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ABSTRACT: A coherent vibrational wavepacket is launched and manipulated in
the symmetric stretch (a1) mode of CBr4, by impulsive stimulated Raman
scattering (ISRS) from nonresonant 400 nm laser pump pulses with various peak
intensities on the order of tens of 1012 W/cm2. Extreme ultraviolet (XUV)
attosecond transient absorption spectroscopy (ATAS) records the wavepacket
dynamics as temporal oscillations in XUV absorption energy at the bromine M4,5
3d3/2,5/2 edges around 70 eV. The results are augmented by nuclear time-
dependent Schrödinger equation simulations. Slopes of the (Br 3d3/2,5/2)−110a1* core-excited state potential energy surface (PES)
along the a1 mode are calculated to be −9.4 eV/Å from restricted open-shell Kohn−Sham calculations. Using analytical relations
derived for the small-displacement limit and the calculated slopes of the core-excited state PES, a deeper insight into the vibrational
dynamics is obtained by retrieving the experimental excursion amplitude of the vibrational wavepacket and the amount of population
transferred to the vibrational first-excited state as a function of pump-pulse peak intensity. Experimentally, the results show that XUV
ATAS is capable of resolving oscillations in the XUV absorption energy on the order of a few to tens of meV with tens of
femtosecond time precision. This corresponds to change in C−Br bond length on the order of 10−4 to 10−3 Å. The results and the
analytic relationships offer a clear physical picture, on multiple levels of understanding, of how the pump-pulse peak intensity
controls the vibrational dynamics launched by nonresonant ISRS in the small-displacement limit.

1. INTRODUCTION
Preparing and controlling vibrational coherent superposition
states (referred to as vibrational wavepackets) in molecules
with light is a major theme in light−matter interactions.1,2 This
necessitates control over the creation, detection, and
manipulation of the vibrational wavepacket.1,2 In this work
(Figure 1), such control is achieved in the carbon tetrabromide
(CBr4) molecule by attosecond transient absorption spectros-
copy (ATAS).3−5 We employ a 400 nm 26 fs pump laser pulse
to generate a vibrational wavepacket in the symmetric stretch
(a1) mode of the electronic ground state of CBr4 with
nonresonant impulsive stimulated Raman scattering
(ISRS).6−8 The resulting vibrational wavepacket dynamics
are subsequently monitored by time-resolved absorption of
attosecond extreme ultraviolet (XUV) probe laser pulses at the
Br M4,5 3d3/2,5/2 edge around 70 eV, recorded as temporal
oscillations in the XUV absorption energy. Alternatively, in the
electronic state picture, the XUV probe corresponds to the
absorption from the electronic ground state to the (Br
3d3/2,5/2)−110a1* electronic core-excited states. Here the −1
superscript notation indicates the excitation from that core
orbital to the 10a1* orbital.

Similar vibrational dynamics in various molecules have been
experimentally observed via electronic core-level transient
absorption spectroscopy probed at XUV or soft X-ray
regions.5,9−28 Vibrational wavepackets were triggered by
pump pulses mostly in the infrared (780, 800, 1200, or 1600

nm)9−21,25−28 while some are in visible22 or UV23,24 spectral
regions. Among them, pump pulses with high (∼1014 W/cm2)
peak intensity9,10,12−20,27,28 often lead to large vibrational
amplitudes. In particular, relatively few works26,27 systemati-
cally measured how the pump-pulse peak intensity affects
vibrational dynamics. In this work, 400 nm pulses with lower
peak intensities (8.1−20.2 × 1012 W/cm2) are employed, and
the dependence of vibrational dynamics on pump-pulse peak
intensity is investigated in the small-displacement limit.26

To gain a deeper understanding, it is valuable to explicitly
demonstrate how the temporal oscillations in the XUV
absorption energy connect the shape of the corresponding
core-excited state potential energy surface (PES) with aspects
of the vibrational wavepackets, such as the excursion amplitude
of the wavepacket and populations in the vibrational
eigenstates. To clearly establish these connections, we derive
analytical relations for the above quantities in the small-
displacement limit with the harmonic approximation. We
compute the slope of the Br 3d core-excited state PES along
the symmetric stretch mode at the ground state equilibrium

Received: August 1, 2024
Revised: September 25, 2024
Accepted: September 30, 2024
Published: October 14, 2024

Articlepubs.acs.org/JPCA

© 2024 The Authors. Published by
American Chemical Society

9208
https://doi.org/10.1021/acs.jpca.4c05210
J. Phys. Chem. A 2024, 128, 9208−9217

