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Abstract32

When matter interacts with energetic radiation it can undergo sudden, or impulsive,33

ionization. Impulsive ionization can drive important processes in chemistry and can34

be induced by cosmic rays and short-wavelength light, so it is ubiquitous in space35

and planetary atmospheres. A comprehensive understanding of this process lies at36

the limits of our current theoretical and computational capabilities. A full treatment37

requires advanced theoretical descriptions of electron correlation and complex nona-38

diabatic dynamics beyond the Born-Oppenheimer approximation. New experimental39

results are required to validate existing models. In this work we measure the response40

of the para-aminophenol molecule to sudden ionization. Using attosecond X-ray ab-41

sorption spectroscopy, we resolve the ultrafast dynamics of the ionized molecule with42

atomic precision. A sub-femtosecond decay is assigned to states undergoing nonradia-43

tive decay, while few-femtosecond oscillatory signatures are associated with electronic44

wavepacket motion in stable cation states that will eventually couple to nuclear motion.45

We compare our measurement with state-of-the-art computational modeling, qualita-46

tively reproducing the observed response acrossmultiple timescales. Ourwork provides47

a vital benchmark for computational models of sudden ionization and ultrafast charge48

motion in matter.49
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Main50

The motion of electrons plays a fundamental role in scientific and technological applications,51

ranging from the earliest stages of chemical reactions [1] to solar energy harvesting [2], light-52

driven catalysis [3] and next-generation microelectronics [4, 5]. The importance of electronic53

motion underlies the recent emergence of the notions of attochemistry [6] and charge-directed54

reactivity [7]. An important prototypical example, where fast electron motion plays a significant55

role, is in the sudden (or impulsive) ionization of a molecule.56

Impulsive molecular ionization can be driven by high energy electrons, ions/cosmic rays, or57

photons and can initiate fragmentation and chemical change. Impulsive ionization of organic and58

small biomolecules is now widely acknowledged to lead to attosecond scale chemical processes [1]59

that are likely at work in ionizing environments in space [8], in planetary atmospheres and in60

tissue during radiation therapy. When a valence electron is suddenly removed from a molecule,61

by an attosecond soft x-ray pulse or a collision with a fast charged particle (e.g. a cosmic ray), it62

inevitably forms a superposition of electronic states of the cation, i.e. an electronic wavepacket.63

Basic quantum mechanics tells us that this electronic wavepacket can lead to oscillation in the64

electronic density, which has been termed chargemigration. This purely electronic chargemigration65

results from the coherent superposition of the stationary electronic eigenstates. For the valence66

electrons of small molecules, the energy splitting between states composing the wavepacket is on67

the scale of an electron volt (eV)[9], corresponding to electron motion on few-femtosecond (fs)68

to attosecond (as) timescales. The oscillatory charge motion leads to new time-dependent forces69

absent under conventional ‘slow’ ionization associated with a single electronic state [10, 11], and70

will therefore induce unique new vibronic modes and dynamics of fragmentation [12, 13, 14]. This71

channel of attochemical activity is not well explored due to the challenge of producing suitably72

fast excitations for impulsive initiation and/or subsequent probing of the unfolding electronic and73

nuclear dynamics. This ultrafast electron motion is expected to directly impact the breaking and74

forming of chemical bonds in the ionic products, but the mechanisms and consequences of these75

reactions continue to be inaccessible to most measurements.76

Several pioneeringmeasurements based on high harmonic generation [15] have provided insight77

into electron dynamics on the attosecond timescale. A pair of ultraviolet (UV) attosecond pulse78
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trains has been used to probe electron dynamics in nitrogen molecules [16] and a pair of single-79

femtosecond UV pulses was used to observe electron motion in xenon atoms [17]. Recently, a two-80

color UV attosecond pulse-pair was employed to time-resolve the creation of the argon cation [18].81

