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Abstract 

Attosecond Extreme Ultraviolet (XUV) Probing of Ultrafast Nuclear Dynamics in Molecules 

by 

Jen-Hao Ou 

Doctor of Philosophy in Chemistry 

University of California, Berkeley 

Professor Stephen R. Leone, Chair 

 

Time-dependent motion (dynamics) of nuclei in molecules often occurs on ultrafast (picosecond (10-12 
second) or femtosecond (10-15 second)) timescales. Experimentally, it is a question how to launch and 
detect these ultrafast nuclear dynamics in molecules in real time? In this dissertation, I studied two 
representative systems with the technique Extreme Ultraviolet (XUV)-Attosecond Transient 
Absorption Spectroscopy (ATAS). One is the coherent vibrational dynamics in CBr4 in the electronic 
ground state of the fully symmetric stretch mode, with a period of 125 fs. The results on CBr4 show that 
XUV-ATAS can resolve tiny bond-length displacements down to the order of 10-4 Å with 26 fs temporal 
resolution, with the knowledge of calculated core-excited potential energy surfaces. Such spatial and 
temporal resolution of XUV-ATAS is exceptional. It provides roughly 1,000 times better spatial 
resolution and 5 times better temporal resolution compared to the current MeV-UED at SLAC. 

The other is the photodissociation dynamics of Br2 in the electronically excited C 1Πu 1u state. 
The presented measurement has the shortest temporal resolution (26 ± 1 fs) among all other reported 
time-resolved studies, to the best of our knowledge. In this work, it is found that the measured rise time 
varies based on the probing transition. For the atomic Br 3d 2P3/2 → 4p 2D5/2 and 2D3/2 absorptions at 
64.31 and 65.34 eV, the rise times are different, 38 ± 1 fs and 20 ± 5 fs, respectively. With simulations, 
these results show that measured probe signals record the dissociative wavepacket dynamics and how the 
different probing transitions affect the apparent progress toward dissociation. These probe-dependent 
effects should be considered when interpreting measured signals and their timescales. In addition, the 
presented broadband XUV absorption spectra cover both Br 3d core-to-valence and core-to-Rydberg 
transitions simultaneously, and our time-resolved measurements trace out the whole transformation 
from Br2 molecules to Br atoms. This work unifies the molecular and atomic static absorption spectra 
scattered in the literature, highlighting the distinct advantages of time-resolved absorption spectroscopy 
with broadband XUV light.  
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In particular, this dissertation is a combined study of experiments, simulations, and analytical 
theories. The simulated time-resolved XUV absorption spectra are compared to measured ones, which 
help to assign and interpret the measured spectra. In addition, analytical theories are developed or 
adapted from literature to describe the measured physical phenomenon. Under proper approximations, 
closed-form relations between key physical quantities are obtained, and the essential physical picture is 
revealed. This dissertation demonstrates how ATAS can be used to successfully capture and resolve 
ultrafast molecular dynamics, and highlights how such experiment-theory combined study effectively 
pinpoints and deepens our understanding of the underlying physical picture.
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of the 93 measurements). Red solid line: total fit by Equation 13. Green dash-dot line: decay part of the 
fit as Φ(t) × (D1 + D2/2). The apparent period of the lineout at Eeq is half of the vibrational period, as 
explained with the fit formula. .............................................................................................................. 72 
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1 Introduction 
Ultrafast nuclear dynamics in molecules, or the time-dependent motion of nuclei, are critical in chemistry 
and they encompass various phenomena. By ultrafast, it means that these dynamics occur on the 
timescale of picoseconds (10-12 second) or femtosecond (10-15 second).1 For instance, the period of a fully 
symmetric C-H stretch vibration of CH4 is 11 fs. Dissociation of ICN happens on the order of 100 to 
200 fs.2 Isomerization of rhodopsin (from 11-cis to all-trans form) is approximately 100 fs.3 The Jahn-
Teller distortion of CH4

+ from Td to C2v is approximately 10 fs.4 However, although ultrafast nuclear 
dynamics are seemingly common, capturing and resolving them experimentally is not trivial due to the 
fine time resolution. My research question is: How to launch and detect in real time ultrafast nuclear 
dynamics in molecules? Specifically, I consider two representative cases for different interplays of 
electronic and nuclear motions. First is the coherent vibrational dynamics in CBr4 in the electronic 
ground state.5 Second is the photodissociation dynamics of the Br2 molecule in the electronically excited 
C 1Πu 1u state.6 

In 1987, Zewail and coworkers first employed femtosecond spectroscopy with ultraviolet and 
visible light to study the dissociation of ICN.2,7 This technique offers sub-picosecond temporal resolution 
and first experimentally measured the ultrafast dynamics in molecules. The field of Femtochemistry was 
opened, and Zewail was awarded the Noble Prize in Chemistry in 1999.8 However, the pulse duration of 
the light used in the experiment was usually on the order of 100 fs.2,8,9 As a result, to study other even 
faster ultrafast nuclear dynamics that occur on tens of fs or even few or sub fs timescale, a newer technique 
is needed. 

Eventually came the field of attosecond spectroscopy. In 2001, attosecond pulses in the extreme 
ultraviolet (XUV) region were reported.10–12 This breaks the femtosecond barrier and was awarded Nobel 
Prize in Physics in 2023. After their invention, attosecond pulses were applied to time-resolved pump-
probe spectroscopy, and this led to a new technique Attosecond Transient Absorption Spectroscopy 
(ATAS). XUV-ATAS is essentially time-resolved XUV absorption spectroscopy and is in the family of 
core-level spectroscopy.13 In 2010, ATAS first successfully measured the valence electron dynamics in 
krypton ions.14 Later there was a blossom of ATAS experiments applied to various atoms, molecules and 
condensed matter systems.15–19  

In this dissertation, the presented research synthesizes experiments, simulations, and theory. The 
experimental data (measured time-resolved XUV absorption spectrum) are compared and tested against 
simulations. Furthermore, to gain deeper insight into the physics behind the experiments and simulations, 
theory and analytical formulations are used to pinpoint and qualitatively explain the experimental results. 
Under appropriate approximations, the key physical pictures are revealed, which are able to explain the 
essence of the experiments. These experimental and computational methods are directly described in the 
relevant locations of the chapters, instead of one combined, standalone chapter. 
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2 Coherent Vibrational Dynamics in CBr 4 
The material in this chapter has been published and is reprinted with permission from 
 
Ou, J.-H.; Hait, D.; Rupprecht, P.; Beetar, J.E.; Martínez, T. J. and Leone, S. R*.  
“Attosecond Probing of Coherent Vibrational Dynamics in CBr4.” 
Journal of Physical Chemistry A, 2024, 128, 9208-9217.  
Copyright ©2024 The Authors. Published by American Chemical Society. This publication is licensed 
under CC-BY-NC-ND 4.0.  
*Correspondence author 

2.1 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.20,21 This necessitates 
control over the creation, detection, and manipulation of the vibrational wavepacket.20,21 In this work 
(Figure 2.1), such control is achieved in the carbon tetrabromide (CBr4) molecule by attosecond 
transient absorption spectroscopy (ATAS).14,17,18 I 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 
non-resonant impulsive stimulated Raman scattering (ISRS).22–24 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 
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 
transient absorption spectroscopy probed at XUV or soft X-ray regions.18,25–44 Vibrational wavepackets 
were triggered by pump pulses mostly in the infrared (780, 800, 1200 or 1600 nm),25–37,41–44 while some 
in visible38 or UV39,40 spectral regions. Among them, pump pulses with high (~1014 W/cm2) peak 
intensity25,26,28–36,43,44 often lead to large vibrational amplitudes. In particular, relatively few works42,43 
systematically 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.42 

To gain a deeper understanding, it is valuable to explicitly understand how the temporal 
oscillations in 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, analytical relations for the above quantities are derived in the small-displacement limit with 
the harmonic approximation. The slope of the Br 3d core-excited state PES along the symmetric stretch 
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mode at the ground state equilibrium geometry is computed from restricted open-shell Kohn-Sham 
(ROKS) calculations.45–47 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, I offer a clear physical picture on multiple levels of 
understanding for how the pump-pulse peak intensity controls vibrational dynamics launched by non-
resonant ISRS in the small-displacement limit. 

 

 

Figure 2.1. Experimental Scheme. (a) Attosecond transient absorption spectroscopy on the symmetric 
stretch (a1) mode of CBr4. (b) Vibrational eigenstates are coherently excited by non-resonant 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. 
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2.2 Experimental Methods 
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 2.1. The laser source is a Coherent Astrella USP 
(800 nm, 35 fs FWHM, 7 mJ, 1 kHz), and its output is split by a 70:30 beamsplitter into pump and 
probe arms, respectively. 

2.2.1 400 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 homebuilt Self-Diffraction Frequency 
Resolved Optical Gating (SD-FROG) (Figure 2.8).  

2.2.2 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 a piece of 2 mm thick 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 XUV 
region. 

2.2.3 XUV Probe Pulse 
The few-cycle visible-NIR pulses (referred 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) is 
produced by high harmonic generation (HHG). The remaining 800 nm driving field is removed by an 
Al filter (0.1 µm thick). 

2.2.4 Static and Time-Resolved (Transient) XUV Absorption 
Measurement 

At the sample cell (4 mm long, 500 µm hole diameter), 400 nm pump and XUV probe beams recombine 
non-collinearly and interact with CBr4 vapor. The sample reservoir, delivery line, and cell are heated to 
100-120 ℃ 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 
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with a translational stage. After a Zr filter (0.1 µm thick) to block the 400 nm beam, the XUV beam is 
dispersed by a grating and detected on a XUV CCD camera. 

Two types of XUV absorption spectra are collected experimentally. One is the static XUV 
absorbance ,  

XUV XUV
XUV 10 (0)

XUV XUV

( )( ) log
( )

I EA E
I E

= −
 

where EXUV is the photon energy of XUV probe pulses, and  and  are the XUV intensity with 
and without the CBr4 molecule in the cell, respectively. The other is the time-resolved (transient) XUV 
differential absorption , 
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where τ is the time delay between the pump and probe pulses, and  and   are the XUV 
spectrum of CBr4 with and without the pump pulse. 

Temporal resolution is calibrated with a cross-correlation measurement of 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 Appendix. 

 

2.2.5 Pump-Pulse Peak-Intensity Dependent Measurements 
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 Appendix.  

 

2.3 Computational Methods 
Quantum chemical calculations are performed with the Q-Chem software package,48  utilizing the 
SCAN0 functional49 and the decontracted (i.e. all primitives are uncontracted) aug-cc-pVTZ basis set.50–

52 Scalar relativistic effects are included through the use of the spin-free exact two component one-
electron (SF-X2C-1e) approach.53–56 Local exchange-correlation integrals are calculated 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,57 yielding an equilibrium bond 
distance of 1.925 Å (vs an experimental58 value of of 1.942 Å) and a symmetric stretch frequency of 282 
cm−1 (vs 267 cm−1 from experiment59). 
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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 a.u., see Appendix) over bond lengths 
ranging from 1.8246−2.046 Å (in increments of 0.001 Å). These polarizabilities are 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 Appendix. 

The Br 3d excitation energies are computed with the ROKS approach,45,46 which has been found 
to be quite effective at modeling core-level spectroscopies.47,60 Excited state orbital optimization is carried 
out with the square gradient minimization algorithm.61 Spin-orbit effects are subsequently incorporated 
in the manner described previously47. 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 −𝐽𝐽 𝐿𝐿�⃗ ⋅ 𝑆𝑆  is added (where 𝑆𝑆  is the electron spin 
operator and 𝐿𝐿�⃗  the orbital angular momentum for d electrons). The coupling constant 𝐽𝐽 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 2.3) in order to determine the 
slope of the core-excited PES vs bond elongation. 

 

2.4 Results and Discussion 

2.4.1 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 2.2 (left) shows the static XUV absorption spectrum of CBr4 from the electronic ground state to 
the (Br-3d3/2,5/2)-110a1

* core-excited states (10a1
* is the lowest energy antibonding orbital62,63). 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 (three decimal 
places are included here to compare with the very small (few to tens of meV) oscillation amplitude of 
XUV absorption energy measured and discussed below). The spin-orbit splitting is 1.03±0.01 eV (Table 
2.1). They agree reasonably with previous experimental results62 (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 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.47,60 

Next, the changes to the XUV absorption due to the vibrational wavepacket launched by 400 
nm pump pulse (peak intensity 20.2×1012 W/cm2) are considered. In the time-resolved XUV absorption 
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spectrum in Figure 2.2 (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).59 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 a previous work for CCl4.

44
 

If the launching mechanism of the vibrational wavepacket is a pure non-resonant ISRS from a 
Gaussian pump pulse centered at time zero, the expectation value of wavepacket position will be a sine 
function with a zero initial phase.22,24 Nuclear TDSE simulations reproduce this expectation by 
retrieving around 0.01 π initial phase of wavepacket position for all intensities, using the temporal 
intensity envelope of the pump pulse retrieved from SD-FROG (Figure 2.8). 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, I do not attempt to determine the absolute initial 
phases from the experiments (Figure 2.15).  

 

 

Figure 2.2. (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 
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XUV probe pulses. The positive time delay is when the 400 nm pulse arrives before the XUV pulse. The 
peak intensity of 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, 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.  

