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Visualizing coherent vibrational motion in the molecular iodine B 3�0u+ state using ultrafast XUV
transient-absorption spectroscopy
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Attosecond probing of core-level electronic transitions in molecules provides a sensitive tool for real-time
observation of chemical dynamics. Here, we employ ultrafast extreme-ultraviolet (XUV) transient-absorption
spectroscopy to investigate the excited state electronic and nuclear dynamics in a prototype molecule, I2. A
few-femtosecond visible pump pulse is employed to excite the I2 molecule and an attosecond XUV pulse is used
to probe the dynamics through iodine-4d core-to-valence transitions. A highly extended vibrational wave packet
(ν ′ = 10–60, ν ′

max = 25) is prepared by one-photon absorption in the valence excited B 3�0u+ state of I2 and its
motion is directly mapped due to the strong shift of the XUV core-level transition with internuclear separation.
Through the imaging of this vibrational motion, we directly reconstruct the transition energy between the valence
and the core-excited states as a function of internuclear distance. Besides single-photon dynamics, distinct direct
dissociation pathways arising from two-photon pump absorption are also revealed.
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I. INTRODUCTION22

Ultrafast light sources in the attosecond time regime (from23

tens of attoseconds up to a few femtoseconds) from both24

large-scale facilities such as free-electron lasers and table-25

top experiments using high-order harmonic generation, are26

characterized by the unique power to resolve the electronic27

dynamics in molecules. Recent examples include measured28

time delays in the photoionization of ethyl iodide [1] and29

reported charge migration in iodoacetylene [2]. In this con-30

text, ultrafast extreme-ultraviolet (XUV) transient-absorption31

spectroscopy, characterized by excellent spectral and temporal32

resolution, has been shown to be an ideal tool to unravel33

the ultrashort electronic and nuclear dynamics in excited34

states [3–9]. In particular, a recent publication by our group35

demonstrates the power of this methodology to unravel the36

dynamics of a photodissociation reaction [9], where a visible37

pump pulse excites IBr molecules onto the B 3�0+ electronic38

state and the nonadiabatic dissociation dynamics is probed by39

core-to-valence transitions in the XUV. The measured attosec-40

ond transient-absorption spectra unravel the photodissociation41

dynamics and in particular directly observe the wave-packet42

bifurcation and the electronic character switching at a curve43

crossing. The aim in the work here is to visualize and quan-1 44

tify the real-time nuclear coherent motion of a molecule, in45

particular, a broad, highly extended vibrational wave packet46

created in the bound B 3�0u
+ state of the iodine molecule47
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(I2). The wave-packet visualization is made possible by taking 48

advantage of the dramatic shift in core-level XUV transition 49

energies with vibrational excitation. In addition, this nuclear 50

coherent motion is used to extract relevant information on 51

the shape of the potential-energy curves of the core-excited 52

electronic states accessed through XUV transitions. 53

Molecular iodine constitutes a prototype for molecular dy- 54

namics from early photodissociation studies to recent XUV-IR 55

experiments [10–12]. Its first absorption band lying between 56

420 and 800 nm is characterized by minor transitions to the 57

repulsive A 3�1u and B′′ 1�1u excited states and by a major 58

absorption to the bound B 3�0u
+ with an absorption maximum 59

around 530 nm (see Figs. 1 and 2) [13]. We note that, fol- 60

lowing Mulliken notation, the term associated with the �-ω 61

coupling (Hund’s case c) is specified as an extra label in the 62

subscript [14]. In early experimental and theoretical work, the 63

weak A 3�1u state was shown to be excited in the red edge (in 64

particular ∼650–700 nm) and to undergo direct dissociation 65

while absorption into the minor B′′ state was found in the 66

blue edge with an absorption maximum at 490 nm [13,15]. 67

Predissociation from the major B state, characterized by life- 68

times on the nanosecond timescale, occur through a crossing 69

with the B′′ repulsive state and was extensively investigated 70

[16–20]. Pioneering femtosecond pump-probe experiments 71

were performed by Zewail and co-workers on the vibrational 72

wave-packet dynamics produced by excitation of a few vi- 73

brational levels in the B state [10,21–23]. The light-induced 74

fluorescence signal presented characteristic oscillations re- 75

flecting vibrational and rotational coherences. The results 76

were analyzed in detail in terms of information extracted 77

on the nuclear vibrational and rotational motion, rotation- 78

vibration coupling, and experimental determination of the 79

potential-energy curve. More recently, two simultaneous 80
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FIG. 1. Relevant computed potential-energy curves of I2, includ-
ing the first excited valence states populated following one- and
two-photon absorption (visible pulse) along with the core-excited
states populated by the XUV probe. (See Appendix A for more in-
formation on the electronic configuration of the core-excited states.)