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/curated-content?journal=jpcafh&ref=feature
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jen-Hao+Ou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Diptarka+Hait"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Patrick+Rupprecht"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+E.+Beetar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Todd+J.+Marti%CC%81nez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephen+R.+Leone"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpca.4c05210&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c05210?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c05210?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c05210?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c05210?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c05210?fig=agr1&ref=pdf
https://pubs.acs.org/toc/jpcafh/128/42?ref=pdf
https://pubs.acs.org/toc/jpcafh/128/42?ref=pdf
https://pubs.acs.org/toc/jpcafh/128/42?ref=pdf
https://pubs.acs.org/toc/jpcafh/128/42?ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpca.4c05210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCA?ref=pdf
https://pubs.acs.org/JPCA?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


geometry from restricted open-shell Kohn−Sham (ROKS)
calculations.29−31 This slope is used to retrieve the excursion
amplitude of the vibrational wavepacket (in terms of C−Br
bond-length displacement) and the population transferred by
ISRS to the vibrational first-excited state in the small-
displacement limit from the measured time-resolved XUV
absorption spectrum.

Experimentally, the results show that XUV ATAS is capable
of resolving small bond-length changes during vibrational
wavepacket dynamics to the order of 10−4 Å with femtosecond
temporal resolution. Moreover, with analytical formulations,
we offer a clear physical picture on multiple levels of
understanding of how the pump-pulse peak intensity controls
the vibrational dynamics launched by nonresonant ISRS in the
small-displacement limit.

2. METHODS
2.1. Experiment. The scheme of attosecond transient

absorption spectroscopy on CBr4, the 400 nm pump pulse, and
the XUV probe pulse are briefly outlined here and in Figure 1.
The laser source is a Coherent Astrella USP (800 nm, 35 fs
fwhm, 7 mJ, 1 kHz), and its output is split by a 70%
transmitted and 30% reflected beamsplitter into pump and
probe arms, respectively.

2.1.1. 400 nm Pump Pulse. The pump arm starts with 70%
of the Astrella output (800 nm, 35 fs fwhm, 4.9 mJ) and
undergoes second harmonic generation (SHG) in a β-barium
borate (BBO) crystal, and the central wavelength becomes 400
nm. Then it is free-space focused through a Ne-filled (1.7 bar)
tube (1.37 m long) to gently broaden the spectrum and then
compressed by chirped mirrors. The pulse duration of the
main peak in the intensity envelope is measured to be 26 ± 1 fs
fwhm by home-built self-diffraction frequency-resolved optical
gating (SD-FROG) (Figure S3, Supporting Information).

2.1.2. Few-Cycle Visible-NIR Pulse (Driving Field for High
Harmonic Generation). The probe arm starts with 30% of the
Astrella output (800 nm, 35 fs fwhm, 2.1 mJ) and is focused
into a Ne-filled (2.4 bar) hollow core fiber (HCF) (1.5 m long,
400 μm inner diameter), where it undergoes supercontinuum
generation, and then the pulses are compressed by chirped
mirrors. After the chirped mirrors, the spectrum spans from
around 500 to 900 nm. The dispersion is further fine-tuned by
an ADP crystal and a pair of thin glass wedges. The output is
few-cycle (∼4 fs) visible-NIR pulses that are used as the
driving field for the high harmonic generation (HHG) into the
XUV region.

2.1.3. XUV Probe Pulse. The few-cycle visible-NIR pulses
(referred to as the driving field) are focused into a Ne gas cell
(∼80 mmHg, 300 μm hole diameter), and an XUV probe
attosecond pulse train (∼50−85 eV photon energy) (Figure
S8, Supporting Information) is produced by high harmonic
generation (HHG). The remaining 800 nm driving field is
removed by an Al filter (0.1 μm thick).

2.1.4. Static and Time-Resolved (Transient) XUV Absorp-
tion Measurement. At the sample cell (4 mm long, 500 μm
hole diameter), 400 nm pump and XUV probe beams
recombine noncollinearly and interact with CBr4 vapor. The
sample reservoir, delivery line, and cell are heated to 100−120
°C to obtain enough vapor pressure from solid CBr4. The time
delay between the pump and probe pulses is controlled by
changing the optical path length between the pump and probe
beamlines with a translational stage. After a Zr filter (0.1 μm
thick) is used to block the 400 nm beam, the XUV beam is
dispersed by a grating and detected on an XUV CCD camera.