 
Table 2.1. 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 
Experiment62 

(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 

 

2.4.2 Information Encoded in the Time-Resolved XUV Absorption 
Spectrum: Oscillation Amplitude of XUV Absorption Energy, 
Excursion Amplitude of Vibrational W avepacket, 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 

ce
XUV ce

0 0

( ) (0) (0) g
g

dEdEE q E E
dq dq

  
 ≈ − + −    

   

ce
XUV

0

(0)

q

dEE q
dq

 
 
  

 
= +  

    (1) 

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 Frank-
Condon region, if the equilibrium position of the core-excited PES does not coincide with that of the 
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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 

ce
XUV ot XUV it ot it

0

( ) ( ) ( )dEE q E q q q
dq

 
− = − 

   (2) 

where XUV XUV ot XUV it( ) ( ) / 2E E q E q∆ ≡ −  is defined as the oscillation amplitude of the XUV absorption 

energy, and amp ot it( ) / 2q q q≡ − , the excursion amplitude of the vibrational wavepacket, or physically the 
maximum displacement from equilibrium. Therefore, 

ce
XUV amp

0

dEE q
dq

 
∆ =  

 
  (3) 

and ampq  can thus be retrieved from XUVE∆ in the experimentally measured time-resolved XUV 
absorption spectrum in Figure 2.2 (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 around -9.4 eV/Å along the symmetric stretch mode (by fitting core-excitation energies to a straight 
line, as shown in Figure 2.3). 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 in the same order of magnitude (~10 eV/Å) as 
previous estimates for core-to-antibonding excitations in CCl4

44 and SF6
42,43 (typical range 5 – 30 eV/Å 

depending on which atom). 

The ROKS results and the linear fits are shown in Figure 2.3, which indicates that Equation 1 
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. The around 10 meV or smaller experimental oscillation 
amplitudes for XUV absorption energies (Figure 2.2) 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 
Equation 1 therefore is sufficient for analyzing the experimental results.  
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Figure 2.3. Computed XUV excitation 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-
1.9446 Å are also shown (solid lines), which align quite well with ROKS results for twelve bond lengths 
calculated outside the fit interval (six equally spaced points each between 1.8746-1.8996 Å and 1.9496-
1.9746 Å). The slopes are about -9.4 eV/Å for the Br-3d3/2,5/2→10a1

* excitations. 

 

2.4.3 Relative Slope between Multiple Core-Excited State PES and 
Insight into Property of Participating Orbitals 

If multiple electronic core-excited states simultaneously probe the vibrational wavepacket on the 
electronic ground state, the relative slope between two or more core-excited state PES42–44 along the 
normal mode at the equilibrium geometry of electronic ground state can be determined experimentally, 
from the ratio of measured oscillation amplitude of XUV absorption energy ΔEXUV using Equation 3 as 

ce2 ce1
XUV2 XUV1

0 0

/ /dE dE E E
dq dq

   
= ∆ ∆   

      (4) 

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 measured oscillation amplitude of XUV absorption energy ΔEXUV(Br-3d5/2)/ 
ΔEXUV(Br-3d3/2) (Table 2.5). As a result, the shape 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 
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PES, but also shed light on the nature of 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 
gives a hint about the bonding properties of the final orbitals. For instance, if the final orbital is non-
bonding, 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 anti-bonding. For instance, in the SF6 
molecule42,43, 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 anti-bonding while the t2g orbital is non-bonding, the slope of (S-
2p)-1a1g and (S-2p)-1eg core-excited states is found to be larger than that of (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 originating from different absorption edges. This offers 
a potential 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

* anti-bonding 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 the both 
Br-3d3/2 or 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 molecule44 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.  

 

2.4.4 Connection between the Excursion Amplitude of Vibrational 
W avepacket 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.42 Long after the pump pulse, the coherent vibrational wavepacket Ψ(q, 
t) can be approximated by the following linear superposition, 

0 1/ /
0 0 1 1( , ) ( ) ( )iE t iE tq t c q e c q eψ ψ− −Ψ = + 

  (5) 

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: 
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    [ ]
0 0 0 1 1 1

0 1 0 1 1 0

( ) ( , ) ( , )

2 cos ( ) /

q t q t q q t

p q p q

p p q E E t

ψ ψ ψ ψ

ψ ψ φ

= Ψ Ψ

= +

+ − +   (6) 

where 
2

0,1 0,1p c= is the population of the vibrational ground and first-excited states, respectively, and 

ϕ is the initial phase between the two coefficients 𝑐𝑐0,1. (If the launching mechanism of the coherent 
vibrational wavepacket is non-resonant 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,22,24 or equivalently a 

cosine function with a -π/2 initial phase in Equation 6.) 

Next, because 0 0 1 1 0q qψ ψ ψ ψ= =  and 0 1
02

qψ ψ
µω

=
 for a harmonic oscillator 

(where μ is the mass associated with the normal mode, which is four times the mass of Br, and

0 1 0( ) /E Eω = −   is the fundamental vibrational frequency of the normal mode), the position expectation 
value simplifies to: 

00 1

1 1

0

0
0

amp 0 )

(1 )

( ) 2 cos( )
2

2 cos( )
2

cos(

q p pt t

t

q t

p p

ω φ
µω

ω φ
µω

ω φ

 
= +  

 
 

= +  
 

−

= +





  (7) 

as 𝑝𝑝1 + 𝑝𝑝0 = 1. This shows that the excursion amplitude of the vibrational wavepacket is 

( )amp 1 1
0

2 1
2

q p p
µω

= −


 (8) 

Furthermore, when 𝑝𝑝1 ≪ 1 (as expected in the small-displacement limit), 

1
0

2
2ampq p

µω
≈



 (9) 

so qamp is proportional to 1p . Therefore, if the excursion amplitude of the vibrational wavepacket is 
known, 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 Schrödinger equation (TDSE) along the symmetric stretch mode alone. As shown in 
Figure 2.4, the calculated population of the vibrational ground state is close to one (on the order of 0.99), 
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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. 

 

Figure 2.4. 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 intensities used in this work. The population in the second vibrational excited state is even 
smaller, indicating that the two-state approximation used for the small-displacement limit is reasonable.  

 

2.4.5 Physical Basis for the Phenomenological Equations 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 literature,25,28,30,39,40,43 to fit the oscillations in time-resolved XUV 
absorption spectrum due to coherent vibrational dynamics. If only one vibrational mode is involved, the 
time-resolved XUV absorption energy is often described empirically as 

0
XUV XUV XUV 0cos( )( )E t E E tω φ= + +∆   (10) 

where 0
XUVE is the XUV absorption energy at the equilibrium geometry of electronic ground state, and 
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ΔEXUV is the oscillation amplitude of XUV absorption energy. Comparing to Equation 3, 

ce
XUV amp

0

dEE q
dq

 
∆ =  

   (3) 

it further reveals that 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. 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 greater fraction of the 
vibrational first-excited state in the small-displacement limit. 

 

2.4.6 Controlling the Motion of Vibrational W avepacket 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 in Table 2.2).  In Figure 2.5(a), the 
experimentally measured oscillation amplitudes of XUV absorption energy increase approximately 
linearly with pump-pulse intensity, which is also observed for the SF6 molecule42,43.  

In Figure 2.5(b), the excursion amplitudes of the vibrational wavepacket qamp are retrieved from 
the corresponding oscillation amplitudes of the XUV absorption energy ΔEXUV by Equation 3, given the 
-9.4 eV/Å slope of the (Br-3d3/2,5/2)-110a1

* core-excited state PES from ROKS calculations. In Figure 

2.5(c), the square root of population in the vibrational first-excited state 1p  is further estimated from 
the excursion amplitude of the vibrational wavepacket qamp via Equation 9. All three quantities plotted 
in Figure 2.5 are found to increase approximately linearly with the pump-pulse peak intensity for both 
the Br M4  3d3/2 and M5  3d5/2 edges.  
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Figure 2.5. Pump-pulse peak-intensity dependence of (a) experimentally measured oscillation 
amplitude of the XUV absorption energy , (b) excursion amplitude of the vibrational wavepacket qamp 
(retrieved from (a) by Equation 3, 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 1p  (estimated from (b) by Equation 9). 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). 

 

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 non-
resonant ISRS process, and the theoretical oscillation amplitude of XUV absorption energy ΔEXUV is 
estimated from Equation 3. The TDSE simulation results have to be scaled by 1/3 to match the 
experiment. A few possible reasons for this large discrepancy between experiment and theory are 
considered below. I 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.  

From an experimental perspective, the differences with theory may arise from a lower effective 
pump-pulse peak intensity at the sample location than the estimation. A detailed calibration of the 
experimental peak intensity for the pump pulse is given in the Appendix, which is taken as the best 
estimation. However, it is uncertain whether the pump and probe pulses spatially overlap right at the 
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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. However, if there is an angular mismatch, the 
overlap could be diminished and therefore be a cause of the discrepancy. 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 non-resonant ISRS process through TDSE (such as 
from errors in the molecular polarizabilities). I consider these factors to be somewhat less likely as the 
slope is quite consistent with previous results for other molecules, and additional effort has been invested 
into benchmarking molecular polarizabilities used for the TDSE simulations (see Appendix).  

 

2.5 Conclusions 
In this work, a coherent vibrational wavepacket is launched in the symmetric stretching (a1) mode of 
electronic ground state CBr4 molecule by non-resonant 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 fs), and the oscillation amplitude of XUV 
absorption energy equals the product of the excursion amplitude of the vibrational wavepacket and the 
slope of the Br (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 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 Schrodinger equation along the symmetric 
stretching mode for the non-resonant ISRS.  
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The present analytical formulations and approach to extract information encoded in time-resolved 
XUV absorption spectra is general and can be readily applied to ISRS combined with other time-resolved 
electronic absorption spectroscopy probed in different spectral regions. Experimentally, 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 Angstrom and tens of femtosecond precision.42 
Moreover, the analytical formulations provide a concrete and thorough understanding of how the 
pump-pulse peak intensity controls vibrational dynamics in the small-displacement limit. 
 

2.6 Appendix 

2.6.1 Calibration of Pump Pulse 
In this work, the peak intensity of pump pulse is modified by cropping the beam with an iris before the 
pump and probe pulses recombine. Detailed measurements of pump-pulse properties are given below. 

 
Figure 2.6. Beam diameter (mean μ) of pump pulse vs iris size. The iris size is read by the numbered 
marks on the iris. Measured with DataRay beam profiler WinCamD-UHR, 4xsigma mode. Picked off to 
the location at the same distance to the sample location. The beam diameter (mean μ) remains around 
109 μm and does not change significantly when the iris size decreases from full to 3.0. Only when iris size 
is smaller than 3.0, the beam starts to get significantly cropped and the beam diameter increases 
appreciably. The averaged value of beam diameters from size 3.0 to full is 109 μm with 1 μm standard 
deviation. 
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Figure 2.7. Average power of pump pulse vs iris size. The iris size is read by the numbered marks on the 
iris. The average power at the sample location (red circle) is estimated as 65% of that measured right after 
the iris (black square), according to a previous power calibration. There are 5 mirrors and 1 thin glass 
window between the iris and the sample cell. 
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Table 2.2. Properties of pump pulse vs iris size. 

Scan 
# 

Iris sizea Average 
Power  (mW )b 

Beam 
Diameter, 
Mean μ (μm)c 

Pulse 
Duration (fs)d 

Pulse Energy 
(µJ)e 

Peak Intensity 
(×1012 
W /cm2)f 

Peak Intensity 
(×10-4 atomic 
unit)g 

2 3.5 11.9 109±1 26±1 11.9 8.15 2.32 

3 4 15.0 109±1 26±1 15.0 10.3 2.93 

5 4.5 18.3 109±1 26±1 18.3 12.5 3.57 

4 6.5 28.0 109±1 26±1 28.0 19.2 5.47 

1 full 29.5 109±1 26±1 29.5 20.2 5.76 

a Iris size is read by the numbered marks on the iris. 
b At the sample cell location. Estimated according to previous power calibration (Figure 2.7) 
c Measured with DataRay beam profiler WinCamD-UHR, 4xsigma mode. Details in Figure 2.6. 
d Measured by SD-FROG (Figure 2.8(d)) 
e Average power divided by 1 kHz repetition rate 
f Assume Gaussian spatial profile and FROG-retrieved temporal profile (Figure 2.8) 
g Peak intensity in W/cm2 divided by the conversion factor from the literature64. 
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Figure 2.8. Self-Diffraction Frequency-Resolved Optical Gating (SD-FROG) measurement for 400 nm 
pump pulse. (a) Measured and (b) Reconstructed spectrogram. (c) Measured (black line) and 
reconstructed (black dash) spectrum, and reconstructed spectral phase (blue dash). The central 
wavelength is around 400 nm. (d) Reconstructed temporal intensity envelope (black line) and temporal 
phase (blue dash). The pulse duration is considered as 26±1 fs FWHM from fitting the main pulse to a 
Gaussian function. 
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2.6.2 Calibration of Time Zero and Temporal Resolution for Time-
Resolved XUV Absorption Measurements 

The time zero and temporal resolution (instrument response function) is calibrated with a cross-
correlation measurement of pump and probe pulses in He 2s2p state.  

 
Figure 2.9. The cross-correlation measurement of pump and probe pulses in He 2s2p state. The positive 
time delay is when the XUV pulse arrives first before the 400 nm pulse. (a) Time-resolved XUV 
differential absorption (ΔA) spectrum of He 2s2p state. The XUV absorption is suppressed (ΔA turns 
negative) by the pump pulse when pump and probe pulses overlap. (b) Circle: Lineout of negative of 
measured differential absorption (-ΔA) at 60.16 eV. Black solid line: Fit by a convolution of two Gaussian 
(main and satellite pulses) and an exponential decay function in time delay. Red dash line: Gaussian (main 
pulse). The fitted FWHM and center of this Gaussian is 26±6 fs and -1±3 fs, and these are taken as the 
instrument response function and time zero for this work, respectively. Red dash line: Gaussian (satellite 
pulse).  
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2.6.3 Calibration of Spectral Axis 
In this work, the XUV beam is dispersed by a grating onto a XUV CCD camera. As a result, the spectral 
axis of the raw data is recorded in camera pixels. I measure the static XUV absorption of He 2snp (n = 2 
to 5) states, and establish the calibration curve for converting pixel to wavelength and photon energy.  