investigations have imaged the motion of the vibrational wave81

packet in the B state employing pump-probe x-ray diffraction82

[24] and ultrafast electron diffraction [25] with a temporal83

resolution of 30 and 230 fs, respectively. In both cases, anal-84

yses of the diffraction data allow the atomic distance as a85

function of the time delay to be experimentally derived, with86

a spatial resolution of 0.07 and 0.3 Å, respectively, for x-ray87

and electron diffraction.88

In the present work, we show how attosecond transient89

XUV spectroscopy permits direct visualization of the coher-90

ent nuclear motion with outstanding temporal and spectral91

resolution, allowing also to directly reconstruct the transition92

energy as a function of interatomic distance (ranging be-93

tween 2.7 and 3.8 Å) between the initially populated valence94

state and the core-excited states accessed by XUV transitions.95

As illustrated in Fig. 1, a broad vibrational wave packet is96

created in the B state upon excitation by a 13-fs visible97

pulse (500–650 nm) and its motion is probed by a time-98

delayed attosecond XUV pulse (40–70 eV) through XUV99

transitions into core-excited molecular states, corresponding100

to the excitation of an electron from an iodine 4d orbital101

(4d5/2 or 4d3/2) into a σ ∗, π , or π∗ valence orbital (see102

Appendix A) [26]. These molecular transitions correlate in103

FIG. 2. Absorption spectrum of I2, in the visible (blue line) com-
pared to the spectrum characterizing the visible pump pulse (purple
line). The spectral region where each excited state, A 3�1u , B 3�0u+ ,
and B′′ 1�1u , absorbs are highlighted by a yellow, orange, and violet
area, respectively.

the asymptotic limit with well-known atomic transitions, i.e., 104

I 2P3/2 → 2D5/2(45.9 eV) and I∗ 2P1/2 → 2D3/2(46.7 eV), 105

corresponding to an excitation from a 4d orbital into the 106

valence 5p orbital. The experimental results are comple- 107

mented by electronic structure calculations and wave-packet 108

simulations. Computed potential-energy curves for valence 109

and core-excited electronic states are depicted in Fig. 1 and 110

the corresponding absorption probabilities between valence 111

electronic states, in particular X 1 ∑+
0g

+ , B 3�0u
+ , Y 3 ∑−

0g
+ , 112

and Z 3�0g
+ , and the core-excited states are plotted (see 113

Fig. 10, Appendix A). As observed, one-photon visible ex- 114

citation leads to major population on the B 3�0u
+ state and 115

subsequent one-photon excitation from the B state into the 116

repulsive Y 3 ∑−
0g

+ and Z 3�0g
+ , states is also favorable, as 117

shown in Fig. 1. The absorption transient spectra follow- 118

ing excitation at selected wavelengths between 500 and 600 119

nm have also been simulated by solving the time-dependent 120

Schrödinger equation for the nuclear motion. 121

II. METHODS 122

A. Experimental setup 123

The table-top attosecond transient-absorption appara- 124

tus has been previously described in detail [9]. A tita- 125

nium:sapphire laser system (Femtopower Pro, Femtolasers 126

GmbH) is employed, producing carrier envelope phase-stable 127

near-infrared (NIR) femtosecond pulses centered at 790 nm 128

(1.8 mJ, 1 kHz). The NIR output is focused into a stretched 129

hollow core fiber (1.5 m, 400 μm, Few-cycle Inc.) filled 130

with 1.9 bar of neon for spectral broadening while the 131

resulting pulses are compressed using 12 chirped mirrors 132

(PC 70, Ultrafast Innovations GmbH), a 2-mm-thick ammo- 133

nium dihydrogen phosphate crystal (United Crystals Inc.), 134

and fused-silica wedges. Few-cycle ∼3.8-fs broadband NIR 135

pulses (0.9 mJ) with a spectrum extending from ∼520 to 136

∼900 nm are obtained and regularly characterized using a 137

D scan [27,28]. One part (0.3 mJ) is separated using a 138
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broadband beam splitter and used to generate the visible pump139