Two types of XUV absorption spectra are collected
experimentally. One is the static XUV absorbance A(EXUV)

Figure 1. Experimental scheme. (a) Attosecond transient absorption spectroscopy on the symmetric stretch (a1) mode of CBr4. (b) Vibrational
eigenstates are coherently excited by nonresonant impulsive stimulated Raman scattering (ISRS) with a 400 nm 26 fs pump pulse, and a vibrational
wavepacket is launched on the electronic ground state potential energy surface. (c) Vibrational wavepacket dynamics are monitored by time-
resolved absorption of attosecond XUV probe pulses (purple arrows) from the electronic ground state to the (Br 3d3/2,5/2)−110a1* electronic core-
excited states around 70 eV. The wavepackets drawn in green and red represent the motion shifting toward negative and positive normal mode
displacement q, respectively. The wavepacket looks primarily like the vibrational ground state (ν = 0) because only a small fraction of the
population in vibrational ground state (ν = 0) is excited to the vibrational first-excited state (ν = 1) by ISRS.
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where τ is the time delay between the pump and probe pulses,
and IXUV+pump and IXUV are the XUV spectrum of CBr4 with and
without the pump pulse.

Temporal resolution is calibrated with a cross-correlation
measurement of a 400 nm pump and XUV probe pulses on the
He 2s2p state. The fitted instrument response function is 26 ±
6 fs, and the time zero is 1 ± 3 fs. The spectral axis is calibrated
with a static XUV absorption spectrum of He 2snp (n ≥ 2)
states. Details are in the Supporting Information.

2.1.5. Pump-Pulse Peak-Intensity Dependent Measure-
ments. The peak intensity of the 400 nm pump pulse is
modified by cropping the beam with an iris before the pump
and probe pulses recombine. The peak intensity at the sample
cell location is estimated to range from 8.1 to 20.2 × 1012 W/
cm2. Detailed calibrations are given in the Supporting
Information.

2.2. Calculation. Quantum chemical calculations are
performed with the Q-Chem software package,32 utilizing the
SCAN0 functional33 and the decontracted (i.e., all primitives
are uncontracted) aug-cc-pVTZ basis set.34−36 Scalar rela-
tivistic effects are included through the use of the spin-free
exact two-component one-electron (SF-X2C-1e) ap-
proach.37−40 Local exchange-correlation integrals are calcu-
lated by quadrature over a radial grid with 250 points and an
angular Lebedev grid with 974 points. The electronic ground
state is modeled with the standard restricted Kohn−Sham
procedure,41 yielding an equilibrium bond distance of 1.925 Å
(vs an experimental42 value of of 1.942 Å) and a symmetric

stretch frequency of 282 cm−1 (vs 267 cm−1 from experi-
ment43).

The isotropic polarizability of the molecule is computed via
finite differences of the energy with a five-point stencil (using
electric field strengths of 0.005 and 0.01 au, see Supporting
Information) over bond lengths ranging from 1.8246 to 2.0246
Å (in increments of 0.001 Å). This polarizability is
subsequently utilized to carry out nuclear time-dependent
Schrödinger equation simulations of the ISRS process induced
by the pump laser pulse and the resulting nuclear dynamics
along the symmetric stretching mode, as described in detail in
the Supporting Information.

The Br 3d excitation energies are computed with the ROKS
approach,29,30 which has been found to be quite effective at
modeling core-level spectroscopies.31,44 Excited state orbital
optimization is carried out with the square gradient
minimization algorithm.45 Spin−orbit effects are subsequently
incorporated in the manner described previously.31 This quasi-
degenerate perturbation-theory-based approach constructs a
zeroth-order effective Hamiltonian of the spin−orbit free 3d
excitation energies at a given geometry, to which a spin−orbit
coupling operator −J L⃗·S⃗ is added (where S⃗ is the electron spin
operator and L⃗ is the orbital angular momentum for d
electrons). The coupling constant J is assumed to be constant
for all geometries and chosen to be 0.40 eV since this value
reproduces the experimentally observed multiplet splitting of
1.03 eV between the 3d5/2 and 3d3/2 absorption energies. Core-
level excitation energies are computed over bond lengths
ranging from 1.9046−1.9446 Å, in increments of 0.001 Å, and
are fitted to a straight line against the bond length (see Figure
3) in order to determine the slope of the core-excited PES vs
bond elongation.