Furthermeasurements of ultrafast chargemotion, which extend tomore complexmolecular systems,82

havemade use of strong-field interactions to initiate [19, 20, 21] or interrogate [22, 20, 23, 24, 25, 26]83

few-femtosecond scale chargemotion inmolecules. The effect of a strong laser field on themolecular84

system is, however, challenging to interpret because the interaction with the field is highly non-85

perturbative, and many observables rely on long-term outcomes such as molecular fragmentation,86

which introduces additional complexity to numerical modeling.87

X-ray observables, on the other hand, are more easily modeled and interpreted [27, 28, 29,88

30, 31] and importantly, x-rays also address core-to-valence transitions and therefore probe the89

valence electron density in the vicinity of the atomically-localized core-level electrons. This has90

been demonstrated in recent experiments using degenerate [13, 14] or near-degenerate [32] few-91

femtosecond x-ray pulse pairs to probe electronic motion. However, the use of few-femtosecond92

x-ray pulses in these experiments does not provide an easily interpretable measurement of the93

sub-femtosecond impulsive response of a molecule.94

In our measurements, we employ attosecond x-ray pulse-pairs to access the sub-femtosecond95

electron dynamics following impulsive photoionization of the aromaticmolecule para-aminophenol.96

We probe the time-dependent electron density at the oxygen site via time-resolved x-ray absorption97

spectroscopy (trXAS) at the oxygen 𝐾-edge, employing the yield of resonant Auger-Meitner elec-98

trons to measure the absorption amplitude [31]. We compare our measurement with state-of-the-art99

computational modeling of the interaction between the molecule and both the pump and probe100

x-ray pulses. Our study reveals the nature of the molecular response to impulsive ionization, which101

involves multiple timescales, as shown in Figure 1. We observe sub-femtosecond population dy-102

namics due to non-radiative, super-Coster-Kronig decay, and few-femtosecond oscillatory electron103

motion associated with stable cation states. We attribute the overall decay of this oscillatory signal104

to the effect of nuclear motion on the few-femtosecond timescale, providing insight into the earliest105

stages of photochemistry in the studied molecule.106

The charge distribution of an impulsively excited molecule can undergo rapid non-equilibrium107

motion [33] through coherent population of a superposition of eigenstates. For several decades,108
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this motion has been approximated within the paradigm of ‘charge migration’, in which motion109

is driven solely by a coherent superposition of electronic states of ionized molecules [34]. An110

example of this type of motion is calculated and shown in Figure 2, which shows the response111

of the para-aminophenol molecule following impulsive valence ionization by an attosecond x-ray112

pulse, in the fixed-nuclei approximation. Ionization by this pulse, which has a large bandwidth113

and can address a broad manifold of inner- and outer-valence orbitals, populates a superposition114

of delocalized electronic states in the cation. The coherent evolution of this superposition causes115

the hole density to migrate across the molecule (Figure 2b showing snapshots at 5.7 and 6.8 fs),116

resulting in an oscillation of the hole density at the oxygen site (Figure 2c).117

The chargemigration paradigmdescribed above hasmotivated experiments on extreme timescales118

to understand the first moments of photochemistry [35]. However, many aspects of attosecond elec-119

tron motion following impulsive molecular excitation remain unexplored, such as the mechanism120

and timescale for electronic decoherence and how electron motion couples to nuclear motion that121

can drive chemical bond rearrangement [6, 1, 36, 37]. To address this scientific challenge, in this122

work we use a pair of attosecond x-ray pulses from a free-electron laser to resolve ultrafast electron123

motion with attosecond temporal resolution and Ångstrom-scale spatial sensitivity, without per-124

turbing the dynamics with the probe field. Figure 2c shows a comparison between the time-resolved125

x-ray absorption signal below the oxygen 𝐾-edge (523–529 eV, green curve) and the oscillating126

portion of the hole charge localized at the oxygen atom (black curves) following ionization by a127

sub-femtosecond (700 as full-width at half maximum), ∼ 260 eV x-ray pulse. The two calculated128

curves follow each other closely, illustrating the power of x-ray observables to probe the local129

electronic density on sub-femtosecond timescales.130

Two-color (𝜔/2𝜔) attosecond x-ray pulse pairs were generated at the Linac Coherent Light131