pulse by employing two spectral separators for visible light140

(Layertec GmbH). This visible component of the input pulse,141

between 500 and 650 nm, is reflected by the separators while142

the NIR part is transmitted. Another part of the broadband143

NIR pulses is focused into a quasistatic gas cell filled with144

argon to produce attosecond XUV pulses (40–70 eV, ∼170 as145

according to previous streaking measurements [27]) through146

high harmonic generation while the residual NIR is removed147

by a 300-nm-thick aluminum filter. The visible pump pulse148

and the XUV probe pulse are combined at a hole mirror,149

which are then reflected by a gold-coated toroidal mirror into150

an absorption gas cell (2-mm path length with entrance and151

exit pinholes) filled with I2 vapor. The molecular iodine sam-152

ple (Sigma-Aldrich, � 99.8%) is heated at around 65 ◦C to153

create an adequate vapor pressure for the transient-absorption154

measurements. The transmitted spectrum is recorded using a155

concave grating and an x-ray charge-coupled device camera.2 156

Well-known Fano resonances of neon between 40 and 50 eV157

[29] are used for XUV photon energy calibration while time158

overlap between visible pump and XUV probe pulses is deter-159

mined by in situ measurement of shifts in core-excited helium,160

obtaining a cross correlation fitted to a Gaussian function and161

characterized by full width at half maximum (FWHM) of162

13.0 ± 0.5 fs, in agreement with previous characterization of163

the visible pulse using a FROG scan.3 164

B. Theoretical method: Electronic structure165

The electronic structure calculations of I2 are performed by166

using the spin-orbit general multiconfigurational quasidegen-167

erate perturbation theory (SO-GMC-QDPT) implemented in a168

developer version of GAMESS US [30–32]. For all calculations,169

model core potentials with basis sets of triple-zeta quality are170

used [33,34]. First, a Hartree-Fock calculation at the equilib-171

rium distance of Req = 2.63 Å is carried out, and the output172

molecular orbitals are used for subsequent multiconfigura-173

tional self-consistent field calculations. Two active spaces are174

defined based on the occupation-restricted-multiple-active-175

space scheme [35]; a valence-active space consists of 10176

electrons distributed in 6 orbitals (i.e., I 5p orbitals), and a177

core-active space consists of 20 electrons distributed in 10178

orbitals (i.e., I 4d orbitals). The valence space is defined as a179

complete active space, whereas only single excitations are al-180

lowed from the core-active space to the valence-active space,181

which depicts the 4d → 5p core-to-valence transitions. In the182

state averaging, 186 electronic states are included; 36 neutral183

states (I + I), 30 ionic states (I+ + I–), and 120 core-excited184

states (I∗ + I). To accurately reproduce the spin-orbit cou-185

plings for the I 4d and I 5p shells, an effective nuclear charge186

of Zeff = 71.5 was used and the spin-orbit matrix coupling187

constant for the I 4d shell was scaled down by 42%. In188

addition, a constant energy shift of +0.22 eV has been added189

to the I 4d core states to properly reproduce the experimental190

energy of the 4d → 5p transition.191

C. Theoretical method: Dynamics192

The molecular dynamics on the X 1 ∑+
0g

+ , B 3�0u
+ ,193

Y 3 ∑−
0g

+ and Z 3�0g
+ states as well as the time-resolved XUV194

~ 0.027 eV

~ 0.011 eV 

(a) (b)
1.2

0.8

0.4

0.0

FIG. 3. Measured differential absorption map and Fourier analy-
sis. (a) Measured transient-absorption spectra (in �OD) as a function
of the time delay and of the XUV photon energy. (b) Fourier transfor-
mation along the time-delay abscissa axis of the transient-absorption
map in panel (a). White dotted boxes highlight the major frequencies
observed.

absorption signals therein are simulated by numerically solv- 195

ing the time-dependent Schrödinger equation (TDSE) for the 196

nuclear motion, 197

i
∂

∂t
�(R, t ) = H (R, t )�(R, t ), (1)

where 
 is the nuclear wave functions of the valence elec- 198

tronic states. Equations are expressed in atomic units unless 199

otherwise noted. The Hamiltonian for the nuclear motion in- 200

cluding the dipole interaction with the visible pump pulse is 201

given by 202

H (R, t ) = − 1

2m

∂

∂R2
+V (R) − EVis(t )μ(R), (2)

where R is the internuclear distance, V is the potential en- 203

ergies, EVIS is the electric field of the visible pump pulse, 204

and μ represents the transition dipole moments between the 205

valence electronic states. The grid space spans from 2.0 to 206

7.0 Å with intervals of 0.01 Å, and nuclear wave packets 207

are expressed by the sinc-function discrete variable repre- 208

sentation [36]. Complex absorbing potentials are defined at 209

the end of the grid to smoothly eliminate the dissociating 210

components from theY 3 ∑−
0g

+ and Z 3�0g
+ states. The visible 211

pump is defined by a 10-fs Gaussian pulse centered at a vari- 212

able wavelength from 500 to 600 nm. The XUV absorption 213

signals at each delay time are obtained by convoluting the 214

nuclear wave packets with the R-dependent core-to-valence 215

absorption strengths (Fig. 2), wherein the contributions from 4216

different valence states are taken as an incoherent summation. 217

III. RESULTS AND DISCUSSION 218

The transient-absorption spectra measured as a function 219

of the time delay between the visible pump and the XUV 220

probe pulse are presented in Fig. 3(a). The time delay varies 221

from −50 fs to 2 ps with time steps of 10 fs, while at each 222

time delay the pump-probe spectrum [IVis+XUV(EXUV, τ )] 223

is collected for 120 frames (100 laser pulses per frame) 224

and the probe pulse-only spectrum [IXUV(EXUV)], simi- 225

larly recorded at each time, is subtracted. In Fig. 3(a), the 226
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FIG. 4. Simulated absorption maps in terms of absorbance (arb. units) as a function of the XUV photon energy and the time delay for5
different excitation energies.