3. RESULTS AND DISCUSSION
3.1. Detection of the Coherent Vibrational Dynamics:

Static and Time-Resolved XUV Absorption Spectrum of
CBr4 at Br M4,5 3d3/2,5/2 Edge. Figure 2 (left) shows the static
XUV absorption spectrum of CBr4 from the electronic ground

Figure 2. (Left) Static XUV absorption spectrum of CBr4 at Br M4,5 3d3/2,5/2 edges from the electronic ground state to the (Br 3d3/2,5/2)−110a1*
core-excited states. The spin−orbit doublet is resolved by fitting to a sum of two Voigt functions. The extracted peak energies are 70.932 ± 0.011
and 69.903 ± 0.008 eV for the Br M4 3d3/2 and M5 3d5/2 edges, respectively, with a 1.03 ± 0.01 eV spin−orbit splitting. (Right) Time-resolved
XUV absorption spectrum of CBr4 as a function of time delay between the 400 nm pump and XUV probe pulses. The positive time delay is when
the 400 nm pulse arrives before the XUV pulse. The peak intensity of the pump pulse is 20.2 × 1012 W/cm2. Color shade: extracted peak energy
with error bars at each time delay. Solid line: a sine function fitted to the extracted peak energies. The fitted period is 123 ± 1 fs, amplitude 10.2 ±
1.4 meV, and center 70.934 ± 0.001 eV (black dashed line) for the M4 3d3/2 edge, while the M5 3d5/2 edge yields 123 ± 1 fs, 11.3 ± 1.4 meV, and
69.903 ± 0.001 eV (black dashed line). The oscillations for the two edges are almost temporally in phase with a 0.1 ± 0.4 rad phase difference.
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state to the (Br 3d3/2,5/2)−110a1* core-excited states (10a1* is
an unoccupied antibonding orbital46,47). The spin−orbit
doublet is resolved by fitting the value to a sum of two
Voigt functions. The extracted peak energies are 70.932 ±
0.011 and 69.903 ± 0.008 eV for the Br M4 3d3/2 and M5 3d5/2
edges, respectively (three decimal places are included here to
compare with the very small (few to tens of meV) oscillation
amplitudes of XUV absorption energy measured and discussed
below). The spin−orbit splitting is 1.03 ± 0.01 eV (Table 1).

They agree reasonably with previous experimental results46

(70.5 and 69.6 eV). ROKS calculations yield slightly lower
excitation energy values of 70.05 and 69.02 eV, indicating a
somewhat larger difference between the theory and the current
experiment (∼0.9 eV) than the ∼0.3 eV deviations previously
observed for the K- and L-edges of lighter elements.31,44

Next, we consider changes to the XUV absorption due to the
vibrational wavepacket launched by a 400 nm pump pulse
(peak intensity 20.2 × 1012 W/cm2). In the time-resolved XUV
absorption spectrum in Figure 2 (right), when the vibrational
wavepacket travels back and forth on the electronic ground
state PES, the XUV absorption peak oscillates correspondingly
with the vibrational period. The fitted periods are 123 ± 1 fs
for both the Br M4 3d3/2 edge and M5 3d5/2 edge, which agrees
with the literature value of 126 fs for the symmetric stretch
mode (267 cm−1).43 The oscillations in the peak position for
the two edges are almost temporally in phase with a 0.1 ± 0.4
rad phase difference. Oscillatory behaviors corresponding to
the other normal modes of the molecule are not observed
(despite such modes being Raman active) because there is no
net displacement along such asymmetric modes, as has been
observed and discussed in previous work for CCl4.

28

If the launching mechanism of the vibrational wavepacket is
a pure nonresonant ISRS from a Gaussian pump pulse
centered at time zero, the expectation value of the wavepacket
position will be a sine function with a zero initial phase.6,8

Nuclear TDSE simulations reproduce this expectation by
retrieving around 0.01 π initial phase of the wavepacket
position for all intensities using the temporal intensity
envelope of the pump pulse retrieved from SD-FROG (Figure
S6). Experimentally, there may be a growing time-zero drift
over the course of experiments, and it seems to be reflected in
the gradual deviation of the initial phase from zero. As a result,
we did not attempt to determine the absolute initial phases
from the experiments (Supporting Information).

3.2. Information Encoded in the Time-Resolved XUV
Absorption Spectrum: Oscillation Amplitude of XUV
Absorption Energy, Excursion Amplitude of Vibrational
Wavepacket, and Slope of Core-Excited State Potential
Energy Surface. When the vibrational wavepacket results in a
normal mode displacement q on the electronic ground state
PES Eg(q), the XUV absorption energy EXUV(q) from the
electronic ground state to the core-excited state PES Ece(q) is
EXUV(q) = Ece(q) − Eg(q). If the pump-pulse peak intensity is

not too strong to induce a large displacement in q, the
harmonic approximation holds and the XUV absorption energy
EXUV(q) can be approximated by a Taylor series in q

where the slope of the electronic ground state PES Eg(q)
vanishes at the ground state equilibrium position q = 0, while
the slope of the electronic core-excited state PES Ece(q) will
generally be nonzero at the Franck−Condon region if the
equilibrium position of the core-excited PES does not coincide
with that of the ground state.