Source (LCLS) XFEL using a harmonic configuration of the split-undulator method [38, 39], which132

is illustrated in Figure 3a. The delay between the pump (𝜔) and probe (2𝜔) pulses was controlled133

by changing the number of undulators used to produce the probe pulse, and adjusting the magnetic134

chicane that sits between the two undulator sections producing the pump and probe pulses [39] (see135

Methods). The x-ray absorption signal was measured by recording the photon-energy-dependent136

electron emission from themolecule using amagnetic bottle electron spectrometer [40]. The photon-137

energy-resolved electron emission spectrum for the ground state molecule is shown in Figure 3c.138
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The photoemission spectrum is dominated by several strong features within ∼ 470− 510 eV kinetic139

energy. When the incoming photon energy is below the oxygen 𝐾-edge at 539 eV [41], these140

electrons are associated with resonant Auger-Meitner decay following 1𝑠 →valence absorption at141

∼ 532 eV. Above the oxygen 𝐾-edge, these electrons are produced by non-resonant (𝐾𝐿𝐿) Auger-142

Meitner decay following 𝐾-shell ionization of the ground state molecule. A much weaker signal143

from direct valence ionization can be seen as a faint, dispersive streak with ∼ 480 − 500 eV kinetic144

energy at 510 eV photon energy and increasing kinetic energy with increasing photon energy.145

In our measurements, the total electron yield is directly proportional to the x-ray absorption. To146

enhance the spectral resolution of our x-ray absorption measurement, we performed a shot-to-shot147

characterization of the incident x-ray spectrum coincident with the Auger-Meitner electron yield,148

using a variable line spacing (VLS) grating x-ray spectrometer [42] downstream of the interaction149

region, as shown in Figure 3a.150

The pump pulse was tuned to ∼260 eV, with a a full-width-at-half-maximum (FWHM) band-151

width of 2.4 eV. This photon energy is below the ionization potential for the carbon, nitrogen and152

oxygen 𝐾-shells of the molecule, so the pump pulse can only remove an electron from the valence153

orbitals. We then probed the ultrafast electron motion by measuring the x-ray absorption spectrum154

in the vicinity of the oxygen 𝐾-edge, by scanning the central photon energy of the probe pulse from155

500 − 530 eV for each pump-probe delay. A simplified schematic of the experimental protocol is156

illustrated in Figure 3d. The electron hole created by the pump pulse produces a new feature in the157

oxygen 𝐾-shell absorption spectrum. Figure 2c shows that the strength of this absorption feature158

is predicted to depend on the localization of the hole at the oxygen atom. The core-excited ion159

produced by the core-to-valence absorption decays via Auger-Meitner emission, emitting a broad160

spectrum of electrons with kinetic energies between 470 − 510 eV. The sample absorption is given161

by the yield of these Auger-Meitner electrons.162

Attosecond x-ray free-electron lasers rely on the process of self-amplified spontaneous emis-163

sion (SASE), where the x-ray pulse builds up from stochastic noise in the electron bunch [43]. We164

exploit the resultant spectral fluctuations to achieve sub-bandwidth spectral resolution in the trXAS165

measurement using spectral domain ghost imaging [44]. In addition to fluctuations in the spectrum166

of the FEL, there are shot-to-shot fluctations in the pump and probe pulse energy. In order to extract167

the two-photon pump-probe signal, the data were binned according to the total pulse energy of the168
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pump pulse, and we measure the x-ray absorption spectrum at the oxygen 𝐾-edge for each pump169

pulse energy bin. The center of the bins range from 6 𝜇J to 85 𝜇J. The x-ray absorption spectra for170

different pump pulse energies are shown in Figure 3f for a pump-probe delay of 5.4 fs. A transient171

feature with a linear dependence on pump pulse energy appears in the probe absorption spectrum172

between 523 to 529 eV, shaded in blue in Figure 3f. We extracted the pump-probe trXAS signal by173

regressing the total absorption in this region of interest on pump pulse energy, as shown in the inset174

of Figure 3f. Negligible absorption was measured in the ground state molecule between 505 and175