transients defined as variations in the optical density, �OD =227

− ln[IVis+XUV(EXUV, τ )/IXUV(EXUV)], are plotted as a func-228

tion of the time delay, τ , and of the XUV photon energy,229

EXUV, between 45.0 and 52.0 eV. Clear oscillations, charac-230

terized by a negative �OD, are observed around 48.8 and231

50.2 eV, reflecting vibrational coherences produced through232

ground-state depletion. Taking into account the low power233

characterizing the visible pulse, such coherences are likely234

produced through resonant impulsive stimulated Raman scat-235

tering. Besides these oscillations, some features shifting in236

energy as a function of the time delay are observed between237

45.9 and 48.0 eV along with two major features lying at238

45.9 and 46.7 eV and assigned to atomic iodine, I 2P3/2 and239

I∗ 2P1/2, respectively, arising from fast photodissociation of I2240

within 100 fs (see Appendix B).241

The Fourier transform analysis of the measured transient242

spectra has been performed along the time-delay axis to eval-243

uate the periodic frequencies and is plotted in Fig. 3(b). Two244

characteristic frequencies are obtained: ∼27 meV (±2 meV)245

at higher photon energies (between 48 and 52 eV) and246

∼11 meV (±2 meV) at photon energies around 47.2 and247

46.5 eV. The former is indeed consistent with the vibrational248

frequency, ωe = 214.50 cm–1 (26.7 meV) of the I2 in its249

ground state while the latter reflects the vibrational motion250

induced in highly excited levels of the B 3�0u
+ state (ωe =251

125.69 cm–1, i.e., 15.6 meV, and ωeχe = 0.764 cm–1 [37]) of252

I2.253

The simulated XUV absorption spectra including the con-254

tributions of the dynamics on all valence states considered255

in the calculations of the X 1 ∑+
0g

+ , B 3�0u
+ , Y 3 ∑−

0g
+ , and256

Z 3�0g
+ states are depicted in Fig. 4 for selected excitation257

wavelengths between 500 and 600 nm within the experimental258

pump pulse employed. Excitation into the B state is negligible259

for wavelengths above 600 nm as observed in Fig. 1 (see260

Appendix C).261

In contrast to the experimental data measuring a variation 262

in absorption, �OD, these simulated maps directly reflect the 263

absorption strength. Well-resolved oscillations around ∼48.8 264

and ∼50.2 eV are characterized here by a positive absorbance 265

but give rise to a negative one since they reflect the vibra- 266

tional coherences produced from the depletion of the ground 267

state. While some oscillatory features lying between 45.9 and 268

48.0 eV reflecting the vibrational wave packet on the B state 269

are well observed at wavelengths between 520 and 560 nm, at 270

longer wavelengths the two features at 45.9 and 46.7 eV from 271

atomic I and I∗ are observed due to the major dissociation on 6272

the Y and Z states populated through two-photon absorption. 273

At a shorter wavelength, 500 nm, the oscillatory structure 274

from the B state is almost washed out and some dissocia- 275

tion from this state is observed. This dissociation pathway is 276

however rather unfavorable and negligible with respect to the 277

two-photon dissociation at longer wavelengths. 278

An expanded view of the measured transient-absorption 279

spectra is depicted in Fig. 5(a) for EXUV between 45.5 and 280

48.2 eV where a number of features are observed that contain 281

information about the induced photodynamics. Besides the 282

two peaks at 45.9 and 46.7 eV corresponding to I 2P3/2 and 283

I∗ 2P1/2 formation from dissociation, the time-dependent pe- 284

riodic features reflecting the vibrational motion on the B state 285

are observed in detail now and highlighted in Fig. 5(a) by red 286

arrows. We note that the core-excited states are characterized 287

by two different angular momenta j = 5/2 and j = 3/2, giv- 288

ing rise to duplicated features: the periodic structures around 289

47.2 eV, i.e., lying between ∼47 and 48 eV are from the 290

4d5/2 → σ ∗ transition and the other ones, less intense, are 291

from the 4d3/2 → σ ∗ transition, observed between 46.5 and 292

46.0 eV [26]. The shift in energy as a function of τ character- 293

izing these periodic features mainly reflects the shape of the 294

core-excited potentials probed by the XUV pulse as the wave 295

packet moves in the B state. 296
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(a) Expt.

(b) Theor.
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2. 
phot. 

1. phot. 

FIG. 5. (a) Experimental transient-absorption map (in �OD) fol-
lowing I2 excitation by the visible pump pulse, as a function of
the time delay and the XUV photon energy. Red arrows (labeled
1. phot.) highlight the observed vibrational wave-packet motion by
one-photon absorption as features significantly moving in energy
with time. Green and gray arrows (labeled 2. phot.) indicate addi-
tional direct dissociation features due to two-photon excitation in the
experimental data (see Fig. 6). (b) Simulated transient absorption
(1. phot.) from the wave packet in B 3�0u+ excited state following
one-photon absorption at 520 nm.