As the vibrational wavepacket travels between the outer
turning point qot and the inner turning point qit on the
electronic ground state PES, the range of XUV absorption peak
energies that can be accessed is

| | =
i
k
jjjjj

y
{
zzzzzE q E q

E
q

q q( ) ( )
d
d

( )XUV ot XUV it
ce

0
ot it

(4)

where ΔEXUV ≡ |EXUV(qot) − EXUV(qit)|/2 is defined as the
oscillation amplitude of the XUV absorption energy, and qamp
≡ (qot − qit)/2, the excursion amplitude of the vibrational
wavepacket, or physically the maximum displacement from
equilibrium. Therefore

and qamp can thus be retrieved from ΔEXUV in the
experimentally measured time-resolved XUV absorption
spectrum in Figure 2 (right), if the slope of the core-excited
state PES along the normal mode at the electronic ground state
equilibrium geometry is known.

In this work, the slope of the (Br 3d3/2,5/2)−110a1* core-
excited states PES is calculated from ROKS to be
approximately −9.4 eV/Å along the symmetric stretch mode
(by fitting core-excitation energies to a straight line, as shown
in Figure 3). In other words, this slope suggests that the Br
3d3/2,5/2 → 10a1* excitation energy decreases by 9.4 eV as the
C−Br bond length increases by 1 Å. This is consistent with the
antibonding character of the 10a1* orbital, as the energy of this
state should significantly decrease with bond elongation. This
9.4 eV/Å value for the slope is on the same order of magnitude
(∼10 eV/Å) as previous estimates for core-to-antibonding
excitations in CCl4

28 and SF6
26,27 (typical range 5−30 eV/Å

depending on which atom).
The ROKS results and the linear fits are shown in Figure 3,

which indicates that eq 3 holds quite well for bond stretches as
high as ±0.05 Å relative to equilibrium and higher order effects
do not appear to be relevant in this regime. Around 10 meV or
smaller experimental oscillation amplitudes of XUV absorption
energies (Figure 2) and the computed slope −9.4 eV/Å
collectively indicate that the bond stretches remain on the
order of 10−4 to 10−3 Å, and the linear behavior reported in eq
3 therefore is sufficient for analyzing the experimental results.

3.3. Relative Slope between Multiple Core-Excited
State PES and Insight into Property of Participating
Orbitals. If multiple electronic core-excited states simulta-

Table 1. Excitation Energies (eV) of (Br 3d3/2,5/2)−110a1*
Core-Excited States in CBr4

core-excited state
experiment (this

work)
ROKS calculations

(this work)
previous

experiment46

(Br 3d3/2)−110a1* 70.932 ± 0.011 70.05 70.5
(Br 3d5/2)−110a1* 69.903 ± 0.008 69.02 69.6
spin−orbit splitting 1.03 ± 0.01 1.03 0.9
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neously probe the vibrational wavepacket on the electronic
ground state, the relative slope between two or more core-
excited state PESs26−28 along the normal mode at the
equilibrium geometry of the electronic ground state can be
determined experimentally, from the ratio of the measured
oscillation amplitude of XUV absorption energy ΔEXUV using
eq 5 as
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because here the excursion amplitude of the vibrational
wavepacket qamp is the same. In this work, the relative slope
between the two (Br 3d3/2,5/2)−110a1* core-excited states PES
is determined experimentally to be 1.1 ± 0.13 as the ratio of
the measured oscillation amplitude of XUV absorption energy
ΔEXUV (Br 3d5/2)/ΔEXUV (Br 3d3/2) (Table S4, Supporting
Information). As a result, the shapes of the two core-excited
state PESs are quite similar around the equilibrium geometry
of the electronic ground state.

Such relative slopes not only offer experimental information
on the shape of core-excited state PES but also shed light on
the nature of the participating orbitals. For the discussion
below, a core-excited state is approximated as a singly excited
electronic configuration, where one electron is excited from an
initial core orbital to a final orbital that is higher in energy.