530 eV (this is shown as the gray curve in Figure 4b). We did not record sufficient data to resolve176

the absorption spectrum for probe photon energies above 530 eV since the electron detector was177

saturated by ionizing the ground state of the molecule at these photon energies.178

We now turn to the main experimental result of this work, namely the measurement of time-179

dependent electron densities in the vicinity of the oxygen-site. Scanning the undulator gap along180

with the intrinsic photon energy fluctuation of the enhanced SASE process enabled us to scan the181

photon energy between 510−529 eV, allowing us to simultaneously explore the dynamical response182

for different probe photon energies. We analyzed the delay-dependence of the x-ray absorption183

below 523 eV (green and red traces in Fig. 3g). Between 517–523 eV (green) we observed no184

delay-dependence in the absorption. Between 510–517 eV (red), we observed weak evidence of a185

sub-femtosecond decay, but the signal is very close to the noise floor of the measurement. This186

contrasts with the delay dependence for probe photons in the range 523-529 eV (blue curve), which187

corresponds to the photon energy where we expect the absorption for low-lying cationic states to188

be observed. The delay-dependent pump-probe signal in the transient spectral feature, shown as the189

blue trace in Figure 3g, decays rapidly within the first 2 fs and exhibits a revival around 5 fs. By190

approximately 10 fs, the pump-probe signal has decayed to zero. The contrast of behavior between191

the blue and the red and green curves in Figure 3g, combined with our evaluated error bounds,192

corroborates the significance of our observation of the temporal dependence in the valence hole193

excitation region indicative of oscillatory charge migration dynamics.194

To understand the time-dependence of the pump-probe absorption signal, we compare our195

experimental results with ab initio calculations of both the valence-induced electron dynamics196

and their associated x-ray absorption signatures. We employed two state-of-the-art numerical197

approaches to evaluate the experimental observables following the interaction of the molecule198
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with the pump and probe pulses, and directly compare our experimental results with theoretical199

predictions. We label the two numerical methods as “ADC” (algebraic diagrammatic construction)200

and “RAS-SXD” (restricted active space static-exchange B-spline density functional theory). Both201

methods solve the time-dependent Schrödinger equation for the system interacting with the pump202

pulse. Following the pump interaction, the photoelectron degree of freedom is traced out. We then203

solve the von Neumann equation to calculate the evolution of the system until the end of the probe204

pulse. The two methods use a different description for both the bound electronic states of the205

molecule and the continuum, as well as the interaction terms used to model the effect of the pump206

pulse (seeMethods and supplementary materials).207

The calculated x-ray photoelectron binding energy spectrum produced by the pump pulse is208

compared to our measurement in Figure 4a. We find satisfactory agreement between the measured209

and predicted photoelectron spectrum using both computation methods, however, the RAS-SXD210

method provides better agreement for states above the DIP. This likely reflects the lower number of211

cationic used in the ADC calculation compared to the RAS-SXD. Next we compare the measured212

and calculated time-resolved x-ray absorption spectra at short pump-probe delays (< 2 fs), in213