Vibrational coherences previously observed using tran-297

sient spectroscopy typically arise from the depletion of the298

ground state and involve only a few vibrational levels; they299

are identified as a complete oscillatory feature characteris-300

tic of a wave packet that oscillates over a short range of301

internuclear distances [4–6,38]. In contrast, here a broad dis-302

tribution of vibrational levels between ν ′ = 10 and ν ′ = 50303

in the B state, with a maximum around ν ′ = 25, is created304

according to the estimated excitation probability based on305

the visible pump-pulse spectrum and on computed Franck-306

Condon factors between an assumed initial population on the307

X 1 ∑+
0+g

(ν = 0, 1, 2) and the B state (see Appendix C). In308

addition, the broad potential well of the B state allows us to309

probe a large range of internuclear distances and therefore a310

large extent of the core-excited state potential versus internu-311

clear distance.312

The simulated XUV absorption spectra following one-313

photon excitation into B 3�0u
+ at 520 nm are depicted in314

Fig. 5(b). Quasi-identical periodic features are observed, re-315

flecting the vibrational wave-packet motion on the B state.316

As observed in Figs. 5(a) and 5(b), a nonconstant �OD317

characterizes these features. Taking into account the nearly318

constant absorption probability between the B state and the319

core-excited states obtained in the calculations (see Fig. 2),7 320

this irregular �OD directly reflects the wave-packet broaden-321

ing due to the anharmonicity of the potential-energy curve, as 322

discussed later. 323

While the formation of atomic iodine dominates the exper- 324

imental transients, according to the simulations carried out, 325

dissociation on the B state is not favorable even for the higher 326

excitation energies around 500 nm, as observed in Fig. 4 327

and in Fig. 5(b). In contrast, two-photon absorption into the 328

Y 3 ∑−
0g

+ and Z 3�0g
+ repulsive states followed by direct fast 329

dissociation is relatively favorable. A strong transition dipole 330

moment for one-photon absorption from the B state into these 331

excited states is indeed obtained (see Fig. 9), as this second 332

transition step corresponds to a strong π -π∗ excitation. This 333

fast dissociation is characterized by specific features at short- 334

time delays. The transient-absorption spectra measured for 335

time delays varying between −5 and 80 fs, with time steps 336

of 2 fs, collected for 60 frames (50 laser pulses per frame) 337

are depicted in Fig. 6(a) and are compared to the simulated 338

absorption spectra following excitation at 600 and 520 nm. 339

In addition to the fact that the structure starting at ∼48 eV 340

shifts in energy (red arrow), which reflects the vibrational 341

motion on the B state, two other features characterize this 342

temporal region [Fig. 6(a)], both attributed to two-photon 343

visible absorption: a feature lying at ∼47 eV and another 344

lying at ∼46.5 eV; the latter clearly shifts to lower energies. 345

Resonant two-photon excitation into the Y and Z states occurs 346

only at lower excitation energies (560–600 nm), as reflected in 347

Figs. 6(b) and 6(c). The early-time simulated transient fol- 348

lowing excitation at 520 nm is dominated by the structure 349

starting at ∼48 eV, which reflects the vibrational motion on 350

the B state, while two different features, in agreement with the 351

additional structures observed in the experimental map, arise 352

at 600 nm in the calculations. Dissociation on theY state leads 353

exclusively to the formation of I 2P3/2 and is characterized 354

by the feature starting at ∼46.5 eV; it shifts in energy as τ 355

increases, which reflects the evolution of the wave packet on 356

the repulsive potential, and reaches the I 2P3/2 atomic line at 357

45.9 eV within 100 fs [green arrows, Figs. 6(a) and 6(b)]. 358

In contrast, dissociation on the Z state is associated with the 359

formation of I 2P3/2 + I∗2P1/2, distinguished in the simulated 360

transient by the two features crossing (cyan arrows). Although 361

less clearly observed in the experimental map, this dissoci- 362

ation pathway is accordingly assigned to the feature lying 363

around 47 eV. The corresponding transients for I 2P3/2 and 364

I∗ 2P1/2 are included in Appendix B (see Fig. 11). 365

In order to gain a deeper insight into the core-excited elec- 366

tronic states based on the vibrational motion on the B state 367

monitored through transient spectroscopy, the XUV energy 368

position corresponding to the maximum �OD in Fig. 5(a) 369

(red arrows) is extracted as a function of τ and plotted in 370

Fig. 7(a). This result is compared to a one-dimensional clas- 371

sical dynamics simulation carried out on the B state (see 372

Appendix C) shown in Fig. 7(b), where the internuclear dis- 373

tance, R, oscillates periodically with τ . A coherent vibrational 374

wave packet is created upon visible one-photon excitation. 375

This wave packet is initially located close to the inner turning 376

point due to the different equilibrium distance characterizing 377

the ground state and the B state (Req = 2.67 Å vs Req = 3.02 378

Å, respectively). While the wave packet evolves in the B state 379

as the internuclear distance R increases, the corresponding 380

feature shifts to lower XUV photon energies mainly reflect- 381
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(a) Expt. (b) Sim. 600 nm (c) Sim. 520 nm 

2. phot. 

2. phot. 1. phot. 

1. phot. 

2. phot. 

2. phot. 

FIG. 6. (a) Experimental transient-absorption spectra (in �OD) as a function of the time delay and the XUV photon energy measured
for short-time delays, labeled with one- and two-photon arrows. (b), (c) Simulated absorption spectra following excitation at 600 and 520 nm.
One-photon vibrational dynamics on the B 3�0u+ state is indicated by red arrows while dissociation dynamics following two-photon absorption
into the Y 3

∑−
0g+ and Z 3�0g+ is shown by green and cyan arrows, respectively.

ing the shape of the core-excited potential-energy curve. At382

τ ≈ 200 fs, the vibrational wave packet is located at larger in-383

ternuclear distances, close to the outer turning point (R around384

3.7 Å), and the XUV absorbance signal is large. Taking into385

account the anharmonic shape of the potential-energy curve386

(see Fig. 1), the wave packet is considerably broadened at387

this point, covering a large range of R, but with a range388

of similar XUV energies. The wave packet is considerably389

(a) Expt. 

FIG. 7. (a) Photon energy position at the maximum �OD of
the feature reflecting the vibrational dynamics in the B 3�0u+ state
observed in Fig. 2. (b) One-dimension classical dynamics simulation
in the B 3�0u+ excited state.