 
Figure 2.10. Static XUV absorption spectrum of He 2snp (n ≥ 2) excited states, as a function of XUV 
CCD camera pixel.  
 
Table 2.3. Calibration Table with He 2snp (n = 2 to 5) States 

Electronic State Resonance Location 
(Pixel)a 

Resonance Energy (eV), 
Literature65 

Resonance 
W avelength (nm)b 

He 2s5p 608±1 64.814 19.129 
He 2s4p 621.2±0.4 64.467 19.232 
He 2s3p 652.2±0.2 63.658 19.476 
He 2s2p 793.4±0.2 60.147 20.613 

a Fitted to a convolution of Fano lineshape and Gaussian function, to determine the resonance location 
in pixel. Estimated manually for 2s5p.  

b Converted from resonance energy (eV) in the literature.65 



23 

 

 
Figure 2.11. The calibration curve for wavelength vs pixel. Cross: Measured resonance location. Red 
line: Linear fit. This calibration curve enables the conversion from pixel to wavelength and photon energy. 
 

 
Figure 2.12. Calibrated static XUV absorption spectrum of He 2snp (n ≥ 2) excited states, as a function 
of photon energy. 
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Figure 2.13. Calibrated spectrum of the XUV probe pulses after a 0.1 μm Al filter and a 0.1 μm Zr filter. 
The cut around 73 eV is due to the Al filter. 
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Figure 2.14. Time-resolved XUV differential absorption spectrum of CBr4 with pump peak intensity 
20.2 × 1012 W/cm2. The positive time delay is when the 400 nm pulse arrives before the XUV pulse. The 
negative oscillating signals around 69 to 71 eV encode the coherent vibrational dynamics on the electronic 
ground state. (Upper) Differential absorption integrated from time delay of 300 to 1100 fs. Three major 
peaks between 64 to 66 eV correspond to dissociated atomic Br. These are likely to come from two 
photon absorption of the 400 nm pump pulse (photon energy 3.1 eV), because the lowest transition to 
valence-excited states (A bands) of CBr4 starts at 4.9 eV (39550 cm-1)66,67 
 
 
Table 2.4. Energy of dissociated atomic Br 3d absorption. The presented values agree reasonably with 
the literature. This also confirms the validity of the spectral axis calibration. 

Transition This work 
Energy (eV) 

Previous Literature68 
Energy (eV) 

Br 2P3/2 → 2D3/2 65.55 65.58 
Br 2P1/2 → 2D3/2 65.11 65.13 
Br 2P3/2 → 2D5/2 64.56 64.54 
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2.6.4 Measured Relative Slope of Br-3d Core-Excited State Potential 
Energy Surface (PES) 

 
Table 2.5. Measured relative slope of (Br-3d3/2,5/2)-110a1

* core-excited state PES along the symmetric 
stretch mode. Relative slope is determined experimentally as the ratio of measured oscillation amplitude 
of XUV absorption energy ΔEXUV (Br-3d5/2)/ΔEXUV (Br-3d3/2).  

Scan # 
Peak Intensity 
(×1012 W /cm2) 

ΔEXUV (Br-3d3/2) 
(meV) 

ΔEXUV (Br-3d5/2) 
(meV) 

Relative Slope 

2 8.15 2.8±0.6 4.1±0.9 1.5±0.4 
3 10.3 9.6±1.2 9.0±1.3 0.9±0.2 
5 12.5 7.2±1.7 7.6±1.6 1.0±0.3 
4 19.2 11.9±1.9 12.2±1.7 1.0±0.2 
1 20.2 10.2±1.4 11.3±1.4 1.1±0.2 
Mean±Error    1.1±0.13 

 

2.6.5 Comment about Initial Phase of W avepacket Trajectory 
If the launching mechanism of the vibrational wavepacket is a pure non-resonant ISRS from a Gaussian 
pump pulse centered at t = 0, the expectation value of the wavepacket displacement will be a sine function 
with a zero initial phase.22,24 Nuclear TDSE simulations reproduce this expectation by retrieving around 
0.01 π initial phase of wavepacket position for all intensities, with the experimental pump pulse intensity 
profile measured by SD-FROG (as shown in Figure 2.8(d)).  

Experimentally, the initial phase from the first experiment is around -0.1π and reasonably close 
to zero, as shown in the Figure 2.15 below. In the subsequent experiments, the initial phases gradually 
deviate toward -0.6π. This trend suggests that there may be a growing time-zero drift over the course of 
experiments (about four hours), and it seems to be reflected in the gradual deviation of the initial phase 
from zero. As a result, I do not attempt to determine the absolute initial phases from the experiments.  



27 

 

 
Figure 2.15. The initial phase at time zero from fitting the measured XUV absorption energy as a 
function of time-delay to a sine function for different pump-pulse intensities, plotted in the order of 
experiments. 
 

2.6.6 Nuclear Time-Dependent Schrodinger Equation Simulations 
I simulated the dynamics of the symmetric stretch mode in a manner similar to what was described in a 
previous work.44 In brief, under the harmonic approximation (which is valid in the small-displacement 
limit), the normal modes are all independent of each other and can be treated separately. The symmetric 
stretching mode evolves under the influence of the Hamiltonian:  

𝐻𝐻�(𝑡𝑡) =
𝑝̂𝑝2

2𝜇𝜇
+

1
2
𝜇𝜇𝜔𝜔0

2 𝑞𝑞�2 −
1
2
𝛼𝛼(𝑞𝑞�)|ℰ(𝑡𝑡)|2 

where 𝑝̂𝑝 is the momentum operator along this mode, 𝑞𝑞𝑞 is the operator for bond stretching (relative to the 
equilibrium bond length), 𝛼𝛼(𝑞𝑞�) is the isotropic polarizability as a function of 𝑞𝑞�, 𝜇𝜇 is the normal mode 
mass, 𝜔𝜔0 is the normal mode frequency, and |ℰ(𝑡𝑡)|2 = 𝐼𝐼(𝑡𝑡) is the temporal intensity envelope of the 
pump pulse. Details of the above terms are as follows. 

The isotropic polarizability 𝛼𝛼(𝑞𝑞�) tends to increase with bond stretching as the bonding electron 
density becomes “softer” (i.e. more diffuse) in response.69 For small displacements, it can be approximated 
with 𝛼𝛼(𝑞𝑞)  =  𝛼𝛼0  +  𝛼𝛼1𝑞𝑞 +  𝛼𝛼2𝑞𝑞2. Fitting SCAN0/decontracted aug-cc-pVTZ polarizabilities across 
201 uniformly spaced bond stretches spanning ±0.1 Å relative to equilibrium for CBr4 yields 𝛼𝛼0  =
 97.76,𝛼𝛼1  =  38.70,𝛼𝛼2  =  16.90, in atomic units. The normal mode mass 𝜇𝜇  = 575437.04 atomic 
units (i. e. 4 times the mass of a single 79Br atom, assuming all four Br atoms in the molecule correspond 
to this isotope). The normal mode frequency is 0.00129 atomic units (282.32 cm−1) from the ground 
state DFT calculations. 
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The temporal intensity envelope of the pump pulse |ℰ(𝑡𝑡)|2 = 𝐼𝐼(𝑡𝑡) is calculated as 
2

pk FROG( ) (a.u.) ( ) cos ( )I t I I t tω=  
where Ipk (a.u.) is the calibrated peak intensity in atomic units (Table 2.2), IFROG(t) is the normalized 
temporal intensity envelope from SD-FROG measurement (Figure 2.8(d)), ω is the angular frequency of 
400 nm pump pulse and equals 0.1139 atomic units.  

With these parameters, the time-dependent Schrödinger equation (TDSE) for the symmetric 
stretching mode was numerically simulated within the interaction picture for each of the experimentally 
studied pump laser intensities, taking the field-free harmonic oscillator terms as the reference 
Hamiltonian and the −1

2
𝛼𝛼(𝑞𝑞�)|ℰ(𝑡𝑡)|2 term as the perturbation. The simulations were done in the basis 

of the ten lowest energy eigenstates of the unperturbed harmonic oscillator Hamiltonian. The 
wavefunction at t = −4134.14 atomic units (100 fs) was assumed to be the ground state of the 
unperturbed harmonic oscillator, and the wave-function was subsequently propagated in time to t = 
41339.86 atomic units (1000 fs) with step sizes of 2 atomic units (0.048 fs). 
 

2.6.7 Comment about Polarizability Calculations 
The TDSE simulations along the symmetric stretch mode appear to predict bond stretches that are 
roughly three times as great for a given pump power intensity as those estimated from the experimental 
Δ𝐸𝐸𝑋𝑋𝑋𝑋𝑋𝑋  values and the computed Br core-excited PES slope of -9.4 eV/Å. A potential source of this 
discrepancy might be the use of too large polarizabilities for the TDSE simulations, as more simplified 
previous models24 have indicated that the bond stretch amplitude is directly proportional to 𝛼𝛼1 (i.e. the 
slope of the polarizability vs bond stretch at the equilibrium geometry).  

Such an overestimation could potentially arise from either errors in the finite difference 
approximation used for computing polarizabilities or errors intrinsic to the SCAN0/decontracted aug-
cc-pVTZ model chemistry. Both scenarios appear to be unlikely, as discussed below. 
 

2.6.7.1 Finite difference 
Q-Chem presently lacks analytic polarizabilities with the X2C relativistic method. As a result, the 
polarizability was computed via finite differences of the energy with different electric fields. As the 
polarizability is the negative of the second derivative of the energy vs applied field strength, I can utilize 
standard finite difference formulae and obtain: 

𝛼𝛼𝑧𝑧𝑧𝑧 = −�
𝑑𝑑2

𝑑𝑑ℰ𝑧𝑧2
𝐸𝐸(ℰ𝑧𝑧)�

ℰ𝑧𝑧=0

=
30𝐸𝐸(0) − 16𝐸𝐸(ℎ) − 16𝐸𝐸(−ℎ) + 𝐸𝐸(2ℎ) + 𝐸𝐸(−2ℎ) 

12ℎ2
+ 𝑂𝑂(ℎ4) 

where 𝐸𝐸(ℰ𝑧𝑧) is the energy of the system computed with an applied field ℰ𝑧𝑧 along the z direction and ℎ =
0.005 atomic units is the applied electric field strength for the finite difference calculations. As CBr4 is 
tetrahedral, the isotropic polarizability 𝛼𝛼 = 𝛼𝛼𝑧𝑧𝑧𝑧. Furthermore, the lack of a permanent dipole moment 
ensures 𝐸𝐸(ℎ) = 𝐸𝐸(−ℎ). So the previous five-point stencil simplifies to the following three point formula: 
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𝛼𝛼𝑧𝑧𝑧𝑧 = −�
𝑑𝑑2

𝑑𝑑ℰ𝑧𝑧2
𝐸𝐸(ℰ𝑧𝑧)�

ℰ𝑧𝑧=0

=
15𝐸𝐸(0) − 16𝐸𝐸(ℎ) + 𝐸𝐸(2ℎ) 

6ℎ2
+ 𝑂𝑂(ℎ4) 

As a result, for any given bond stretch, the energies are computed for zero external fields, and with fields 
of 0.005 a.u. and 0.01 a.u. along the z direction (𝐸𝐸(0),𝐸𝐸(ℎ) and 𝐸𝐸(2ℎ), respectively) to compute the 
polarizability. The scale of the finite difference error can be estimated by comparing the finite difference 
results in the nonrelativistic (i.e. X2C free) SCAN0/decontracted aug-cc-pVTZ case, for which analytic 
values can be computed. The resulting values for the 201 uniformly spaced bond stretches spanning ±0.1 
Å relative to the equilibrium geometry that were used to fit the quadratic polynomial 𝛼𝛼(𝑞𝑞)  =  𝛼𝛼0  +
 𝛼𝛼1𝑞𝑞 +  𝛼𝛼2𝑞𝑞2  indicate very little finite difference error. Specifically, the largest deviation between 
analytic and finite difference nonrelativistic SCAN0/decontracted aug-cc-pVTZ isotropic 
polarizabilities is 0.0008 atomic units for the geometries utilized and fits from the two approaches predict 
identical 𝛼𝛼1 values of 38.18 atomic units. Finite difference errors in the X2C SCAN0/decontracted aug-
cc-pVTZ isotropic polarizabilities therefore appear to be not a major concern. I also take the opportunity 
to note that relativistic effects appear to slightly increase the isotropic polarizability in this molecule. All 
the computed polarizability values are provided in the accompanying Excel spreadsheet. 
 