Figure 4b. Both methods predict that the absorption feature produced by the interaction with the214

pump-pulse contains comparable contributions from cationic states energetically below and above215

the double ionization potential (DIP) of the molecule (21 eV), as shown in Figure 4b. There is216

significant energetic overlap, which is larger in the RAS-SXDmodel, between the absorption signal217

for these two sets of states. The energies of the strongest x-ray absorption transitions are found218

to be similar for states above and below the DIP in the ADC and RAS-SXD calculations. For219

states above the DIP, the probe dipole coupling is therefore strongest for higher-lying satellite220

states. States above the DIP are open to rapid autoionization via super-Coster-Kronig decay [45],221

in which the vacancy is filled by an electron from the same shell, resulting in emission of another222

electron. This autoionization process, which is illustrated in Figure 4d, typically occurs on the223

sub-femtosecond timescale and has not previously been resolved in the time domain. We simulate224

the energy-dependent lifetimes for super-Coster-Kronig decay to be between 0.35 − 0.86 fs with225

the Fano-ADC(2,2) method [46], see supplementary materials for details.226

The simulated delay-dependent XAS observable is shown in Figure 4c. Both simulations predict227

few-femtosecond oscillations in the absorption signal, driven by the electronic coherence imparted228
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by the pump pulse. Strikingly, both the characteristic modulation frequency and the modulation229

depth are very different for the two methods. The general agreement between both the calculated230

pump photoelectron and our experimental measurement (Figure 4a), suggests that the photoioniza-231

tion cross sections, or the magnitude of the ionization amplitudes, do not strongly differ between232

the two calculations. Then the discrepancy in the time-dependent traces indicates it is the phase of233

the ionization amplitudes that differs between calculations. These phase differences are sensitive to234

small differences in the electronic wavefunctions and rely critically on the description of both the235

bound and continuumwavefunctions. The predicted time-domain signal may also be sensitive to the236

inclusion of interchannel coupling between the photoelectron and the cation, in the ADC simulation237

of the pump ionization step [47]. This discrepancy between the time-domain predictions of our238

two state-of-the-art numerical approaches highlights the advantage of time-domain measurements239

for differentiating and optimizing high-level models ofelectronic motion following excitation by a240

broad bandwidth pulse.241

To compare with the simulated observables with the measured data, we convolve the numerical242

calculations with a gaussian kernel of 𝜎 = 150 as, to account for the measured jitter in the243

pump/probe delay [39]. Comparing the result in Fig. 4c, it is clear that this level of jitter will244

not affect the interpretation of the measurement. In Figure 4e we directly compare the simulated245

trXAS signals with our measurement. We scale the absolute magnitude of the simulated trXAS246

signals independently to achieve the best overall agreement between the first 4 time-points of the247

experimental data. The signal within the region of temporal overlap of the two pulses (delays248

shorter than the gray shaded region in Fig. 4e) is challenging to simulate, and is approximated by by249

assuming separable pump and probe interactions, i.e., that the electrons ionized by the pump pulse250

instantly leave the system unaffected by the remainder of the pump pulse and that the probe pulse251

exclusively interacts with the created cation (see methods). The comparison with the calculations252

guide us to assign the increase in the measured absorption at 5.4 fs to a transient revival of valence253

hole density in the vicinity of the oxygen atom driven by coherent electron motion. Both theories254

show acceptable agreement with the first 4 experimental points, with the ADC approach predicting255

a larger contrast in the coherent oscillation leading a better agreement with the experimental trXAS,256

in particular for the delay of at 1.9 fs. This highlights the fact that the differentiation of theoretical257

models requires measurements which are sensitive to both the amplitude and the relative phase of258
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the excited states.259

The measurement shows a rapid decay of the trXAS signal within the first femtosecond. We par-260

tially attribute this rapid decay to the super-Coster-Kronig effect, which results in almost complete261

depopulation of states above the DIP within the first femtosecond. This process is incorporated262

in our calculations as a phenomenological decay of the populations of the states above the DIP263

with the aforementioned lifetimes of 0.35 fs – 0.86 fs (see Supplementary Information). The ad-264

ditional absorption from dication states populated through autoionization is also included in the265

simulated trXAS signal. For delays above 1.7 fs, our simulations indicate that the x-ray absorption266

