Sp 45.7+£0.1 1.5£0.2
4d3/2 —5p 472 +0.1
M1 multiphoton 4ds;y — Sp 46.3+0.1 1.6 £0.2
4dzpn — Sp 479 +0.1
M2 multiphoton 4dsp — 5p 46.9 £ 0.1 1.8£0.2
4dzpn — 5p 48.7£0.1

split signals corresponding to 4d; — 5p transitions from three
molecular excited states. Based on comparison to the two
spin-orbit split >Q features in the simulated XUV spectrum,
the 45.7, 47.2 eV pair of signals is assigned to the 3Qq state
in the A-band, which is dominantly accessed by single-photon
UV excitation. Meanwhile, the 46.3, 47.9 eV pair and 46.9,
48.7 eV pair, labelled M1 and M2 respectively, are assigned
to excited states beyond the A-band accessed by multiphoton
UV excitation. The evolution of the observed multiphoton M1
and M2 features is discussed in detail in the Supplementary
Information. An assignment of the multiphoton features to a
specific multiphoton excited states is not made at this time.

With spectral signatures of 3Qy excitation in the Franck-
Condon region (Region 1) assigned, we turn to the mapping
of subsequent A-band dynamics following the 3Q0/'Qy coni-
cal intersection (Region 2) and in the atomic I* and I dissoci-
ation limits (Region 3). As identified in Fig. 3a-b, a pair of
3Qp (Region 1) features appearing near 45.4 eV and 47.2 eV
at O fs time delay in Fig. 3a-b captures the excitation of an ini-
tial 3Qq (Region 1) wave packet through 4ds;» — 5p and 4d3»
— Sp transitions, respectively. In the 44.0-46.5 eV region of
the transient associated with 4ds;,— Sp transitions from the
A-band, the sub-20 fs division of the initial >Qy (Region 1)
feature at 45.7 eV into two features is ascribed to a direct sig-
nature of wave packet bifurcation after the conical intersection
into 3Qp and 'Q; (Region 2). Within 100 fs, the bifurcated
3Qp and 'Q features asymptotically evolve into respective
atomic [*(45.0 eV) and 1(45.9 eV) limits, capturing diabatic
molecular dissociation along the C-I bond. The shift of the
3Q0 (Region 2) feature corresponding to 4ds, — Sp transi-
tions into the forbidden I1*(45.0 eV) dissociation limit is ac-
companied by a complete decay in the intensity of the feature.
Meanwhile, in the 46.5-49.5 eV region associated with 4d3/,
— Sp transitions from the A-band, the shift of the 3Qp (Re-
gion 1) feature at 47.2 eV into a prominent [*(46.7 eV) signal
characterizes diabatic 3Q0 dissociation dynamics. However,
bifurcated 'Q; features converging toward the atomic 1(47.6
eV) limit remain challenging to observe due overlapping M1
and M2 signals, precluding a clear mapping of conical inter-
section dynamics in this spectral region.

The experimental and simulated transients (Fig. 3) show
strong qualitative agreement. However, the exact locations,
widths, and signal intensities of XUV features deviate slightly.
Deviations in the positions and widths of simulated spectral
features from experimental results, especially at early time de-
lays, could be partly explained by neglected effects of center

wavelength and width of the UV pump spectrum on the po-
sition and distribution of the wave packet launched on 3Qq in
the simulations. In addition, the simulations do not account
for lifetime-broadening, leading to further deviations in the
widths of computed XUV features from experiment. Finally,
a transient decrease in signal intensity at 47.2 eV along the
shifting 3Qq feature in the simulation is not experimentally
observed, but may be partly obscured by an overlapping M2
signal in this spectral region.

Fig. 4 shows an expanded view of the experimental and
simulated transients in the 44.8-46.6 eV region where conical
intersection dynamics are observed. In this spectral region,
3Q, wave packet bifurcation at the 3Qu/!Q; conical intersec-
tion is mapped to a u-shaped spectral feature bifurcating to-
ward [¥(45.0 eV) and 1(45.9 eV) limits at long time delays.
Points of maximum signal intensity along the feature are ex-
tracted as a function of photon energy and superimposed on
the transients in Fig. 4. The minimum of the u-shaped spline
trace (orange curve) along these points is interpreted as the
temporal origin of wave packet bifurcation event. From the
experimental results, a bifurcation time of 15 + 4 fs is deter-
mined. The reported uncertainty corresponds to the + 4 fs
uncertainty in the calibrated zero time delay obtained using
a cross-correlation measurement in xenon. The experimen-
tal result is in close agreement with a simulated 13 fs conical
intersection crossing time estimated from the FSSH molecu-
lar dynamics calculations used to produce the simulated CH31
transients.”” We note that this estimate also lies within the
~10-20 fs range of conical intersection crossing times esti-
mated by other ab initio CH3I dynamics calculations, !6-19-31:32

The bifurcation signatures in Fig. 4 provide a direct charac-
terization of 3Qy/' Q) conical intersection dynamics. In previ-
ous XUV transient absorption experiments on CH31,2!?? 70-
100 fs cross-correlations precluded the observation of conical
intersection dynamics. In recent transient absorption experi-
ments on the A-band dynamics of larger alkyl iodides, i-C3H7I
and t-C4Hyl, electronic state-switching at the 3Q0/'Qy con-
ical intersection was detected.” In the previous study, coni-
cal intersection dynamics were detected via the rise of 'Q;
signals converging to the atomic 1(45.9 eV) limit. However,
due to signal-to-noise and cross-correlation limitations, the
significantly weaker Q) features converging to the forbid-
den I*(45.0 eV) limit could not be detected. Here, the abil-
ity to fully map passage through the conical intersection via
3Qo/'Q; bifurcation signatures converging to I*(45.0 eV) and
1(45.9 eV) atomic limits is attributed the faster temporal res-
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olution and signal-to-noise of the experiment enabled by the
use of UV pump pulses of shorter duration and higher flux.