2.6.7.2 Electronic Structure 
The other potential source for errors in the polarizability may be inadequacies of the 
SCAN0/decontracted aug-cc-pVTZ model chemistry, even though it has been shown to be accurate for 
lighter elements70. I therefore carried out nonrelativistic CCSD(T)/aug-cc-pVTZ calculations (utilizing 
the aforementioned finite difference formula) for a few bond stretches to determine if 
SCAN0/decontracted aug-cc-pVTZ was acceptable. Using 41 equally spaced geometries between 
1.9046-1.9446 Å (same as those used in the main text for finding the Br core-excited PES slope from 
ROKS), I find that nonrelativistic CCSD(T)/aug-cc-pVTZ yields very similar polarizabilities (albeit 
slightly smaller by 0.1-0.2 atomic units) as nonrelativistic SCAN0/decontracted aug-cc-pVTZ. The fitted 
𝛼𝛼1 values in this interval are: 38.02 atomic units from SCAN0/decontracted aug-cc-pVTZ and 36.64 
atomic units from CCSD(T)/aug-cc-pVTZ. However, the CCSD(T) calculations utilize a frozen core 
(C 1s, Br 1s 2s 2p) and the decontracted aug-cc-pVTZ basis used in the SCAN0 calculations is more 
flexible (and hence likely to lead to larger polarizabilities) than the aug-cc-pVTZ basis used for the 
CCSD(T) calculations. It nonetheless appears clear that the polarizabilities obtained from finite 
differences on SCAN0/decontracted aug-cc-pVTZ with X2C are quite reasonable, and lead to 𝛼𝛼1 within 
5% of CCSD(T). The polarizability fits are therefore extremely unlikely to contribute to the factor of 3 
difference between the bond stretching amplitude predicted by TDSE simulations and experiment.  
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3 Dissociation Dynamics of Br 2 C 1Πu 1u State 
The material in this chapter has been published and is reprinted with permission from 
 
Beetar, J.E.†; Ou, J.-H.†; Kobayashi, Y. and Leone, S. R*. 
“Different Rise Times of Atomic Br M4,5 3d3/2,5/2 Core Level Absorptions during Br2 C 1Πu 1u State 
Dissociation via Extreme Ultraviolet Transient Absorption Spectroscopy.” 
Journal of Physical Chemistry A, 2025, in press. (https://doi.org/10.1021/acs.jpca.5c06776) 
Copyright ©2025 American Chemical Society. 
†These two authors contributed equally. *Correspondence author 
 

3.1 Introduction 
Dissociation is a fundamental chemical reaction. While dissociation is simple to perceive as a 
phenomenon, there is not a once-and-for-all definition for dissociation time. In fact, Zewail and 
colleagues7 pointed out that “dissociation time” could have more than one definition, when they studied 
the dissociation of ICN.  

A good example of the subtlety of “dissociation times” is the dissociation of the Br2 C 1Πu 1u state 
into two ground state Br atoms (Nomenclature of Br2 electronic states follows the literature). It is 
triggered by absorption of 400 nm light from the electronic ground state (X 1Σg

+) of Br2 as 

Br2 (X 1Σg
+) + 400 nm light → Br2 (C 1Πu 1u) → Br (2P3/2) + Br (2P3/2). 

Over the past twenty years, this dissociation has been extensively studied by numerous time-resolved 
measurements.71–78 Surprisingly, these measurements71–78 report widely different dissociation times from 
30 to 340 fs dependent on the various detection methods (Table 3.1).  

In general, those detection methods measure two categories of detection, particles 
(photoelectrons71–74,79 or photoions76–78) or light (emission75,76). With the detection of particles, time-
resolved photoelectron spectroscopy (TRPES)71–74,79 showed that the atomic signals appear around 40 
fs71–73 to 85 fs74,79 after excitation. On the other hand, cold target recoil ion momentum spectroscopy 
(COLTRIMS)77 found that the molecular signals persist up to 140 ± 15 fs. In addition, Coulomb 
explosion imaging (CEI)78 recorded the rise time as 200 fs for Br+ ions (probed by a 800 nm pulse) and 
340 fs for Br2

+ ions (probed by a 90.6 eV pulse). With the detection of light emission, high harmonic 
spectroscopy (interferometry)75,76 showed that the amplitude of emitted high harmonics converges to an 
asymptotic value around 300 fs, when the atomic character is considered to be fully established. Such 
differences in the dissociation time are intriguing, especially when the reactant Br2 is a simple diatomic 
molecule.  

In this work, attosecond XUV transient absorption spectroscopy14,15,17,18 is used to track the 
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dissociation of Br2 in the C 1Πu 1u state by core level absorptions. Specifically, the XUV absorption 
spectrum covers both the Br 3d core-to-valence and core-to-Rydberg absorptions at the same time. 
During the dissociation, the XUV absorption energy shifts because the energy gap between the C 1Πu 1u 
and Br 3d core-excited states changes. By following the XUV absorption spectrum as it evolves from the 
molecular to the atomic limit, the underlying change in the electronic structure from Br2 molecules to 
Br atoms is mapped out. I consider the dissociation to be completed based on spectroscopic 
identification7 when the XUV absorption spectrum converges to that of the Br atoms, within the 
temporal and spectral resolution of the experiment.  

Previously, the static Br 3d core-to-valence and core-to-Rydberg spectra were measured for either 
Br2 molecules or Br atoms separately25,68,80–84 (Table 3.3). The broadband time-resolved spectra connect 
these studies scattered throughout the literature with a full evolution from molecules to atoms. This 
unification demonstrates the unique strength of time-resolved absorption spectroscopy with broadband 
XUV light.  

 



32 

 

 

Figure 3.1. Experimental scheme. (a) Attosecond extreme ultraviolet (XUV) transient absorption 
spectroscopy on the dissociation of Br2 molecules in the C 1Πu 1u state. The dissociation is launched by 
femtosecond 400 nm pump pulses and monitored by the time-resolved absorption of broadband XUV 
probe pulses at the Br M4,5 3d3/2,5/2 edges (66 to 80 eV). (b) Femtosecond 400 nm pump pulses bring the 
Br2 molecule from the electronic ground X 1Σg

+ state to the excited C 1Πu 1u state, to initiate the 
dissociation. As the nuclear wavepacket travels on the C state, it is probed by the absorptions of XUV 
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pulses to the Br core-to-valence (3d)-14p and core-to-Rydberg (3d)-1ns and (3d)-1np (n ≥ 5) excited states. 
Solid lines: Calculated potential energy curves (PEC) of the ground X, C and core-to-valence (3d)-14p 
excited states. Dashed lines: Hypothetical PEC of core-to-Rydberg excited state for illustration purposes. 

 

Table 3.1. Experimental time-resolved studies on the dissociation of Br2 C 1Πu 1u statea 

Object of Detection: Experimental Technique 

 Timescale 
Reported (fs) 

Temporal 
Resolutio
n (fs) 

Pump Pulse Probe Pulse Reference 

Particle (photoelectron): Time-resolved photoelectron spectroscopy (TRPES) 

 40 ± 14 (Br+ 

3P2,1,0) 

300±14 400 nm, 80 fs H17, 47 nm (26.4 eV), 
290 fs 

Nugent-Glandorf 
2001 (71) 

 45 ± 8 (Br+ 

3P2,1,0) 
340±16 402.5 nm H17, 47 nm (26.4 eV), 

250 fs 
Nugent-Glandorf 
2002 (72) 

 30 ± 19 (Br+ 

3P2,1,0) 
203±17 402.5 nm H19, 42 nm (29.45 eV), 

190 fs 
Nugent-Glandorf 
2002 (72) 

 40 (Br+ 3P2,1,0) 230 402.5 nm, < 1012 
W/cm2 

H15, 53.7 nm, (23.1 eV) Strasser 2007 (73) 

 85 ± 15 (Br+ 

3P2,1,0) 
135±5 395 nm, 60 fs, < 1012 

W/cm2 
H15, 23.5 eV, 120 fs Wernet 2009 (74) 

Particle (photoion): Cold target recoil ion momentum spectroscopy (COLTRIMS) 

 140 ± 15 (Br+)  400 nm, 40 fs, 2×1011 
W/cm2 

800 nm, 30 fs, 4×1013 
W/cm2 

Li 2010 (77) 

Particle (photoion): Coulomb explosion imaging (CEI) 

 200 (Br+)  400 nm, 100 fs, 
1×1012 W/cm2 

800 nm, 100 fs, 5×1013 
W/cm2 

Rouzée 2013 (78) 

 340 (Br2
+) 300  15.7 nm (90.6 eV), 50 fs, 

1013 W/cm2 
Rouzée 2013 (78) 

Particle (photoion) and light (emission): High harmonic spectroscopy 

 300 50 to 60 
(H18) 

400 nm, 5×1011 
W/cm2 

800 nm, 1.5×1014 W/cm2 Wörner 2010 (76) 
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Light (emission): High harmonic transient grating spectroscopy 

 300 50 (H20) 400 nm, 1012 W/cm2 800 nm, 1014 W/cm2 Wörner 2010 (75) 

Light (absorption): XUV transient absorption spectroscopy 

 38 ± 1 26 ± 3 400 nm, 26 ± 1 fs, 
5×1012 W/cm2 

50-80 eV broadband Present work 

 Br 3d (2P3/2) → 4p (2D5/2) 

 20 ± 5     

 Br 3d (2P3/2) → 4p (2D3/2) 

aH# means the #-th harmonic of the 800 nm fundamental light. 
 

Table 3.2. Measurements of Br core-to-valence (3d → 4p) and core-to-Rydberg (3d → ns, np, n ≥ 5) 
spectra of ground state Br2 molecules and Br atoms in the literature.25,68,80–84 

 Transition 

System 

Core-to-valence 

3d → 4p 

(67-70 eV) 

Core-to-Rydberg 

3d → ns, np, n ≥ 5 

(73-80 eV) 

Br2 
molecule 

EELS80 

XUV-TAS25 

XAS84 

Br atom 

EELS80 

PES68 

XAS81,83 

XUV-TAS25 

PES82 

XAS83 

EELS: Electron impact Energy Loss Spectroscopy 

PES: Photoelectron Spectroscopy 

XAS: XUV/X-ray Absorption Spectroscopy (static) 

XUV-TAS: XUV Transient Absorption Spectroscopy (time-resolved) 
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3.2 Methods 
The experimental and computational methods are described briefly here with details in the Appendix. 

 

3.2.1 Experiments 
The laser source is a Coherent Astrella USP (800 nm, 35 fs FWHM, 7 mJ, 1 kHz). The pump pulses (400 
nm, 26 ± 1 fs FWHM) come from second harmonic generation (SHG) of 70% of the Astrella output 
(4.9 mJ) in a β-barium borate (BBO) crystal, the 400 nm light is focused through a neon-filled (1.7 bar) 
tube (1.37 m long), and the output is then compressed by 8 chirped mirrors. The XUV probe pulses (50-
85 eV photon energy) come from high harmonic generation (HHG) in a neon gas cell with 800 nm 
driving field pulses. The driving field pulses are produced by taking 30% of the Astrella output (2.1 mJ), 
focusing it into a neon-filled (20 psi) stretched hollow core fiber (HCF) (1.5 m long, 400 µm inner 
diameter), and then temporally compressing the output by 16 chirped mirrors and a piece of 2 mm thick 
ADP crystal. The driving field is then removed by a 0.1 µm thick Al filter. At the sample cell, pump and 
probe beams recombine non-collinearly and interact with Br2 vapor. After a 0.1 µm thick Zr filter, the 
XUV beam is detected by a homebuilt spectrograph. The time-resolved (transient) differential 
absorption ∆A(ω, t) is calculated from the XUV absorption spectrum of Br2 with and without pump 
pulses. 

 

3.2.2 Computations 
Potential energy curves (PECs) and transition dipole moments (TDMs) for valence and 3d-to-4p core-
to-valence excited states are calculated with a developer version of GAMESS.85 The nuclear wavepacket 
trajectory on the PEC of the C state is numerically solved from the nuclear time-dependent Schrödinger 
equation (TDSE) where the transition due to the pump pulse is explicitly considered. The time-resolved 
(transient) XUV absorption cross section86 from the C state to core-to-valence excited states are 
calculated from the TDMs and wavepacket trajectory.  
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3.3 Results and Discussion: Overview of both the Core-to-
Valence and Core-to-Rydberg Absorption Spectrum 

In this study, a 400 nm pump pulse excites Br₂ from the electronic ground state (X 1Σg
+) to the excited 

C 1Πu 1u state, which causes the dissociation into two Br atoms in the electronic ground state (2P3/2).  

Br2 (1Σg
+

 X) + 400 nm light → Br2 (C 1Πu 1u) → Br (2P3/2) + Br (2P3/2) 

The above processes are monitored with XUV probe pulses via changes in the absorption spectrum from 
the molecular to atomic limit over time. Furthermore, due to the broad bandwidth of the XUV probe 
pulse, not only core-to-valence but also core-to-Rydberg absorptions are measured. Both absorptions 
will be overviewed in this section, then elaborated for core-to-valence absorptions in Section 3.4, then 
core-to-Rydberg absorptions in Section 3.5. 

 

3.3.1 Before Dissociation: Identification of Br 2 Molecules with Static 
Core-to-Valence and Core-to-Rydberg Absorption Spectrum 

Before the pump pulse, the Br2 molecules in the electronic ground state are identified with its XUV 
absorption spectrum (Figure 3.2 and Table 3.3). Both core-to-valence (3d → 4p, 67 to 70 eV) and core-
to-Rydberg (3d → ns, np (n ≥ 5), 73 to 79 eV) transitions are observed together. For core-to-valence 
absorptions (Figure 3.2(a)), the 3d5/2,3/2 → 4pσ* spin-orbit doublet is at 68.10 and 69.13 eV. The spin-
orbit splitting is 1.03 eV. For core-to-Rydberg absorptions (Figure 3.2(b)), a series of 3d → ns, np (n ≥ 
5) absorption peaks are observed. The presented results agree with the literature using electron impact 
energy loss spectroscopy80 and photoelectron spectroscopy84.  

A clear XUV absorption spectrum of Br2 molecules marks the starting point for the study of 
dissociation. As the dissociation is launched by the pump pulse, the absorption from Br2 molecules 
decreases and is observed as ground state bleaching signals in the time-resolved XUV absorption 
spectrum in the next section.  
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Figure 3.2. Static XUV absorption spectrum of Br2 molecules at Br 3d M edge (a) 3d → 4p core-to-
valence and 3d → ns, np (n ≥ 5) core-to-Rydberg absorptions. (b) 3d → ns, np (n ≥ 5) core-to-Rydberg 
absorptions. Assignments in Table 3.3. 
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Table 3.3. Br core-to-valence (3d → 4p) and core-to-Rydberg (3d → ns, np (n ≥ 5)) absorptions from 
Br2 molecules in the electronic ground state. The corresponding spectrum is in Figure 3.2. Nomenclature 
of the core-to-Rydberg absorptions follows Ref. 84. 