in the dication may partially compensate the decrease in the cation absorption. We expect this267

rapid initial decay to be a general feature of the impulsive response of a molecule to ionization by268

broad-bandwidth light.269

An additional feature in our experimental result is a decay in the overall XAS signal after270

roughly 5 fs, which is not well represented by either numerical method in Figure 4e. Although the271

measurements cannot rule out that there may be a revival at a later time, this feature is likely a272

result of fast nuclear motion in the vicinity of the oxygen atom, for example proton loss, which is273

not accounted for in our simulations and may quench, shift or broaden the absorption feature shown274

in Figure 4b. Nonadiabatic electron-nuclear dynamics can also affect the absorption spectrum by275

modulating the excited state populations [48, 49]. We investigate this overall decay by incorporating276

an empirical decay term in the calculated XAS signal. A simple exponential model can account for277

population decay, a shift or broadening of the absorption feature, and pure dephasing of a two-level278

system [50]. We use the ADC calculation to find the overall decay constant, which is 6.8 fs, that279

best matches our measurement by fitting the decay and scaling coefficients of the exponential decay280

model to the third through ninth delay points where nuclear dynamics would be the most relevant.281

We find that incorporating this decay term for both simulated trXAS traces, shown in Figure 4e as282

the solid lines, improves the agreement between theory and experiment. A shift in the absorption283

feature caused by proton loss is consistent with observations as well as physically reasonable. This284

highlights the need for complex modeling of effects such as nuclear motion and electron-nuclear285

coupling, to fully describe ultrafast charge motion on the sub- to few-femtosecond timescale.286
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Conclusion287

We have performed an attosecond x-ray pump/attosecond x-ray probe measurement of the response288

of a para-aminophenol molecule to impulsive valence shell ionization. Following ionization by the289

pump pulse, a transient feature was observed in the x-ray absorption spectrum roughly ∼20 eV290

below the oxygen 𝐾-edge of the neutral molecule. By monitoring the delay-dependence of this291

absorption feature, we probed the time-evolving electron density in the molecule from the instant292

of photoionization with attosecond time resolution and atomic site specificity. The tuning of the293

probe gives us sensitivity to the full spectrum of valence shell vacancy states, so that we can probe294

the dynamics of the hole dynamics near the oxygen-site.295

We observe evidence for three distinct timescales: the decay of states above the DIP within the296

first femtosecond, the few-femtosecond coherent dynamics associated with coherently populated297

states of the cation, and the reduction of the signal over 5-10 fs, which we tentatively associate with298

the onset of nuclear motion. We expect this behavior to be general to small molecules, not only in299

the case of photoionization but also in response to fast ion or electron ionization of the valence shell,300

where the impulsive limit is reached. Our work provides insight into the earliest stages of ionization-301

induced chemistry and highlights the need to further explore the impact of coherent electronic302

phenomena on the resulting coupling of nuclear and electronic motion and subsequent chemical303

processes. X-ray attosecond pump/probe spectroscopy provides the experimental framework to304

do this in a broad range of molecular systems by achieving atomic specificity and attosecond305

time resolution. The benchmark data provided from such measurements as this one will underpin306

advances in computational chemistry approaches with impact across photochemistry. Our method307

also points the way to future studies that combine synchronized optical or X-ray Raman excitation308

with x-ray probes to directly address ultrafast photochemistry in neutral systems.309

Methods310

Two-Pulse X-ray Generation311

Attosecond 𝜔/2𝜔 pulse pairs with controllable delays down to the sub-femtosecond level were312

generated at the LCLS by lasing a high current spike in the split-undulator mode [39]. The high313