One scenario is when the electron is excited from the same
core orbital to different final orbitals. The relative slopes of the
corresponding core-excited state PESs belonging to the same
absorption edge give a hint about the bonding properties of the
final orbitals. For instance, if the final orbital is nonbonding,
then the resulting core-excited state will be generally less
sensitive to changes in the molecular geometry, and its PES
will be relatively flat. As a result, its slope will be smaller than
the slope of other core-excited states PES where the final
orbital is bonding or antibonding. For instance, in the SF6

molecule,26,27 an electron can be excited from S 2p core orbital
to three different final orbitals a1g, t2g, and eg. Because the a1g
and eg orbitals are antibonding while the t2g orbital is
nonbonding, the slope of (S 2p)−1a1g and (S 2p)−1eg core-
excited states is found to be larger than that of the (S 2p)−1t2g
state.

The other scenario is when the electron is excited from
different core orbitals to the same final orbital or the
corresponding core-excited states originate from different
absorption edges. This offers a possible way to compare
different core orbitals on the same atom or core orbitals on
different atoms in a molecule. In this work, the electron is
excited to the same 10a1* antibonding orbital, but from
different Br 3d3/2 or Br 3d5/2 core orbitals, corresponding to
the Br M4 or M5 absorption edges. The ratio of slopes of these
two core-excited states is close to unity as mentioned above,
indicating that both Br 3d3/2 and Br 3d5/2 core orbitals respond
similarly to the bond-length change. This is reasonable, as
these two core orbitals come from the same set of Br 3d
orbitals, split by spin−orbit coupling. On the other hand, a
previous study on CCl4 molecule28 found the slope for the (Cl
2p3/2)−18t2* core-excited state to be much larger than that of
the (C 1s)−18t2* core-excited state, despite the same final
orbital (8t2*) for both excitations.

3.4. Connection between the Excursion Amplitude of
Vibrational Wavepacket and Vibrational Eigenstate
Populations, in the Small-Displacement Limit. In the
small-displacement limit, only the vibrational ground ψ0 and
first-excited ψ1 states of a harmonic oscillator need to be
considered.26 Long after the pump pulse, the coherent
vibrational wavepacket Ψ(q, t) can be approximated by the
following linear superposition,

= +q t c q c q( , ) ( )e ( )eiE t iE t
0 0

/
1 1

/0 1 (7)

where q is the normal mode displacement (position) and E0,1 is
the vibrational energy of the vibrational ground and first-
excited states, respectively. The expectation value of position
⟨q(t)⟩ of this vibrational wavepacket is

= | |

= | | + | |
+ | | [ + ]

q t

q t q q t

p q p q
p p q E E t

( )

( , ) ( , )

2 cos ( ) /
0 0 0 1 1 1

0 1 0 1 1 0 (8)

where p0,1 = |c0,1|2 is the population of the vibrational ground
and first-excited states, respectively, and ϕ is the initial phase
between the two coefficients c0,1. (If the launching mechanism
of the coherent vibrational wavepacket is nonresonant ISRS
from a Gaussian pump pulse centered at time zero, the
expectation value of position ⟨q(t)⟩ will be a sine function with
a zero initial phase,6,8 or equivalently a cosine function with a
−π/2 initial phase in eq 8).

Next, because ⟨ψ0 |q |ψ0⟩ = ⟨ψ1 |q |ψ1⟩ = 0 and

| | =q0 1 2 0
for a harmonic oscillator (where μ is the

mass associated with the normal mode, which is four times the
mass of Br, and ω0 = (E1 − E0)/ℏ is the fundamental
vibrational frequency of the normal mode), the position
expectation value simplifies to

Figure 3. Computed XUV absorption energies from ROKS along the
symmetric stretch a1 normal mode as a function of C−Br bond length
(open circles) around the equilibrium geometry (1.925 Å). The linear
fits obtained from fitting to ROKS results for 41 equally spaced bond
lengths between 1.9046 and 1.9446 Å are also shown (solid lines),
which align quite well with ROKS results for 12 bond lengths
calculated outside the fit interval (six equally spaced points each
between 1.8746 and 1.8996 and 1.9496 and 1.9746 Å). The slopes are
about −9.4 eV/Å for the Br 3d3/2,5/2 → 10a1* excitations.
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as p1 + p0 = 1. This shows that the excursion amplitude of the
vibrational wavepacket is

=q p p2 (1 )
2amp 1 1

0 (10)

Furthermore, when p1 ≪ 1 (as expected in the small-
displacement limit),

so qamp is proportional to p1 . Therefore, if the excursion
amplitude of the vibrational wavepacket is known, then the
population in the vibrational first-excited state can be
determined from this relation.