B. Coherent vibrational motion in the ground state

In the experimental results (Fig. 2), cosinusoidal oscilla-
tions in the 4d; — o* depletion signals reflect coherent nu-
clear motion in the CH3I ground state. With the use of a UV
pump pulse shorter in duration than a typical ground state vi-
brational period, a coherent vibrational wave packet can be
launched through an impulsive stimulated Raman scattering
(ISRS) process.>*36 Because the UV pump is resonant with
electronic transitions between the ground state and 3Qp in
the A-band, the Raman process becomes resonantly-enhanced,
leading to an appealing interpretation of ISRS in the frame-
work of propagating wave packets. As plotted schematically
in Fig. 5a, resonant ISRS follows a three-step mechanism: (i)
wave packet transfer from the ground state to an excited state
surface by interaction with a resonant pulse, (ii) wave packet
propagation on the excited state surface, and (iii) return of the
excited state wave packet to the ground state via a second in-
teraction with the resonant pulse. In step (iii), the scattering of
a displaced wave packet from the excited state onto the ground
state creates a coherent superposition of vibrational levels in
the ground state, corresponding to a periodically oscillating
wave packet. The composition of vibrational modes in the
superposition reflects the vibrational activity of the molecule
along the excited state in step (ii). Consequently, the highly
active C-I stretch mode along the Q) surface is expected to
appear in the ground state wave packet of CH31.

An expanded view of the oscillating 4d; — o* ground state
features with an enhanced colorscale is shown in Fig. 5b.
Analysis of the frequency and phase of the cosinusoidal oscil-

lations allows for identification of the vibrational mode com-
position of the ground state wave packet as well as insight
into its launching mechanism. To extract the dynamics of the
ground state wave packet, we focus on analyzing the higher
signal-to-noise feature between 49.5-51.5 eV corresponding
to the 4dsp, — o* transition. The cosinusoidal oscillation
of the feature is analyzed by modeling the spectral feature at
each time point as a Gaussian, and tracking its center position
as a function of time delay. The oscillation of the peak po-
sition is modeled by a cosine function E(7) = AE cos(®@T +
¢) + Ey, from which an oscillatory frequency of ® =538 £+
7 cm™! corresponding to a vibrational period of 7 = 62 + 1
fs and a phase of ¢ = (-0.74 £ 0.06)7 are extracted. The
strong agreement between the measured frequency and the
previously-measured fundamental frequency of 533 cm™ of
the C-I stretch (v3) mode?’ suggests that the vibrational co-
herence mainly involves the v = 0 and 1 levels of v3, noting
that coherences involving v = 2 and 3 levels will be anhar-
monically red-shifted to 518 cm™'.3® Finally, the correspond-
ing phase of the oscillation, bounded by -7 < ¢ < -7/2, indi-
cates that the vibrational wave packet is launched between the
outer turning point and the equilibrium position of the ground
electronic state, and undergoes an initial displacement toward
larger C-1I distances.? The involvement of the C-I stretch mode
in the ground state vibrational wave packet and its measured
phase are consistent with a resonant ISRS launching mecha-
nism.

IV. CONCLUSIONS

Attosecond XUV absorption spectroscopy constitutes a
powerful tool for revealing ultrafast conical intersection dy-
namics governing molecular reactions. In this study, a com-
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FIG. 5. Coherent vibrational dynamics in the CH3I ground state. (a) Schematic of vibrational wave packet launching through a three-step
resonant impulsive stimulated Raman process. (b) Transient map of ground state vibrational dynamics. The time-dependent peak positions of
the ground state features (white circles) are fit to cosine functions (red curves). Inner and outer turning points of the vibrational wave packet

are labelled as [-TP and O-TP, respectively, in (a)-(b).

bination of femtosecond UV pump pulses and attosecond
XUV probe pulses targeting I(4d) core-to-valence absorption
transitions allows for the real-time mapping of CH3I disso-
ciation through the 3Qy/'Q; conical intersection in the A-
band. The sub-20 fs separation of a wave packet into dis-
tinct °Qq and 'Qy electronic states at a conical intersection is
resolved through a spectroscopic bifurcation of a molecular
features converging to atomic I* and I signals in the dissoci-
ation limit. Signatures of A-band conical intersection dynam-
ics and molecular fragmentation launched by single-photon
excitation can be identified and distinguished from signatures
of multiphoton states in the experimental transients through
comparisons to a previous computational study. Finally, ow-
ing to the ultrashort duration of the UV pump pulse, a co-
herent vibrational wave packet launched by resonant ISRS
along the C-I stretch coordinate in the CH3I ground state
is observed. The results highlight the capability of attosec-
ond XUV transient absorption spectroscopy to capture elec-
tronic state-switching dynamics and coherent nuclear motion
in polyatomic molecules.
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