Peak Electronic 
Transitions 

E (eV) 

This worka 

E (eV) 

Ref. 80,b 

E (eV) 

Ref. 25,a 

E (eV) 

Ref. 84,c 

 core-to-valence     

 3d5/2 → 4pσ* 68.10 68.189 68.3  

 3d3/2 → 4pσ* 69.11 69.209 69.4  

 core-to-Rydberg     

1 3d → 5s 73.85    

2 3dδ5/2 → 5p 74.91 74.890  74.946 

3 3dπ3/2 → 5p 75.09 75.047  75.112 

4 3dσ1/2 → 5p 75.21   75.238 

5 3dδ5/2 → 6s 75.52   75.518 

6 3dπ3/2 → 6s 75.68   75.672 

7 3dδ3/2 → 5p 76.01 75.962  76.007 

8 3dπ3/2 → 6p 76.27   76.272 

9 3dδ5/2 → 7p 76.57   76.555 

10 3dπ1/2 → 6s 76.81   76.771 

11 3dδ3/2 → 6p 77.23   77.178 

12 3dπ1/2 → 6p 77.50   77.419 

13 3dδ3/2 → 7p 77.69   77.613 

14 3dπ1/2 → 7p 77.95   77.809 

a XUV absorption spectroscopy 

b Electron impact energy loss spectroscopy.80 Energy resolution (FWHM) is 75 meV. 

c Photoelectron spectroscopy.84 Photon resolution is 50 meV at 90 eV photon energy. 
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3.3.2 During Dissociation: Overview of the Changes in Time-Resolved 
Core-to-Valence and Core-to-Rydberg Absorption Spectrum 

The dissociation is monitored by the changes in the time-resolved XUV absorption spectrum. Figure 
3.3(b) shows the time-resolved XUV differential absorption ΔA(t) spectrum as a function of the time 
delay between the 400 nm pump and XUV probe pulses. Positive time delays mean the 400 nm pump 
arrives before the XUV probe pulse. The differential absorption ΔA(t) signals represent the change in 
XUV absorption after the pump pulse. Positive and negative ΔA(t) signals correspond to new or 
increased absorptions and decreased absorptions, respectively. I will analyze the core-to-valence 
absorptions first in Section 3.4, then core-to-Rydberg absorptions in Section 3.5.  

 

Figure 3.3. Measured time-resolved XUV core-to-valence (67-70 eV) and core-to-Rydberg (73-80 eV) 
absorption spectrum during the dissociation of the Br2 C 1Πu 1u state. (a) Static XUV absorption 
spectrum of the Br2 molecules before dissociation. (b) Time-resolved XUV differential absorption 
spectrum ΔA(t) of the dissociating Br2 molecule and resulting Br atoms, as a function of the time delay 
between the 400 nm pump and XUV probe pulses. Positive time delays mean the 400 nm pump pulse 
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arrives before the XUV probe pulse. (c) Time average from 150 to 160 fs of the differential absorption 
signals ΔA(t) in (b). New absorptions from dissociated Br atoms lead to positive ΔA, and decreased 
absorptions from Br2 molecules cause negative ΔA. Specifically, the Br2 C state dissociates into two 
ground state Br atoms, which are probed by the atomic 3d 2P3/2 → 4p 2D5/2, 3/2 absorptions at 64.31 and 
65.34 eV, respectively. The other atomic 3d 2P1/2 → 4p 2D3/2 absorption is also observed at 64.89 eV, but 
this signal originates from another excited state of Br2 molecules (Appendix). Above 73 eV, ground state 
bleaching of Br2 core-to-Rydberg absorptions overlap with the appearance of atomic Br core-to-Rydberg 
absorptions. 
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3.4 During Dissociation: Changes in Time-Resolved Br Core-
to-Valence Absorption Spectrum 

The terminology here on differential absorption signals follows the literature.87 During the dissociation, 
several phenomena occur such as ground state bleaching of absorptions from Br2 molecule, excited state 
absorptions from the Br2 molecule pumped to the excited C 1Πu 1u state, and product absorptions from 
the dissociating Br atoms, which are explained in the following subsections.  

 

Figure 3.4. Measured time-resolved XUV core-to-valence absorption spectrum during the dissociation 
of the Br2 C 1Πu 1u state. (a) The differential absorption spectrum at time zero ΔA(t = 0). The negative 
signals around 67.5-69.5 eV are the ground state bleaching of the 3d5/2,3/2 → 4pσ* doublet of Br2 
molecules. (b) Time-resolved differential absorption spectrum ΔA(t) of the dissociating Br2 molecule 
and resulting Br atoms, as a function of the time delay between the 400 nm pump and XUV probe pulses. 
(c) Time average from 150 to 160 fs of the differential absorption signals ΔA(t) in (b).  
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3.4.1 Ground State Bleaching: Decrease of Br2 Molecules in The 
Electronic Ground State (X) 

The spectral region for core-to-valence absorptions is expanded in Figure 3.4. Once a fraction of the Br2 
molecules are excited by the pump pulse, the XUV absorptions of Br2 molecules in the electronic ground 
state decreases, shown as the negative ΔA(t) signals (so-called ground state bleaching87) in Figure 3.4(b). 
The decrease of the 3d5/2,3/2 → 4pσ* absorption doublet leads to the broad negative signals around 67.5-
69.5 eV, which are also seen in the snapshot at time zero ΔA(t = 0) in Figure 3.4(a) and the time average 
of ΔA(t) from 150 to 160 fs in Figure 3.4(c). Additionally, the oscillation of ground state bleaching 
signals encode the dynamics of the coherent vibrational wavepacket25,40,42,43,5 in the electronic ground 
state of Br2 molecules (Appendix). 

 

3.4.2 Excited State Absorption: Br2 Molecules Pumped to the Electronic 
Excited State (C 1Πu 1u) 

As the Br2 molecules are pumped to the excited state (C 1Πu 1u), new XUV absorptions from the C state 
appear as positive ΔA(t) signals in Figure 3.4. In particular, a new absorption doublet arises at t = 0 due 
to the 3d5/2,3/2 → 4pπ* absorption at 65.02 and 66.01 eV (a). This new absorption doublet of the C state 
Br2 molecule is about 3 eV below the original 3d5/2,3/2 → 4pσ* absorption doublet (68.12 and 69.16 eV) 
of ground state Br2 molecules. Physically, this shift corresponds to the energy gap between the excited C 
and ground X states, equivalent to the 3.1 eV photon energy of the 400 nm pump pulse. In addition, the 
3d5/2 → 4pσ* absorption from the C state occurs around 67 eV, about 2 eV higher than the 3d5/2 → 4pπ* 
absorption at 65.02 eV. This difference agrees with the 2.1 eV gap between orbital energy of Br2 4pπ* 
and 4pσ* orbitals. 

 

3.4.3 From Molecules to Atoms: Mapping the Motion of the Nuclear 
W avepacket on the C State Potential Energy Curve (PEC) By 
Core-to-Valence Absorptions 

After time zero, the C state Br2 molecule dissociates into two ground state Br atoms  

Br2 (C 1Πu 1u) → Br (2P3/2) + Br (2P3/2) 

As a result, the molecular 3d3/2,5/2 → 4pπ* absorptions shift toward lower photon energy in Figure 3.4(b), 
and the absorptions gradually converge to the atomic 3d 2P3/2 → 4p 2D5/2, 3/2 transitions at 64.31 and 65.34 
eV, respectively. The atomic absorption peaks are clearly identified with the time average of ΔA(t) from 
150 to 160 fs in Figure 3.4(c) and Table 3.4. Such a down shift of the XUV absorption energy equals the 
decreasing energy gap between the C state and the (3d)-14p core-to-valence excited state (white dash-dot 
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line, Figure 3.5(b)), as the nuclear wavepacket descends along the C state PEC (Figure 3.5(a)). Hence, 
the motion of the nuclear wavepacket on the PEC is intuitively visualized in the time-resolved XUV 
absorption spectrum (Figure 3.5(b)).38 

 In addition to the atomic 3d 2P3/2 → 4p 2D5/2, 3/2 absorptions, a weaker atomic 3d 2P1/2 → 4p 2D3/2 
absorption is also observed at 64.89 eV in Figure 3.4(c). This absorption from the atomic 2P1/2 excited 
state is not a dissociation product of the C state but other valence excited states. The presented 
simulations suggest that a possible state is the Z (J = 2) state (Appendix). 

 
Table 3.4. Br core-to-valence 3d → 4p absorptions of dissociated Br atoms. 

Atomic 
Transition 

E (eV) 

This work 

E (eV) 

Ref. 83 

E (eV) 

Ref. 81 

E (eV) 

Ref. 25 

E (eV) 

Ref. 68 

2P3/2 → 4p 2D5/2 64.31 64.38 64.38 64.4 64.54 

2P1/2 → 4p 2D3/2
 64.89 64.97 64.97 65.1 65.13 

2P3/2 → 4p 2D3/2
 65.34 65.43 65.43 65.4 65.58 

 

3.4.4 Product Absorption: Buildup Signal of Dissociated Br Atoms and 
its Fitted Rise Time 

The lineout in time for the atomic 3d 2P3/2 → 4p 2D5/2, 3/2 absorptions at 64.31 and 65.34 eV is plotted in 
Figure 3.5(d, c). Qualitatively, as the Br2 molecule dissociates, the atomic absorption will increase and 
converge to a plateau. Quantitatively, to determine the rise time, the atomic differential absorption signal 
ΔA(Br; t) is fitted to a sigmoid function9,71,72,74,78,79 as 

  (1) 

where a is the amplitude, Φ(t) is the cumulative distribution function (CDF) of the pump pulse shape 
f(t) 

 
 (2) 

and trise is the time constant for a shift of the CDF function in time, called the apparent rise time. For the 
atomic 3d 2P3/2 → 4p 2D5/2, 3/2 transitions (64.31 and 65.34 eV, Figure 3.5(d, c)), the fitted values of trise 
are 38 ± 1 and 20 ± 5 fs (Here the best estimate ± uncertainty is reported as the mean ± one standard 
deviation88 of fitted values for each of 93 measurements.).  

The physical meaning of this fit function has been elaborated in Zewail’s landmark work 
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(Section II.B and Appendix therein)9 and is briefly explained here. This fit function implies that 

(1) The absorption of pump pulse from the ground to the C state is assumed instantaneous.8,9,89 That is, 
the response function of the molecules or atoms is assumed as a step function (Equation A1 in Ref. 9 and 
Figure 6(a) in Ref. 7). 

(2) The atomic XUV absorption signals are proportional to the populations pumped to the C state and 
emerge later with a shift in time by trise as the molecules in the C state gradually dissociate. 71,72,74,78,79 The 
shift in time by trise empirically describes the time scale of the buildup of dissociated atomic signals. It is 
an apparent rise time because it corresponds to the total measured signal at that photon energy, but not 
necessarily a single transition if there are degeneracies.  

(3) In this work, the pump pulse shape f(t) is the temporal intensity envelope measured from SD-FROG 
(Figure 3.13(d)), so the realistic effect of finite pump pulse duration and satellite pulses are explicitly 
considered. In the literature, an ideal Gaussian pulse shape is often used, where the Gaussian CDF equals 
an error function.71,72,74,78,79   

(4) If a more sophisticated kinetics modeling is needed, a system of rate equations can be used.9 
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Figure 3.5. Launch and detection of the nuclear wavepacket and dissociation in the valence excited state 
C. (a) Potential energy curves. (b) Measured time-resolved XUV differential absorption spectrum 
records the motion of wavepacket on the PEC of C state and the rise of Br atomic absorptions. White 
dashed line: calculated energy gap between the C state and the Br (3d5/2)-14p core-to-valence excited state. 
(d, c) Lineout in time of (b) at 64.31 and 65.34 eV for atomic Br 3d 2P3/2 → 4p 2D5/2, 3/2 absorptions. Black 
dot and gray shade: the best estimate and the uncertainty of the measured ΔA(t) values (mean and one 
standard deviation88 of 93 measurements of ΔA(t) signals). Red solid line: corresponding lineout of 
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theoretically computed (GAMESS) and simulated time-resolved XUV absorption cross section from C 
state. Orange dash-dotted line: Fit by a Sigmoid function (Equation 1). 

 

3.4.5 Potential Causes for the Different Rise Times: Comparison 
between Experiment, Simulation and Theory 

3.4.5.1 Comparison Between Experimental and Simulated Time-Resolved XUV 
Absorption Spectrum and the Underlying Theory 

To understand the cause of the two different rise times, the experimental time-resolved absorption 
spectrum to simulation and the underlying theory is compared. The experimental time-resolved 
differential absorption spectrum (Figure 3.6(a)) is compared to the simulated time-resolved total 
absorption cross section of the C state to all core-to-valence excited states (Figure 3.6(b)). The photon 
energies of 64.31 and 65.34 eV are marked with the black dotted and dash-dotted lines for atomic 2P3/2 

→ 4p 2D5/2 and 2D3/2 absorptions, and lineouts in time are in Figure 3.5(d and c), respectively. For the 
lineout in time for each absorption in Figure 3.5(d or c), the measured (black dots) and simulated (red 
solid line) ΔA signals generally match. As a result, the simulations can capture the main features of the 
experiments. Next, I will analyze the components of the simulations and identify the potential cause of 
the different rise times.   