11



current spike in the electron bunchwas produced by shaping the temporal profile of the photocathode314

laser [51]. Single-spike attosecond soft x-ray pulses were generated by lasing this high current315

spike in the downstream undulator beamline. In the split-undulator mode, the same electron beam316

generates the pump and probe pulses in two different undulator sections, which are separated by317

a magnetic chicane [52]. Since the same electron bunch is used to generate the pump and probe318

pulses, the time delay between the pulses is independent of the electron beam arrival time jitter and319

therefore remains very stable [39]. The undulator parameters 𝐾 in the two undulator sections were320

tuned separately to produce attosecond ℏ𝜔∼260 eV and 2ℏ𝜔∼520 eV pulses in the first and the321

second undulator sections, respectively. The time delay between the pump and probe pulses was322

controlled by tuning the magnetic chicane and the number of undulator modules used (i.e. set on323

resonance with the 2𝜔 probe pulse) in the second undulator section. In the harmonic lasing setup324

employed here, the strong microbunching produced in the high current spike during the generation325

of the pump (𝜔) pulse was amplified in the generation of the probe (2𝜔) pulse. This ensured the326

power of the probe pulses was amplified to above GW-level in a short undulator distance, avoiding327

long slippage lengths and enabling sub-femtosecond pump-probe delays.328

The time delays between pump/probe pulse pairs at a different photon energy setup (370 eV/740 eV)329

were measured in a separate experiment using the angular streaking technique [39]. We performed330

detailed time-dependent XFEL simulations to benchmark the time delays we measured in the331

angular streaking experiment and studied the dependence of the time delays on electron beam332

parameters, undulator beamline configurations, and XFEL photon energies. To calculate the time333

delays for our trXAS experiment, we employed the time-dependent XFEL simulations which we334

had previously benchmarked with our angular streaking measurements. We set the central energy335

of the electron bunch to 4.08 GeV and adjusted the undulator matching condition to match the336

parameters used in the trXAS experiment, and simulated the average time delays for each beam-337

line delay configuration that we used. The uncertainty in the simulated average time delays in338

the trXAS experiment was estimated by scaling the emittance of the electron bunch used in the339

numerical simulation. The maximal (minimal) emittance scaling ratio was determined by scaling340

the emittance until the simulated 𝜔 pulse energy reduced (increased) by a factor of 2. Six values of341

emittance scaling ratio were taken between the maximal and minimal values, and an average time342

delay between 𝜔/2𝜔 pulse pairs was calculated for each beamline configuration (i.e. pump/probe343
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delay) for each emittance scaling ratio. The systematic uncertainty of the simulated average delay344

at a given beamline configuration, shown as the horizontal errorbar in Figures 3g and 4e in the345

main text, was the standard deviation of these six simulated average delays.346

Experimental Setup347

The measurements were performed at the time-resolved molecular, and optical science (TMO)348

experimental hutch of the LCLS [53]. The x-ray pulses were focused using a pair of Kirkpatrick-349

Baez focusingmirrors [54]. The para-aminophenol sample was introduced using an in-vacuum oven350

heated to ∼ 160 ◦C. The focused x-ray beam intercepted the molecular sample in the interaction351

region of a two-meter magnetic bottle electron time-of-flight spectrometer (MBES) [40]. For the352

trXASmeasurements, a static 400V retardation voltagewas applied to the flight tube of theMBES to353

increase the kinetic energy resolution for the Auger-Meitner electrons. The electrons were detected354

using a micro-channel plate detector coupled to a segmented anode. The spectrum of the probe355

pulse was measured shot-to-shot by a variable line spacing (VLS) grating spectrometer [42]. Since356

the gas-phase para-aminophenol sample was very dilute, the x-ray pulse experienced negligible357

attenuation through the sample and the spectral measurement made downstream of the interaction358

point was faithful to the incoming spectrum.359

Data Analysis360

We use spectral domain ghost imaging to retrieve the x-ray absorption cross section with sub-361

bandwidth resolution [44]. In the present implementation, this technique is equivalent to multiple362

linear regression. The natural variation of a self-amplified spontaneous emission (SASE) XFEL,363

along with the variation induced by scanning the undulator 𝐾-value, creates shot-to-shot changes364