spread when it starts to turn back to smaller R as reflected 390

by both the experimental and the simulated absorption map 391

in Figs. 5(a) and 5(b), respectively. This spreading leads in- 392

deed to the decreased absorbance observed in the simulated 393

transients [Fig. 5(b)] while the feature disappears completely 394

in the experiment, as observed in Fig. 5(a). As the wave 395

packet gets close to the inner turning point around τ ≈ 390 396

fs, some recompression of the wave packet occurs due to the 397

sharp shape of the potential at shorter R, as revealed by the 398

appearance of a sharp absorption feature around τ ≈ 390 fs. 399

A strong signal enhancement is again observed at later times 400

as the feature shifts to lower energy between τ ≈ 450 fs and 401

τ ≈ 600 fs when the wave packet gets close to the outer 402

turning point. This behavior, characterized by an increased 403

and decreased spectral dispersion, as the wave packet evolves 404

between the outer and inner turning points has been previously 405

reported [39] and is indeed well observed in the nuclear wave- 406

packet evolution as a function of the time delay as depicted 407

(see Fig. 13). A partial recompression of the wave packet is 408

produced each time the wave packet gets to the inner turning 409

point at shorter R while the wave-packet spreading on the way 410

to or from the outer turning point produces a considerable 411

decrease in signal. After a few oscillations, the feature char- 412

acterizing the motion on the B state is almost indiscernible for 413

τ � 1000 fs, reflecting the dephasing of the wave packet due 414

to the anharmonicity of the potential. 415

The comparison between the XUV absorption energies and 416

the classical dynamics plotted in Fig. 7 allows us to assign, 417

at each time delay, a core-to-valence transition energy to an 418

internuclear distance, hence directly mapping the core-excited 419

states. The results obtained for the absorption feature between 420

48 and 47 eV (4d5/2 → σ ∗) are depicted in Fig. 8 overlaid 421

with the computed transition probability between the valence 422

B state and the core-excited states, showing excellent 423

agreement. The same mapping is performed for the shifting 424

feature arising at 46.5–46 eV (4d3/2 → σ ∗), although over a 425

narrower region of R, and the result is shown in Fig. 8. By 426

creating a vibrational wave packet on the B state, we directly 427

probe the transition energy between the B state and the core- 428

excited states, obtaining valuable information on the shape of 429

the potential of the latter. In addition, the wide potential well 430
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1
0.8
0.6
0.4
0.2
0.02P3/2 + 2D3/2

2P1/2 + 2D5/2

4d → *

2P1/2 + 2D3/2

4d → *

FIG. 8. Computed XUV absorption strengths from the B 3�0u+

state into the core-excited states as a function of the transition energy
and the internuclear distance. The color scale shows the normalized
transition probability. Orange circles and orange lines: experimental
curve of core-level transition energy versus internuclear separation
extracted from the experimental transient-absorption map.