The simulations are based on a quasi-classical theory for transient absorption spectroscopy (Appendix).86 
According to the theory, the measured time-resolved total absorption cross section  (Figure 
3.6(b)) at photon energy ħω from the initial state (here the C state) to all final states (3d-14p core-to-
valence excited states) has two components: (1) the bond-length (R) dependent total absorption strength 
of the C state    (Figure 3.6(c)) and (2) the wavepacket trajectory on C state PEC  
(Figure 3.6(d)) as 

 
 (3) 

As a result, the measured time-resolved total absorption cross section  shows not only how 
the wavepacket moves in time t, but also how the bond-length dependent total absorption strength 

  changes with increasing bond length R. The wavepacket trajectory will be discussed later 
in Section 3.4.6. 
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3.4.5.2 The Difference between the Two Atomic Absorptions (2P3/2 → 4p 2D5/2 
and 2D3/2) 

First, the simulated bond-length dependent total absorption strength of the C state   in 
Figure 3.6(c) is considered. For the corresponding lineouts in Figure 3.6(e), the lineout of   
at 65.34 eV (3d 2P3/2 → 4p 2D3/2) (black dash-dotted line) converges to a plateau at a shorter bond length 
R than that at 64.31 eV (3d 2P3/2 → 4p 2D5/2) (black dotted line). This agrees with the above result that 
the rise time of 3d 2P3/2 → 4p 2D3/2 absorption (20 ± 5 fs) is faster than that of 3d 2P3/2 → 4p 2D5/2 
absorption (38 ± 1 fs) (Figure 3.5). 

 

3.4.5.3 Subtlety in the Atomic Absorption (2P3/2 → 4p 2D5/2): Merger of Two 
Branches of Molecular Absorptions (3d → 4pπ* and 4pσ*) 

Furthermore, at 64.31 eV (atomic 3d 2P3/2 → 4p 2D5/2 absorption), the lineout of   shows a 
change in slope around 3 Å (Figure 3.6(e)). According to the full  (Figure 3.6(c)), this atomic 
3d 2P3/2 → 4p 2D5/2 absorption at 64.31 eV originates from two branches of molecular absorptions from 
the C state (3d → 4pπ* and 4pσ*), which start separately around 64.9 and 67.1 eV at the equilibrium 
bond length Req and merge together around 3 Å. (Their energy difference at Req matches the 2.1 eV gap90 
between the orbital energy of 4pπ* and 4pσ* at Req.) As a result, for the lineout at 64.31 eV (Figure 
3.6(e)), the molecular 3d → 4pπ* branch is the main contribution before 3 Å. After 3 Å, the other 
molecular 3d → 4pσ* branch blends in. Such a slope change is also observed in the lineout of the 
measured spectrum at 64.31 eV (Figure 3.5(d)), of which the slope changes around 50 fs. This 
phenomenon reveals the subtlety in interpreting the absorption spectrum due to spectral overlap. If 
multiple molecular absorptions converge to the same atomic absorptions, a single lineout at the photon 
energy for that atomic absorption actually contains the contributions from different molecular 
absorptions, complicating the observed timescale.  

 

3.4.5.4 Summary: Two Factors Affecting the Lineout in Photon Energy of 
Measured Signals 

In fact, the bond-length dependent total absorption strength of C state  (Figure 3.6(c)) is the 
sum of all absorptions from the C state to each core-to-valence excited state (indexed by α)  
as  

 
 (4) 

where  is the transition dipole moment (TDM) from the C state to the α-th core-to-valence 
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excited state and  is a Lorentzian lineshape function. To summarize, two factors cause the 
rise times to differ for the lineouts of measured signals at two photon energies. One is how each 
absorption and its  value change differently as the bond length increases. The other is the 
overlap of multiple degenerate absorptions at one XUV photon energy. For instance, when several 
molecular absorptions merge to the same atomic absorption. 
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Figure 3.6. Comparison between experimental and simulated time-resolved XUV core-to-valence 
absorption spectrum and their components. The dissociated atoms are probed by the atomic 3d 2P3/2 → 
4p 2D5/2 and 2D3/2 absorptions at 64.31 and 65.34 eV (black dotted line and black dash-dotted line). (a) 
Experimental time-resolved differential absorption spectrum. (b) Simulated time-resolved total 
absorption cross section  of C state. It is the integral over bond length of (c) simulated bond-
length dependent total XUV absorption cross section of C state  and (d) simulated 
wavepacket trajectory on C state PEC  . (e) Lineout of (c). 

 

3.4.6 Bond Length vs Time: General Agreement across the Literature 
The trajectory of the nuclear wavepacket on the PEC of the C state is calculated by numerically solving 
the nuclear TDSE (Figure 3.7(a)), where the temporal intensity envelope of the pump pulse measured 
by SD-FROG is used (Figure 3.7(b) and Figure 3.13). The position expectation value of the wavepacket 
trajectory links the bond length and the time during the dissociation. The agreement with the 
literature71,72,74,75,77 (Figure 3.7 and Table 3.5) confirms the validity of the presented nuclear TDSE 
simulations. More importantly, even though the measured “dissociation times” in the literature could 
be different by an order of magnitude, how the bond length increases in time is overall consistent across 
different studies. Reported simulations of the nuclear motion (either classical or quantum 
wavepacket)71,72,74,75,77 and this work generally agree that the bond length of Br2 is double Req (2.28105 
Å)91 or around 100 to 120 fs.  

 

3.4.7 W hen does a chemical bond break? 
According to the IUPAC Compendium of Chemical Terminology92 (the Gold Book), dissociation is 
defined as “The separation of a molecular entity into two or more molecular entities.” Here for Br2, the 
separation for a diatomic molecule into two atoms can be quantified by the bond length. With the 
consensus on how bond length increases in time among the literature71,72,74,75,77 as discussed above, the 
next question is: At which bond length should the bonding be considered vanished?  

To answer this question, various detection methods and criteria have been used (Table 3.1), 
leading to different “dissociation times” for the Br2 C 1Πu 1u state. Even with the same experimental 
technique, the timescale may differ depending on the specific transitions or how the signal is selected 
and interpreted. There have been extensive discussions73–75,77,79 on how the timescales from different 
experimental techniques may be reconciled or understood. It is important to recognize what and how a 
phenomenon is observed when one interprets its meaning and connects its corresponding timescale to 
dissociation.  
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For future studies, ultrafast electron diffraction (UED) may be used to measure how the bond 
length changes in time during the dissociation and compare that with existing simulations in the 
literature. As the temporal resolution of UED (about a hundred fs)93,94 may be close (in order of 
magnitude) to the time scale of bond-length separation (double Req around 100 to 120 fs), the temporal 
smearing of the observation will need to be tested and considered. 

 

Figure 3.7. (a) Calculated nuclear wavepacket trajectory and its position expectation value (black solid 
line) on the PEC of excited state C from numerically solving the nuclear TDSE and comparison with 
the literature. Gray dashed lines: one and double equilibrium bond length Req  = 2.28105 Å.91 Black 
dashed line: Adapted with permission from Fig. 5(b) in Ref. 72. Copyright 2002 AIP Publishing. Black 
dotted line: Adapted with permission from Fig. S2 in Ref. 75. Copyright 2010 Springer Nature. Yellow 
square: Ref. 71. Red cross: Ref. 74. Green circle: Ref. 77. (b) Pump pulse shape (the temporal intensity 
envelope measured by SD-FROG) used in the TDSE. The effect of small pre- and post-pulses are seen 
as the additional weaker trajectories before and after time zero.  
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Table 3.5. Calculated bond length (R) as a function of time (t) for dissociation of Br2 molecules on the 
C state PEC. 

Reference t (fs) R (Å) R/Req R (Å) This 
work 

This work 0 2.28 (Req) 1.00  

 38 ± 1 2.91 ± 0.02 1.25  

  118.2 4.64 2.00   

 166.8 5.80 2.50  

Nugent-
Glandorf et al. 
200171 0 2.23 (Req) 1.00 2.32 

 40 3.00 1.35 2.87 

  105 4.46 2.00 4.32 

Wernet et al. 
200974 0 2.3 (Req) 1.0 2.32 

 50 ± 15 3.1 ± 0.3 1.3 3.07 ± 0.20 

 85 ± 15 3.8 ± 0.3 1.6 3.85 ± 0.24 

  160 5.5 2.4 5.64 

Li et al. 201077 0 2.3 (Req) 1.0 2.32 

 20 2.8 1.2 2.37 

 60 3.7 1.6 2.52 

 100 4.6 2.0 4.21 

  160 6.0 2.6 5.64 
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3.5 During Dissociation: Changes in Time-Resolved Br Core-
to-Rydberg Absorption Spectrum 

3.5.1 Challenges to Interpret the Core-to-Rydberg Absorption 
Spectrum 

So far, the core-to-valence absorptions around 63-70 eV have been analyzed. The core-to-Rydberg 
absorptions (73-80 eV) are more challenging to interpret, because several different features overlap in the 
near spectral region. The most prominent one is the overlap of the ground state bleaching of Br2 
molecular absorptions and the emerging Br atomic absorptions as explained below. 

 

3.5.2 Ground State Bleaching: Decrease of Br 2 Molecules in the 
Electronic Ground State (X) 

The region of core-to-Rydberg absorptions (73.5-80 eV) is expanded in Figure 3.8. The decreases in 
molecular Br2 3dδ5/2 → 5p, 3dπ3/2 → 5p, and 3dδ3/2 → 5p absorptions result in three noticeable negative 
ΔA(t) signals around 74.91, 75.09, and 76.02 eV, respectively (Peaks 2, 3 and 7 in Figure 3.8(a) and Table 
3.3). 

The lineouts in time for these three transitions are plotted in Figure 3.9. Ground state bleaching 
in core-to-Rydberg absorptions here shows several differences to the core-to-valence ones.  First is a 
strong negative suppression signal around time zero. This signal resembles the shape of the pump pulse 
and may be a pump-induced effect on the XUV absorption to the core-to-Rydberg excited states. A 
related phenomenon was reported for the iodine 4d → 6p core-to-Rydberg absorptions in ICl.95 Second, 
no noticeable periodic temporal oscillations are observed in the core-to-Rydberg absorptions.  

In addition to these three transitions, the bleaching in other core-to-Rydberg absorptions is also 
partially observed as the negative ΔA(t) signals in Figure 3.8(b). However, they are obscured by the 
overlap of atomic Br core-to-Rydberg absorptions in the same spectral region, as identified in the next 
section. 

 



54 

 

 
Figure 3.8. Static and time-resolved Br 3d Core-to-Rydberg XUV absorption spectrum of Br2 molecules 
and Br atoms. (a) Static absorption spectrum of the Br2 molecules before dissociation, as assigned earlier 
in Figure 3.2(b) and Table 3.3. (b) Time-resolved differential absorption spectrum ΔA(t) of the 
dissociating Br2 molecule and resulting Br atoms, as a function of the time delay between the visible pump 
and XUV probe pulses. (c) Time average from 150 to 160 fs of the differential absorption signals ΔA(t) 
in Figure 3.8(b). New absorptions from dissociated Br atoms lead to positive ΔA (assigned in Table 3.6), 
while decreased absorptions from original Br2 molecules lead to negative ΔA. (d) Measured static 
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absorption spectrum of Br atoms by photoelectron spectroscopy (average photon-energy resolution 0.18 
eV). Adapted with permission from Ref. 82. Copyright 1992 American Physical Society. (e) Measured 
static absorption spectrum of Br atoms by absorption spectroscopy (measurement accuracy ±0.03 eV). 
Adapted with permission from Ref. 83. Copyright 1996 American Physical Society. 

 

Figure 3.9. Differential absorption ΔA(t) signal as a function of time delay for selected Br2 core-to-
Rydberg absorptions. (a, b, c) Peaks 2, 3 and 7 in Figure 3.8(a) and Table 3.3. Black dot and gray shade: 
best estimate (mean) and uncertainty (one standard deviation)88 of 93 measurements. In addition to the 
ground state bleaching, a strong negative suppression signal is seen around time zero, potentially due to 
pump-induced effects.95  

 

3.5.3 Product Absorption: Identification of Dissociated Br Atoms by 
Core-To-Rydberg Absorption Spectrum at Long Time Delay 

New absorptions from dissociated Br atoms lead to positive ΔA(t) signals in Figure 3.8(b, c).  The 
positive ΔA peaks in Figure 3.8(c) are compared to the static absorption spectra of Br atoms from the 
literature82,83 in Figure 3.8(d, e). Generally, the overall shapes of the spectra agree with each other, and 
several noticeable peaks in Figure 3.8(c) are identified and assigned (Table 3.6). In addition, numerous 
other atomic Br core-to-Rydberg absorptions exist in this spectral region, and previous researchers 
pointed out the complexity of such atomic halogen core-to-Rydberg absorptions.82 Readers are referred 
to the specific literature for detailed assignments.82,83,96 
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3.5.4 Product Absorption: Time Evolution of the Atomic Br Core-to-
Rydberg Absorptions 

The lineout in time for the identified positive ΔA peaks in Figure 3.8(c) are plotted in Figure 3.10. 
Ideally, the signal from dissociated Br atoms should rise around time zero and converge to a positive 
plateau at long time delay, similar to the atomic Br core-to-valence signals (Figure 3.5(c, d)). However, 
multiple additional factors complicate the analysis.  

First is the overlap of various atomic Br and molecular Br2 core-to-Rydberg absorptions (Figure 
3.8). If the ground state bleaching of molecular absorptions is stronger than emerging atomic 
absorptions, the measured total ΔA signal at that photon energy may be dragged down and appear as a 
negative signal around time zero (Figure 3.10(d, e, f)). Such an overlap issue was not significant for core-
to-valence absorptions, because major atomic (64.0-65.5 eV) and molecular (67.5-69.5 eV) core-to-
valence absorptions are sufficiently separated in photon energy (Figure 3.4). 