The validity of the above formulation is also verified against
numerical simulations of the nuclear time-dependent Schrö-
dinger equation (TDSE) along the symmetric stretch mode
alone. As shown in Figure 4, the calculated population of the

vibrational ground state is close to one (on the order of 0.99),
and the calculated population of the vibrational first-excited
state is indeed small (around the order of 10−3) for the pump
pulse intensities used in this work. As a result, the pump light−
matter interaction studied in this work is clearly in the small-
displacement limit. Furthermore, the population in the
vibrational second-excited state is even smaller (around the

order of 10−5), indicating that the two-state approximation is
reasonable as well.

3.5. Physical Basis for the Phenomenological Equa-
tions in the Literature to Fit the Oscillations in Time-
Resolved XUV Absorption Spectrum due to Coherent
Vibrational Dynamics. Based on the formulation above, a
physical basis can be provided for the phenomenological
equations that have often been used in the litera-
ture,9,12,14,23,24,27 to fit the oscillations in time-resolved XUV
absorption spectrum due to coherent vibrational dynamics. For
instance, if one vibrational mode is involved, the time-resolved
XUV absorption energy is often described empirically as

= + +E t E E t( ) cos( )XUV XUV
0

XUV 0 (12)

where EXUV
0 is the XUV absorption energy at the equilibrium

geometry of the electronic ground state and ΔEXUV is the
oscillation amplitude of XUV absorption energy. Comparing to
eq 5,
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it further reveals that the oscillation amplitude of XUV
absorption energy ΔEXUV is proportional to the slope of core-
excited state PES along the normal mode at the electronic
ground state equilibrium geometry and the excursion
amplitude of vibrational wavepacket qamp, within the harmonic
approximation.

For example, larger amplitudes can thus result from steeper
slopes of the core-excited PES (which can be attained through
excitation to an antibonding orbital, as in this work) or from
higher pump-pulse peak intensity to access greater excursion
amplitudes of vibrational wavepacket qamp, by adding a larger
fraction of the vibrational first-excited state in the small-
displacement limit.

3.6. Controlling the Motion of Vibrational Wave-
packet with Different Pump-Pulse Peak Intensities in
the Small-Displacement Regime. The dynamics of the
vibrational wavepackets are initiated with five different pump-
pulse peak intensities ranging from 8.1 to 20.2 × 1012 W/cm2

(detailed calibrations are shown in Table S1). In Figure 5a, the
experimentally measured oscillation amplitudes of XUV
absorption energy ΔEXUV increase approximately linearly
with pump-pulse peak intensity, which is also observed for
the SF6 molecule.26,27

In Figure 5b, the excursion amplitudes of the vibrational
wavepacket qamp are retrieved from the corresponding
oscillation amplitudes of the XUV absorption energy ΔEXUV
by eq 5, given the −9.4 eV/Å slope of the (Br 3d3/2,5/2)−110a1*
core-excited state PES from ROKS calculations. In Figure 5c,
the square root of the population in the vibrational first-excited
state p1 is further estimated from the excursion amplitude of
the vibrational wavepacket qamp via eq 11. As expected, all three
quantities plotted in Figure 5 are found to increase
approximately linearly with the pump-pulse peak intensity for
the Br M4 3d3/2 and M5 3d5/2 edges.

The experimentally measured and retrieved values are also
compared with nuclear TDSE simulations. The theoretical
population of the vibrational first-excited state p1 and excursion
amplitude of the vibrational wavepacket qamp come from
numerically solving the nuclear TDSE for the nonresonant
ISRS process, and the theoretical oscillation amplitude of XUV

Figure 4. Calculated populations of the vibrational eigenstates (ν = 0,
1, 2) of the symmetric stretch a1 mode from nuclear TDSE
simulations, as a function of the experimental 400 nm pump-pulse
peak intensity. The population of the vibrational first-excited state
remains small (around the order of 10−3). This shows that the pump
light−matter interaction is in the small-displacement limit for the
range of pump-pulse peak intensities used in this work. The
population in the vibrational second-excited state is even smaller
(around the order of 10−5), indicating that the two-state
approximation is reasonable as well.
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absorption energy ΔEXUV is estimated from eq 5. The TDSE
simulation results are scaled by 1/3 to match the experiment. A
few possible reasons for this discrepancy between experiment
and theory are considered below.

From an experimental perspective, the differences with
theory may arise from a lower effective pump-pulse peak
intensity at the sample location than in the estimation. A
detailed calibration of the experimental peak intensity for the
pump pulse is given in the Supporting Information, which is
taken as our best estimation. However, it is uncertain how
precise the pump and probe pulses spatially overlap at the
beam center of each other. If the spatial overlap is off-center,
the effective pump-pulse peak intensity within the probe beam
area will become smaller. Before the measurements on CBr4,
the spatial overlap was confirmed by overlapping the
recombined pump beam and the HHG driving-field beam on
a beam profiler at a location with equivalent distance to the
sample cell, as the XUV probe beam most likely follows the
same path of the HHG driving-field beam. On the other hand,
the outlier at 10.3 × 1012 W/cm2 may result from the
fluctuations in average power measurement, as the average
power is close to the lower limit of the working range for the
power meter head (Coherent PowerMax PM10).