characteristic of the B state permits a mapping of a large431

portion of the core-excited state potential versus internuclear432

separation. The shape of such core-excited states can be433

understood in diatomic molecules by the equivalent core434

model, which assumes that removing a core electron is, for435

the outer electrons, equivalent to an increase in the nuclear436

charge by one unit. In this picture, the first resonant state437

is equivalent to the xenon iodide (XeI) ground state. Its438

potential-energy curve is weakly bound (De ∼ 33 meV) due439

to a van der Waals attraction and presents indeed an overall440

repulsive shape [40]. In contrast, potential-energy curves of441

core-excited states in larger polyatomic molecules are often442

not well known and the present work opens the door for their443

experimental determination.444

IV. CONCLUSION445

Attosecond XUV transient-absorption spectroscopy is em-446

ployed to image coherent nuclear motion in real time.447

One-photon visible pump absorption is employed to create a448

broad vibrational wave packet in the valence-excited B 3�0u
+449

state of I2 while the dynamics are probed by core-to-valence450

transitions through one-photon XUV absorption. The vibra-451

tional motion in the B state is directly observed in real time452

for more than one picosecond, in excellent agreement with453

simulated absorption maps, while concurrent two-photon ab-454

sorption and subsequent fast direct dissociation, within 100 fs,455

is discerned and discussed. In contrast to traditional reported456

vibrational coherences involving a few vibrational levels and457

often lasting many picoseconds, by one-photon absorption a458

broad vibrational wave packet in the B state is created here,459

from ν ′ = 10 to ν ′ = 50 with a maximum around ν ′ = 25, and460

its motion is directly visualized in the XUV transient spectra461

as a characteristic feature shifting in energy. The wave-packet462

spreading at the outer turning point and the later recompres- 463

sion at the inner turning point is clearly observed in agreement 464

with the simulated absorption maps, while after a few oscilla- 465

tions the anharmonicity of the potential-energy curve leads to 466

the dephasing of the wave packet for τ � 1000 fs. In contrast 467

to the present work, previous reports of coherent nuclear mo- 468

tion on the B state employing in particular ultrafast electron 469

diffraction [25] and x-ray diffraction [24] involve only a few 470

vibrational levels ∼5. Moreover, the wave-packet evolution 471

including its increased and decreased spectral dispersion at 472

the outer and inner turning points was not observed before. 473

In both Refs. [23,25], further analysis was also required to 474

derive the internuclear distance as a function of the time delay. 475

Although XUV transient-absorption spectroscopy does not 476

allow us to directly determine accurate geometrical informa- 477

tion, it constitutes an ideal tool to unravel vibrational motion 478

as a result of its unique spectral and temporal resolution. In 479

addition, the observed shifting in energy associated with the 480

vibrational motion in the B states reflects the transition energy 481

between the valence and the core-excited states as a function 482

of the internuclear distance. It gives thus direct information 483

on the potential-energy curves of the core-excited states. The 484

transition energy between the valence B state and the core- 485

excited states as a function of the internuclear distance (rang- 486

ing between 2.7 and 3.8 Å) is indeed experimentally derived 487

by combining the ATAS experimental results with a simple 8488

one-dimension classical calculation. Such information can be 489

of particular interest in larger molecules, where ab initio cal- 490

culations of core-excited states are particularly demanding. 491

ACKNOWLEDGMENTS 492

This work is supported by the National Science Foundation 493

(Grants No. CHE-1951317 and No. CHE-1660417) and the 494

US Army Research Office (Grant No. W911NF-14-1-0383). 495

S.M.P. acknowledges funding from the European Union’s 496

Horizon 2020 research and innovation program under the 497

Marie Sklodowska-Curie grant agreement (Grant No. 842539, 498

ATTO-CONTROL). Y.K. acknowledges financial support by 499

the Funai Overseas Scholarship. FQ500

APPENDIX A: ELECTRONIC STRUCTURE 501

CALCULATIONS AND SIMULATED ABSORPTION 502

SPECTRA USING THE SO-GMC-QDPT CODE 503

The transition dipole moments (TDMs) computed as a 504

function of the internuclear distance R for one-photon ex- 505

citation from the I2 ground state into A 3�1u , B′′ 1�1u , and 506

B 3�0u
+ excited states are depicted in Fig. 9. The one-photon 507

excitation of the B state is clearly favored at Req = 2.63 Å 508

while absorption into the A and B′′ states can be considered 509

as negligible. In contrast, further two-photon dynamics cannot 510

be ruled out. As observed in Fig. 9(b), a large transition dipole 511

moment is observed for one-photon excitation from the B state 512

into the repulsive Y and Z states. 513

Since 
 and � are not good quantum numbers for this 514

molecule, which is better described by the �-ω coupling 515

(Hund’s case c), the term associated with the �-ω coupling is 516

specified as an extra label in subscript. While A 3�1u , B 3�0u
+ , 517

and B′′ 1�1u excited states have been well reported in ex- 518
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FIG. 9. Computed transition dipole moments (TDM) (a) as a
function of the internuclear distance R for one-photon excitation
from the I2 ground state into A 3�1u (yellow line), B′′ 1�1u (purple)
and B 3�0u+ (red line) excited states, and (b) TDM for one-photon
excitation from the populated B 3�0u+ state into the Y 3

∑−
0g+ (green

line) and Z 3�0g+ (cyan) excited states.

perimental and theoretical studies, the Y 3 ∑−
0g

+ and Z 3�0g
+519

excited states have not been experimentally reported to the520

best of our knowledge and they have been identified based on9 521

theoretical work [14,41].522

The combination of the two iodine atoms with a config-523

uration 5s25p5 2P leads to molecular states characterized by524

the electronic configuration σ 2
g σ 2

u σ m
g π

p
u π

q
g σ n

u . The different525

electronic states are therefore denoted as [mqpn]. In partic-526

ular, the ground state is described as a [2440] configuration,527

while valence excited states A 3�1u , B′′ 1�1u , and B 3�0u
+528

correspond to a [2431] configuration. The transition from 529

the ground state into the B state corresponds therefore to a 530

π∗ → σ ∗ excitation. Finally, the upper states, defined in the 531

calculations as two 0+
g states and attributed to the Y 3 ∑−

0g
+ 532

and Z 3�0g
+ excited states based in particular on Mulliken’s 533

work [14] are characterized by a [2341] and a [2422] configu- 534

ration, respectively. The configuration interaction coefficients 535

as a function of the internuclear distance describing these two 536

states are however strongly mixed as previously observed for 537

IBr and ICl molecules [42] and their configuration is expected 538

to change through avoided crossings and at the asymptotic 539

limit. Thus, both excited states can be described to some 540

extent as a [2341] configuration and their population from 541

the B state is associated with a global π → π∗ excitation. 542

We note that core-excited states of an electronic configuration 543

[4d–1][2441], [4d–1][2432], [4d−1][2342], and [4d–1][1442], 544

are included in the calculations to simulate the core-to-valence 545

electronic transition 4d → σ ∗, π or π∗ used to probe the 546

dynamics. The computed absorption probabilities between 547

the valence electronic states and the core-excited states are 548

depicted in Fig. 10. 549

APPENDIX B: EXTRACTED I AND I∗ TIME TRACES 550

The transient spectra at each time delay from the map 551

shown in Fig. 5(a) were fitted using two narrow Gaussian 552

functions (fixed width ∼0.15 eV) to describe the two features 553

Y3
0+

g

X1
0+

g
A3

1u
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FIG. 10. Computed absorption probabilities between each valence electronic state and the core-hole excited states as a function of the
core-to-valence transition energy and the internuclear distance R.

002800-8

stephenleone
Sticky Note
smaller sigma

stephenleone
Sticky Note
reduce sigma


stephenleone
Sticky Note
The 0+u symbols on this figure do not agree with most of the text.  The text has 0u+.  We need to decide which is correct and either change the figure or change most of the text.  I had thought it was 0u+ or 0g+, with the u or g a subscript and the + a superscript.  I am guessing Yuki made this figure, if it is incorrect.