Second is the need for a longer time span. In principle, at sufficiently long time delay, the 
molecules will fully dissociate into isolated atoms, and the atomic ΔA(t) signals will totally converge to 
a positive plateau. Such convergence is observed for the atomic Br core-to-valence absorptions (Figure 
3.5(c, d)). In contrast, for the atomic core-to-Rydberg absorptions (Figure 3.10), the signals seem to 
continue rising at the largest time delay (160 fs). As a result, a longer time span will be necessary to see 
the full growth of the signals.  

Third, the signal-to-noise ratio (S/N)97,98 of core-to-Rydberg absorptions (Figure 3.10) is lower 
than the core-to-valence ones (Figure 3.5(c, d)),  because the XUV spectrum (Figure 3.11) is weaker 
beyond 72 eV due to the cutoff of the Al filter. In this work, one Al filter blocks the driving field before 
the sample cell and one Zr filter blocks the pump before the grating and XUV camera. It may be more 
favorable to use two Zr filters to avoid the loss of XUV intensity beyond the Al cutoff (> 72 eV). 
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Figure 3.10. Differential absorption ΔA(t) signal as a function of time delay for selected atomic Br core-
to-Rydberg absorptions in Figure 3.8(c) and Table 3.6. Black dot and gray shade: best estimate (mean) 
and uncertainty (one standard deviation)88 of 93 measurements. 
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Table 3.6. Atomic Br core-to-Rydberg 3d → np (n ≥ 5) absorptions (Figure 3.8), assigned according to 
Ref. 83.  

Peak Atomic Transition83 E (eV) 

(Theory) 
Ref. 83 

E (eV)a, b 

Ref. 82,83 

(Figure 
3.8(d)) 

E (eV)c 

Ref. 83 

(Figure 
3.8(e)) 

E (eV)d 

This work 

(Figure 
3.8(c)) 

1 2P3/2 → 5p (3D) 2D5/2 75.42 75.35 75.39 75.41 

2 2P1/2 → 5p (3D) 4D3/2 75.63 75.60 75.56 75.62 

 2P3/2 → 5p (3F) 2D5/2
 75.66    

3 2P3/2 → 5p (3F) 4D5/2 76.27 76.30 76.22 76.35 

 2P3/2 → 5p (3F) 4F5/2
 76.35    

 2P3/2 → 5p (3P) 2D5/2 76.67    

4 2P1/2 → 5p (3F) 4F3/2
 76.70 76.70 76.70 76.83 

 2P3/2 → 6p (3D) 2P3/2
 76.72    

 2P3/2 → 5p (3P) 2S1/2
 76.73    

 2P1/2 → 5p (3P) 4D3/2 76.76     

5 2P3/2 → 6p (3F) 2D5/2 76.93 76.85 76.85 76.97 

 2P3/2 → 5p (1F) 2D5/2
 77.06    

6 2P1/2 → 6p (3F) 4D3/2 77.20 77.15 77.16 77.23 

7 2P1/2 → 7p (3F) 4F3/2 78.49 78.40  78.72 

a Measured spectrum in Ref. 82 with numeric values reported in Ref. 83 

b Absorption spectroscopy82 (measurement accuracy ±0.03 eV) 

c Photoelectron spectroscopy83 (average photon-energy resolution 0.18 eV) 

d XUV absorption spectroscopy 
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3.6 Conclusions 
In this work, the buildup of atomic Br 3d core level absorptions is used to estimate the progress of 
dissociation. Notably, the measured rise time depends on the probed final state: 38 ± 1 and 20 ± 5 fs for 
core-to-valence absorptions (Br 3d 2P3/2 → 4p 2D5/2 and 2D3/2 at 64.31 and 65.34 eV). On the other hand, 
the rise times are not determined for core-to-Rydberg absorptions due to spectral overlaps with ground-
state bleaching.  

With the aid of simulations, the presented results suggest that the measured probing signals 
contain not only the wavepacket dynamics but also how each probing transition changes differently with 
bond length. These potential probe-dependent effects should be considered when interpreting measured 
signals and their timescales. This may partially explain why the reported “dissociation time” are so 
different from various experimental probing methods in the literature71–78 (Table 3.1).  

In addition, this work maps out thoroughly the evolution of the Br 3d core-to-valence and core-
to-Rydberg absorptions from molecular to atomic limits in time. The presented time-resolved spectrum 
bridges the static spectra reported separately for Br2 molecules and Br atoms across the scattered 
literature25,68,80–84 (Table 3.3). 
 

3.7 Appendix 

3.7.1 Experimental Method: Time-Resolved XUV Absorption 
Spectroscopy 

3.7.1.1 Broadband XUV Probe Pulse 
The experiments are performed using the output of a Ti:Sapphire amplified laser (Coherent Astrella),  
producing pulses at 1 kHz repetition rate centered at approximately 800 nm, with a 35 fs full-width half-
maximum (FWHM) duration and 7 mJ pulse energy. The output is split by a 30/70 beam-splitter, with 
2.1 mJ being used to generate the XUV probe, and a portion of the remaining 4.9 mJ being used to 
generate the visible pump. In the probe arm, the near-infrared (NIR) pulses are spectrally broadened 
through self-phase modulation in a neon gas-filled (2.4 bar) stretched hollow-core fiber (1.5 m long, 400 
µm inner diameter), resulting in octave spanning spectra supporting a few-cycle duration. These pulses 
are temporally compressed to about 4 fs duration using a set of broadband dispersion compensating 
mirrors in combination with a 2 mm-thick ADP plate and fused-silica wedges to fine tune the second and 
third order dispersion. The XUV pulses are generated through the process of high-order harmonic 
generation, obtained by tightly focusing (f = 0.6 m) the few-cycle NIR pulses near the opening of a 
ceramic gas cell (2 mm path length) backed by 80 Torr of neon gas. The XUV beam is spectrally isolated 
from the NIR driving field by a 100 nm thick Al filter, and the focus is reimaged through grazing-
incidence reflection from a gold-coated toroidal mirror onto the sample gas-cell (stainless-steel). After the 
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sample cell, the XUV beam is transmitted through a 200 nm Zr filter and recorded by a spectrograph 
(Figure 3.11).  

 
Figure 3.11. Spectrum of the broadband XUV probe pulses after a 0.1 μm Al filter and a 0.2 μm Zr filter. 
 

3.7.1.2 Femtosecond 400 nm Pump Pulse 
In the pump arm, 70% of  the Astrella output (35 fs) is used to generate visible pulses centered at 400 nm 
by frequency doubling the 800 nm light in a beta barium-borate (BBO) crystal. After isolation from the 
fundamental field, the visible pulses are free-space focused inside a neon-filled (1.7 bar) tube (1.37 m long, 
KF 25 and KF 40 flange in diameter) to gently broaden the spectrum99 (Figure 3.12). The output is then 
compressed by 8 chirped mirrors (Ultrafast Innovations CM82) (total 14 reflections by double 
reflections on the 1st to 6th mirrors and single reflection on 7th and 8th mirrors). The pulse duration of 
the main pulse is fitted to be 26±1 fs from a Self-Diffraction Frequency Resolved Optical Gating (SD-
FROG) measurement (Figure 3.13). 
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Figure 3.12. Spectrum of 400 nm pump pulse in this work (blue solid line) and visible absorption 
spectrum of Br2 from the literature.100,101 Black solid line: total absorption cross section. Black dash-dot, 
dotted, and dashed lines: X (1Σg

+) → A (3Πu 1u), B (3Πu 0u
+), and C (1Πu 1u) absorptions, respectively. The 

individual absorptions are deconvoluted according to Equation 11 in Ref. 100. 
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Figure 3.13. Self-Diffraction Frequency Resolved Optical Gating (SD-FROG) measurement of 400 nm 
pump pulse. (a) Measured and (b) reconstructed spectrogram. (c) Measured (solid line) and 
reconstructed (dash line) spectrum. The central wavelength is around 400 nm. (d) Reconstructed 
temporal intensity envelope. The pulse duration is 26±1 fs FWHM from fitting the main pulse to a 
Gaussian function. 
 

3.7.1.3 Time-Resolved XUV Absorption Spectroscopy 
The 400 nm pump beam is recombined with the XUV beam at the sample cell using a noncolinear 
geometry, where the 400 nm beam is focused to approximately 109 µm in diameter and crossed with the 
XUV beam. In all measurements, the 400 nm pump and XUV probe have horizontal and vertical 
polarizations, respectively. After the sample cell, the visible beam is removed by a 0.1 μm thick Zr filter 
and the transmitted XUV beam is collected using a home-built XUV spectrograph (a concave grating 
and a XUV CCD camera). The pump pulse is estimated to have 17 to 18 μJ in pulse energy, 109 μm in 
diameter5 and 13.5×1012 W/cm2 of peak intensity at the interaction region with Br2.  
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At the sample cell, the 400 nm pump and XUV probe pulses interact with molecular bromine 
vapor (Sigma Aldrich), which is delivered from a liquid reservoir held at room temperature (298 K). The 
time-resolved XUV differential absorption spectra ΔA(EXUV, τ) are calculated from the XUV spectrum 
of Br2 with (IXUV+pump) and without (IXUV) the 400 nm pump pulses as 

 
 (5) 

where positive time delay τ means the pump pulse arrives before the probe pulse. In addition, the static 
XUV absorbance of Br2 (without pump pulse) is calculated from the XUV spectrum with  
( ) and without ( ) Br2 molecules in the sample cell as  

 
 (6) 

The dataset comprises 93 scans collected using a 300 ms integration time and 1.5 fs delay step from -50 fs 
to +160 fs. Edge pixel referencing102 is implemented to suppress source noise introduced by variations in 
the high-harmonic spectrum. 
 

3.7.1.4 Temporal and Spectral Resolution 
The temporal resolution (instrument response function) is estimated as 26 ± 3 fs, which is the FWHM 
of the Gaussian from fitting the lineout of time-resolved absorption (cross-correlation of 400 nm pump 
and XUV probe pulses) of the He 2s2p state to an exponentially modified Gaussian (Figure 3.14). This 
agrees with the 26 ± 1 fs FWHM pulse duration from SD-FROG measurement (Figure 3.13). The 
spectral resolution is estimated as 32 ± 14 meV, which is the FWHM of the Gaussian from fitting the 
static He 2s2p absorption lineshape65 (60.144 ± 0.001 eV) to a Fano-Gaussian lineshape (Figure 3.15).103  
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Figure 3.14. The cross-correlation measurement of 400 nm pump and XUV probe pulses in He 2s2p 
state. (a) Time-resolved XUV differential absorption (ΔA) spectrum of He 2s2p state at 60.16 eV (60.147 
eV in the literature65). (b) Circles: Time trace extracted by singular value decomposition (SVD) of (a). 
Red solid line: Fit by an exponentially modified Gaussian function. The FWHM of the fitted Gaussian 
of the main pulse is 26 ± 3 fs, which is taken as the temporal resolution (instrument response function) 
for this work. 
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Figure 3.15. The measured and fitted absorption lineshape of He 2s2p state. Black circles: measured data. 
Black line: total fit of Fano-Gaussian lineshape function. Red dotted line: fitted Fano lineshape function. 
The fitted center Er is 60.144 ± 0.001 meV, width Γ is 45 ± 11 meV. Blue dashed line: fitted Gaussian 
function. The fitted FWHM is 32 ± 14 meV, which is taken as the spectral resolution of the XUV 
spectrograph around this photon energy region. 
 

3.7.2 Computational Method 

3.7.2.1 Electronic Structure Calculations 
The electronic structure of Br2 is calculated using Spin-Orbit General Multi-Configurational Quasi-
Degenerate Perturbation Theory (SO-GMC-QDPT)104–107 in a developer version of GAMESS US.85,108 A 
model core potential with basis sets of triple-zeta quality (MCP-TZP)109–111 was used to replace the 
1s22s22p63s23p6 electrons, and the remaining 3d104s24p5 electrons are explicitly considered. A Hartree-
Fock calculation is performed to obtain the molecular orbitals used for multiconfigurational self-
consistent field (MCSCF) calculations. Two active spaces are set up using the Occupation-Restricted-
Multiple-Active-Space (ORMAS) scheme.112 The valence active space has ten electrons in six Br 4p 
orbitals and is a complete active space where all possible excitations are allowed, resulting in 66 4p valence 
states. The core active space has twenty electrons in ten Br 3d orbitals. Only single excitations are allowed 
from the 3d core-active space to the 4p valence-active space, leading to a total of 240 3d-to-4p core-to-
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valence singly excited states. In the MCSCF calculations, all (66) 4p valence states, and the lower half 
(120) of the core-excited states with relevant energy are included.  

Potential energy curves (PEC) and transition dipole moments (TDM) were calculated for bond 
lengths of 1.80 to 5.00 Å using a 0.01 Å spacing and were extrapolated to longer bond lengths when 
needed. The calculated equilibrium bond length Req is 2.28 Å. To reproduce the experimental energy of 
the 3d-to-4p transition,68 the PECs of core-excited states were shifted upwards by 0.341 eV. To reproduce 
the splitting between 3d-to-4p 2D5/2 and 2D3/2 core-excited states, the effective one-electron spin-orbit-
coupling integrals for ten Br 3d orbitals were scaled down 33.5%. To reproduce the spin-orbit splitting 
between 2P3/2 and 2P1/2 valence states,113 an effective nuclear charge of Zeff = 41.40 was used. Table 3.7 
shows the vertical excitation energies from the electronic ground state at Req to several low-lying valence 
electronic excited states of Br2. 
 
Table 3.7. Excitation energies from the electronic ground state (1Σg

+) at the equilibrium bond length to 
several low-lying valence excited states of Br2. 

State Classification91,114 
Dissociation 
Products 

E (eV)115 

(Theory)a 
E (eV) 

(Theory)b 
E (eV)100 
(Expt.)c 

λ (nm)100 
(Expt.) 