Potential computational origins of this discrepancy are errors
in the Br 3d core-excited PES slope value of −9.4 eV/Å, or
inadequacies in modeling the nonresonant ISRS process
through TDSE (such as from errors in the molecular
polarizabilities). We consider these factors to be somewhat
less likely, as the slope is quite consistent with previous results
for other molecules,28 and additional effort has been invested
into benchmarking molecular polarizabilities used for the
TDSE simulations (see Supporting Information). We note that
the TDSE simulations account for rotational averaging effects
on the interaction between the molecule and the pump-pulse
field through the use of isotropic polarizability.

4. CONCLUSIONS
In this work, a coherent vibrational wavepacket is launched in
the symmetric stretching (a1) mode of the electronic ground
state CBr4 molecule by nonresonant impulsive stimulated
Raman scattering (ISRS) with 400 nm pump pulses. Dynamics
of this vibrational wavepacket are studied with time-resolved
absorption of attosecond XUV pulses at the bromine M4,5
3d3/2,5/2 edges around 70 eV, with excitations to the lowest
energy antibonding (10a1*) orbital. The measured XUV
absorption energies oscillate in time with the period of the
symmetric stretching mode (123 ± 1 fs), and the oscillation
amplitude of the XUV absorption energy equals the product of
the excursion amplitude of the vibrational wavepacket and the
slope of the (Br 3d3/2,5/2)−110a1* core-excited state potential
energy surface along this mode. Since the measured oscillation
amplitude of XUV absorption energy is on the order of few to
tens of meV and the slope is −9.4 eV/Å from ROKS
calculations, the excursion amplitude of the vibrational
wavepacket (C−Br bond-length displacement) is retrieved to
be on the order of 10−4 to 10−3 Å. Harmonic approximation
therefore holds quite well in this small-displacement limit.

Experiments with various pump-pulse peak intensities (8.1−
20.2 × 1012 W/cm2) show an approximately linear relationship
between the intensity and the measured oscillation amplitude
of XUV absorption energy, and between the intensity and the
retrieved excursion amplitude of vibrational wavepacket as
well. Furthermore, the excursion amplitude of the vibrational
wavepacket is proportional to the square root of the population
in the vibrational first-excited state in the small-displacement
limit. This relation enables an indirect estimate of this
population from the measured oscillation amplitude of XUV
absorption energy. These linear relationships are supported by
analytical formulations and numerical simulations of the
nuclear time-dependent Schrödinger equation along the
symmetric stretching mode for the nonresonant ISRS.

The present analytical formulations and approaches to
extract information encoded in time-resolved XUV absorption

Figure 5. Pump-pulse peak-intensity dependence of (a) experimentally measured oscillation amplitude of the XUV absorption energy ΔEXUV, (b)
excursion amplitude of the vibrational wavepacket qamp (retrieved from (a) by eq 5, given the −9.4 eV/Å slope of the (Br 3d3/2,5/2)−110a1* core-
excited state PES from ROKS calculations), and (c) square root of the population transferred to the vibrational first-excited state p1 (estimated
from (b) by eq 11). All three quantities increase approximately linearly with the pump-pulse intensity for both the Br M4 3d3/2 (orange circle) and
M5 3d5/2 (blue square) edges. Estimates of all three quantities from nuclear TDSE simulations (black open square) for the ISRS process are also
provided (scaled by 1/3, see text for details) and show clear linear relationships with the pump-pulse intensities used in this work. The outlier at
10.3 × 1012 W/cm2 may result from the fluctuation in average power measurement, as the average power is close to the lower limit of the working
range for the power meter head (Coherent PowerMax PM10).
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spectra are general and can be readily applied to ISRS
combined with other time-resolved electronic absorption
spectroscopy probed in different spectral regions. Experimen-
tally, the results show that XUV attosecond transient
absorption spectroscopy is capable of resolving the small
bond-length changes during vibration with extraordinary 10−4

to 10−3 Å and tens of femtosecond precision.26 Moreover, the
analytical formulations provide a concrete and thorough
understanding of how the pump-pulse peak intensity controls
the vibrational dynamics in the small-displacement limit.
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