XD10454A PRA July 30, 2021 22:43

VISUALIZING COHERENT VIBRATIONAL MOTION … PHYSICAL REVIEW A 00, 002800 (2021)

FIG. 11. Measured transient for the dissociation into I and I*
atomic fragments. Time traces extracted from Fig. 5(a): Amplitude
of the Gaussian’s functions (circles) used to describe the features
associated with the formation of I and I* at around 45.9 and 46.7 eV,
as a function of time, and the corresponding fit to a Boltzmann
sigmoidal function (line). Both transients are consistent with a fast
dissociation with τdiss ∼ 100 fs.

assigned to the formation of atomic I and I∗, and two broad554

Gaussian functions (fixed width and position) to describe555

the underlying background (containing the shifting feature556

reflecting the motion on the B state). This procedure allows557

us to properly extract the time traces describing the iodine558

dissociation (see Fig. 11) as the amplitude of two correspond-559

ing narrow Gaussian functions as a function of the time delay.560

In addition, these two dissociation channels can be subtracted561

from the experimental map in order to properly extract the562

position of the maximum �OD characterizing the shifting563

feature from the vibrational motion on the B state (see Fig. 5564

(a) and Fig. 7).565

APPENDIX C: EXCITATION PROBABILITY AND566

CLASSICAL DYNAMICS567

The excitation probability has been estimated based on568

the visible pump-pulse spectrum and on computed Franck-569

Condon factors between the initially populated X 1 ∑+
0g

+ and570

the B state. Morse potentials from spectroscopic measure-571

ments [43–45] have been considered for both the X 1 ∑+
0g

+572

and the B 3�0u
+ states (see Table I). Vibrational wave573

functions of each electronic state were obtained by the diag-574

TABLE I: Morse parameters characterizing the potential-energy
curves for the X and B states of I2 (from Refs. [43–45])

De (cm–1) ωe (cm–1) Req (Å)

X state 12 439.4 214.5 2.666 3
B state 5 168.14 125.69 3.024 7

(a)

(b)

FIG. 12. (a) Computed Franck Condon factors between the
ground state and the B 3�0u+ state as a function of the populated
vibrational level on the B state. Three initial vibrational populations
in the X state are considered: only ν = 0, ν = 0 (80%), and ν = 1
(20%), and ν = 0 (70%), ν = 1 (20%) and ν = 2 (10%). (b) Cor-
responding excitation probability using the pump-pulse spectrum.
Vertical purple arrows indicate the three starting points selected for
the classical dynamics [Fig. 13(b)].

onalization of the Hamiltonian (through the finite elements 575

method using 70 solutions). The computed Franck-Condon 576

factors are then weighted by the experimental pump-pulse 577

spectrum to obtain the excitation probability. 578

The Franck-Condon factors, depicted in Fig. 12, were 579

calculated for three different initial vibrational populations: 580

considering an initial ν = 0 population only, a small fraction 581

in ν = 1(0.2), with 0.8 in ν = 0, and a small fraction in both 582

ν = 1(0.2) and ν = 2(0.1), with 0.7 in ν = 0. The corre- 583

sponding excitation probability for the three initial conditions 584

is plotted in Fig. 12(b). Although a major initial population 585

on ν = 0 is expected, we cannot rule out some population of 586

ν = 1 and ν = 2 since the inlet system to the cell is heated at 587

65 °C. As observed, the vibrational wave packet created is not 588

significantly dependent on the initial vibrational population on 589

the ground state. In all cases, the excitation probability shows 590

a maximum around ν ′ = 25, ranging from approximately ν ′ = 591

10 to ν ′ = 60, which correspond to an excitation wavelength 592

from ∼600 to ∼500 nm. 593

One-dimension classical molecular-dynamics simulations 594

were performed in the Morse potential characterizing the 595

B state. The dynamics are started at selected internuclear 596

distances, within the Franck-Condon region associated with 597

the I2 ground state. The initial internuclear distances Ri are 598

selected based on the computed excitation probability. The 599
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(a)

(b)

FIG. 13. (a) Morse potential characterizing the B state. Verti-
cal lines indicate the three selected starting points, defined by the
corresponding Ri distance, and associated with the intensity max-
ima of the excitation probability (ν ′ = 25, orange line) as well as
the lower (yellow) and higher (blue) vibrational levels populated.
(b) Evolution of the internuclear distance as a function of time,
resulting from the dynamics carried out in the B state. Three starting
points are considered as indicated in panel (a).

FIG. 14. Nuclear wave-packet evolution (color map) in the B
state, following excitation at 520 nm (obtained by numerically
solving the TDSE for the nuclear motion) compared with the one-
dimension classical dynamics (orange line).

dynamics is carried out for the Ri associated with the intensity 600

maxima at around ν ′ = 25 as well as with the lower and higher 601

vibrational levels populated around ν ′ = 10 and close to ν ′ = 602

60. The results are depicted in Fig. 13. Oscillations of R 603

whose frequency strongly depends on the ν ′ level are observed 604

characterizing the dynamics on the B state. The dynamics ob- 605

tained for the intensity maxima at around ν ′ = 25 is consistent 606

with the experimental results. The classical dynamics simula- 607

tion is compared in Fig. 14 to nuclear wave-packet evolution 608

obtained by numerically solving the TDSE for the nuclear 609

coordinates, which was performed within the calculations 610

to simulate the transient-absorption spectra. As expected, an 611

excellent agreement is observed. While molecular dynam- 612

ics obtained by solving the TDSE gives considerably more 613

information, although requiring a bigger effort, a simple one- 614

dimension classical dynamics simulation permits us to extract 615

the evolution of the internuclear distance as a function of 616

time. 617
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