Alpha-
betical 

Hund’s 
case (a) 

Hund’s 
case (c) 

X 1Σg
+ 0g

+ 2P3/2 + 2P3/2 0.00 0.00 0.00 0.00 
A 3Πu 1u 2P3/2 + 2P3/2 2.45 2.35 2.26 549.3 
B 3Πu 0u

+ 2P3/2 + 2P1/2 2.66 2.55 2.58 480.2 
C 1Πu 1u 2P3/2 + 2P3/2 3.16 3.04 3.01 411.9 

a Method: MR-CISD+Q 
b Method: SO-GMC-QDPT. This work. 
c Converted from measured wavelength λ (nm). 
 

3.7.2.2 Simulation: Nuclear W avepacket Dynamics 
To simulate the motion of the nuclear wavepacket, the nuclear time-dependent Schrodinger equation 
(TDSE) in atomic units is numerically solved as 

 
 (7) 

The Hamiltonian explicitly includes the interaction of the pump laser pulse and the molecule as 

 
 (8) 

where M is the reduced mass of the Br2 molecule, V are the valence electronic state potentials, Epump is the 
electric field of the pump laser pulse, and µ is the transition dipole moment between selected valence 
electronic states. The V and µ are obtained from the output of the MCSCF calculations. The pulse shape 
used in the simulations are the temporal intensity envelope from SD-FROG measurements with 26±1 fs 
FWHM duration of the main pulse, 400 nm central wavelength, and 13.5×1012 W/cm2 peak intensity. 
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The TDSE was written using a sinc-function Discrete Variable Representation (sinc-DVR),116 
with bond length ranging from 1.80 to 10.00 Å at 0.01 Å spacing. The short-iterative Arnoldi 
method117,118 was used to propagate the wavefunction, from -50 to 160 fs with 50 as (0.050 fs) time steps. 
The initial wave function is the vibrational ground state of the electronic ground state X (1Σg

+). 
Transition pathways include the one-photon excitations from X (1Σg

+) to C (1Πu 1u), from X (1Σg
+) to B 

(3Πu 0u
+), and from C (1Πu 1u) to Z (J = 2) state.  

 

3.7.2.3 Simulation: Time-Resolved XUV Absorption Spectrum 
The theory framework for the transient absorption by Lee et al.86 is used. According to Equation 5 in Ref. 
86, the time-resolved (transient) absorption cross section  from the i-th valence electronic state 
to the α-th core-to-valence excited electronic state is approximated as the integral over bond length (R) of 
two components: (1) the bond-length dependent absorption strength from the i-th to α-th state 

 and (2) the wavepacket trajectory  on the potential energy curve (PEC) of the i-
th state  

 
 (9) 

  (10) 
where ω is the angular frequency of the light,  is the transition dipole moment between states 
i and α at bond length R, and  is a Lorentzian lineshape function defined as 

 
 (11) 

where Γ is a width parameter (100 meV68), and Vi (R) and Vα (R) represent the energy of the i-th valence 
electronic state and the α-th core-to-valence excited state at bond length R, respectively.  

The time-resolved total absorption cross section  from the i-th valence electronic state 
is an incoherent sum over all absorptions  to each core-to-valence excited electronic state (α) 
as  

 

 (12) 

where  is the bond-length dependent total absorption strength from the i-th state. 
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3.7.3 Potential Pathway for Dissociation Product Br (2P3/2) + Br* (2P1/2) 
The C state molecule dissociates into two ground state (2P3/2) atoms  

Br2 (1Πu 1u C) → Br (2P3/2) + Br (2P3/2), 
which are probed by atomic 3d 2P3/2 → 4p 2D5/2 and 

2D3/2 transitions at 64.31 and 65.34 eV, respectively. 
However, a weaker atomic 3d 2P1/2 → 4p 2D3/2 absorption (64.89 eV) is also observed in Figure 3.16(b). 
This transition from the atomic 2P1/2 excited state is not the dissociation product of the C state but other 
valence excited states. As a result, it is needed to consider valence excited states of which dissociation 
products are Br (2P3/2) + Br* (2P1/2). One possibility is the B (3Πu 0u

+) state, but it is considered less likely 
for reasons as follows. First, at the equilibrium bond length, the absorption to the B (3Πu 0u

+) state from 
the ground state peaks at 480 nm, which is far from the 400 nm center wavelength of the pump pulse 
(Figure 3.12). Second, if the B state is populated, the 3d → 4p absorptions from the B state will start at 
65.59 and 66.51 eV at time zero, as in the simulated absorption spectrum (Figure 3.17(f)).  

Instead, it is suggested that the dissociation product Br (2P3/2) + Br* (2P1/2) comes from another 
valence excited state, tentatively attributed to the Z (J = 2) state. According to electronic structure 
calculations, the Z (2) state is 2.89 eV above the C state at equilibrium bond length, which is closest to 
the pump pulse bandwidth. As a result, one-photon absorption of the pump pulse from C state may 
populate the Z (2) state (Figure 3.16(a)). A similar phenomenon has been observed in visible excitation 
of iodine molecule.38 

It turns out that the experimental time-resolved absorption spectrum (Figure 3.16(b, c) and 
Figure 3.17(a)) agrees the best with simulations from 90% of the C state plus 10% of the Z state in Figure 
3.17(b). The scaling matches the observed branching ratio Br (2P3/2):Br* (2P1/2) at long time delays. The 
simulated spectra from C, Z and B states are individually normalized in Figure 3.17(d, e, f). The 
agreement between experimental and simulated spectra suggests that the dissociation product Br (2P3/2) 
+ Br* (2P1/2) originates more likely from the Z (2) state than the B (3Πu 0u

+) state.  
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Figure 3.16. (a) Cascade one-photon absorptions of pump pulses from the ground state to the C state, 
then to the Z state. (b) Experimental time-resolved XUV absorption spectrum. (c) Lineout in time from 
(b) at 64.89 eV for atomic Br 3d (2P1/2) → 4p (2D3/2) absorption. Black dot and gray shade: the best 
estimate and the uncertainty of the measured value (mean and standard deviation of 93 measurements of 
time-resolved spectrum). Red solid line: corresponding lineout of simulated time-resolved spectrum from 
90% of C state plus 10% of Z state.  
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Figure 3.17. (a) Experimental and (b-f) simulated time-resolved XUV absorption spectrum. The lineout 
at long time delays indicates the branching ratio Br (2P3/2):Br* (2P1/2). The simulated spectrum from 90% 
of C state plus 10% of Z state (b) best agrees with the experiment (a).  
 

3.7.4 Ground State Bleaching: Coherent Vibrational Dynamics in the 
Electronic Ground State 

The ground state bleaching signal of the 3d5/2,3/2 → 4pσ* doublet oscillates in time around the equilibrium 
absorption energy Eeq 68.10 and 69.13 eV, respectively (Figure 3.18(b)). These signals encode the 
dynamics of the coherent vibrational wavepacket in the electronic ground state of Br2 molecules,25 which 
is elaborated in Figure 3.18 with relevant potential energy curves. The coherent vibrational wavepacket 
in the electronic ground state is launched by the 400 nm pump pulse via resonant impulsive stimulated 
Raman scattering (ISRS).40,42,43,5 Then, the motion of the vibrational wavepacket is recorded in the time-
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resolved absorption spectrum of XUV probe pulses (Figure 3.18(b)). The valley (minimum) of the 
differential absorption signal ΔA(E, t) oscillates around the equilibrium absorption energy Eeq with the 
vibrational period (Figure 3.18(b)).  

On the other hand, since ΔA(E, t) signal crosses the Eeq two times per cycle, its lineout in time at 
Eeq, ΔA(E = Eeq, t), oscillates at half of the vibrational period (Figure 3.18(d, c)). Qualitatively, the lineout 
ΔA(E = Eeq, t) has two components. One is a decay due to the ground state bleaching. The other is a 
modulation with oscillation due to the vibration. Quantitatively, the signals are fitted to  

 

 (13) 

by the identity  and the apparent period of this lineout is half of the vibrational 
period. Here D1 < 0 and D2 < 0 are the fitting parameters, Φ(t) is the cumulative distribution function of 
the pump pulse shape f (t) (measured temporal intensity envelope from SD-FROG in Figure 3.13(d)), 
defined as 

 
 (14) 

and Tvib and ϕ are the period and phase of the sine function. The fitted period Tvib is 107 ± 5 and 105 ± 7 
fs for the 3d5/2,3/2 → 4pσ* transitions, respectively, and agrees with the 102 fs (325.321 cm-1)91 
fundamental vibrational period of Br2. Here the best estimate ± uncertainty of the measured values is 
reported as the mean ± one standard deviation88 of fitted values to each of the 93 measurements.  
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Figure 3.18. Coherent vibrational dynamics in the ground state of Br2 molecule. (a) Potential energy 
curves of the relevant electronic states. (b) Time-resolved XUV differential absorption spectrum records 
the vibration and the ground state bleaching. (d, c) Lineout in time at the equilibrium absorption energy 
(Eeq) 68.10 eV and 69.13 eV for the 3d5/2,3/2 → 4pσ* absorption of Br2 molecules. Black open circle and 
gray shade: the best estimate and uncertainty of measured ΔA values (mean and one standard deviation88 
of the 93 measurements). Red solid line: total fit by Equation 13. Green dash-dot line: decay part of the 
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fit as Φ(t) × (D1 + D2/2). The apparent period of the lineout at Eeq is half of the vibrational period, as 
explained with the fit formula. 
 

3.7.5 The Relative Polarization of 400 nm Pump and XUV Probe Pulses 
and its Potential Implications 

In the presented experiments, the 400 nm pump and XUV probe have horizontal and vertical 
polarizations, respectively. That is, their relative polarization is perpendicular. Besides, the gas-phase 
bromines are initially oriented to random directions. The 400 nm pump pulse will selectively access the 
perpendicular transition of the molecule, corresponding to the X 1Σg

+ → C 1Πu 1u transition. Meanwhile, 
the XUV probe pulse can access both the parallel and perpendicular transitions from the C 1Πu 1u state 
to various core excited states, as the Br-3d core orbital retains atom-like isotropic nature and all Ω states 
exist in its degeneracy manifold. As a result, the XUV pump-probe signals can return robust results for 
the dissociation times, either parallel or perpendicular-polarized configuration is used. The precise 
influence, however, has not been investigated in this study. In addition, polarization dependence within 
the fine structures of the 3d → ns, np core-to-Rydberg series might exhibit different XUV absorption 
strengths. This has been well documented in the literature with rare-gas atoms.119 
 
  



74 

 

4 Conclusions and Prospect 
In this dissertation, I investigated ultrafast nuclear dynamics in several molecules via Extreme Ultraviolet 
(XUV)-Attosecond Transient Absorption Spectroscopy (ATAS). The studies encompass two 
representative systems, the coherent vibrational dynamics of CBr4 in the electronic ground state. The 
dissociation dynamics of Br2 in the electronic excited C state.  

For the coherent vibrations in CBr4 with the knowledge of calculated potential energy curve, 
XUV-ATAS is capable of resolving tiny bond length displacements on the order of 10-4 Å with 26 fs 
temporal resolution. Such spatial and temporal resolution is remarkable. For instance, one common 
technique to study nuclear or structural dynamics is ultrafast electron diffraction (UED). For the state-
of-the-art MeV-Ultrafast Electron Diffraction (MeV-UED) at SLAC, its spatial resolution is 0.63 Å and 
temporal resolution is about 150 fs. Compared to MeV-UED, XUV-ATAS has a spatial resolution about 
1000 times better and a temporal resolution 5 times better. 

For the dissociation in Br2, the measured rise time is different for the probed final state: 38 ± 1 
and 20 ± 5 fs for Br 3d 2P3/2 → 4p 2D5/2 and 2D3/2 at 64.31 and 65.34 eV, respectively. Together with 
nuclear TDSE simulations, the results show that the measured probe signals accurately contain the 
dissociative wavepacket dynamics but also reveal how the different probe transitions change toward 
dissociation with bond length. This work points out the probe-transition-dependent effects that need to 
be considered when interpreting measured signals and their timescales. Furthermore, in the literature, the 
static Br 3d core-to-valence and core-to-Rydberg spectra were reported separately for Br2 molecules or Br 
atoms. These individual measurements were bridged together in the presented broadband time-resolved 
spectra, showing a full evolution from molecules to atoms. This unification shows the unique strength 
of time-resolved absorption spectroscopy with broadband XUV light. 

While attosecond optics originates from atomic physics, this dissertation successfully 
demonstrates the great capability of XUV-ATAS to investigate molecules, with extraordinary spatial and 
temporal resolution. Furthermore, one unique strength of core-level absorption with XUV light is its 
ability to distinguish different elements via their characteristic absorption edges. Such element specificity 
is backed by the abundant literature of the X-ray spectroscopy. The results have shown this for small or 
simple systems with few types of elements. Furthermore, this capability will be even more powerful when 
the system is more complicated and more elements are involved. This will be a bright opportunity for 
ATAS.  

In prospect, the charge-transfer curve-crossing in alkali halides like NaI will be an excellent 
example for this.120 First, both the Na-2p (~30 eV) and I-5p (~50 eV) absorption edges can be observed 
at the same time, with the broadband XUV pulse. Second, the change in oxidation state can be clearly 
identified with the blueshift of Na-2p (~30 eV) to Na+-2p (~33 eV), and the alternation of the appearance 
of the I-5p (~50 eV) and the disappearance of I--5p signals. Third, the change in electronic state thru the 
crossing point will be resolved with fine temporal resolution. In the future, this study will be a great 
advancement and reveal a panoramic picture on curve-crossing charge-transfer in alkali halides. 
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