in the photon spectrum and we extract the correlation between the incident x-ray spectra and the365

response (in this case, yield of resonant Auger-Meitner electrons) of the gas-phase sample. For366

a given pump pulse energy, the x-ray absorption is linearly related to the spectrum of the probe367

pulse. The corrected probe absorption signal (see section 2 of the supplementary materials) for a368

given pump pulse energy bin, ®̃𝑏, can therefore be written as the inner product of the single-shot369

photon spectrum, A, with the unknown sample absorption, ®𝑥: ®̃𝑏 = A®𝑥. We can estimate the sample370
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absorption, ®𝑥, by minimizing the squared difference between the estimated sample absorption and371

the measured sample absorption, given by372

| |A𝑖,𝜔®𝑥𝜔 − ®̃𝑏𝑖 | |22, (1)

where 𝜔 is the probe photon-energy index and 𝑖 is the shot index. We removed shots with a central373

probe photon energy outside the range 509.5 − 532.5 eV. As a result, the mean spectrum of the374

probe pulse was similar across different delay points.375

To evaluate the trXAS signal, which is bilinear in the intensity of the pump and probe pulses,376

the data is binned into 10 pump pulse energy bins such that each bin contains an equal number of377

shots and the sample absorption, ®𝑥, is calculated for each pump pulse energy bin (left hand side of378

Extended Data Fig. E1). The absorption is then integrated across the resonance region from 523 eV379

to 529 eV, which is shown by the blue shaded region in Extended Data Fig. E1. Error bars for380

the integrated absorption yield are determined by re-sampling the data using bootstrap resampling381

(100 resamples). We then calculated the trXAS signal by calculating the slope of the absorption382

as a function of pump pulse energy, as shown in Extended Data Fig. E2. Error bars in the trXAS383

signal are the standard error of the slope, given by the covariance matrix found when we regressed384

the integrated absorption on the pump pulse energy. We enforced an upper limit on the probe pulse385

energy, by removing shots for which the probe pulse energy was higher than the value at which we386

observed evidence for saturation in our electron detection scheme.387

Numerical Simulation388

The ADC approach employs the time-dependent B-spline Restricted Correlation Space-Algebraic389

Diagrammatic Construction (RCS-ADC) method [55, 9, 47]. The time-dependent many-electron390

wavefunction is expanded on the basis of ground and excited RCS-ADC(2x) states, where the391

“(2x)” indicates the inclusion of the configuration space of two-hole, two-particle states. This ex-392

pansion incorporates terms that describe interchannel coupling between different ionic states as the393

photoelectron departs the cation. Within the RAS-SXD approach, we use multi-configurational re-394

stricted active space self-consistent field (RASSCF) wavefunctions to describe the boundmolecular395

states, with dynamic correlation included perturbatively (RASPT2) [56]. The pump pulse populates396

14



single-channel continua, with the continuum orbitals described by static-exchange B-spline density397

functional theory (SXD) [57, 58, 59]. Both calculations are performed at the equilibrium geometry398

of neutral para-aminophenol. The numerical methods are described in detail in the supplementary399

materials.400
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Figure 1: Molecular response to impulsive ionization. (left) Impulsive excitation can be driven
by high-energy photons, ions, or electrons. The ultrafast molecular response evolves on multiple
characteristic timescales: Coster-Kronig autoionization occurring within the first femtosecond,
coherent electron motion lasting for several femtoseconds, and nuclear motion leading to the
breaking and forming of chemical bonds after ∼10 fs.
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Figure 2: Simulation of ultrafast charge motion in para-aminophenol probed by trXAS at
the oxygen 𝐾-edge. a, Molecular structure of para-aminophenol. Opaque spheres represent atomic
positions: carbon (light blue), nitrogen (dark blue), oxygen (red), hydrogen (white). The translucent
red sphere indicates the region of integration used to define the hole charge in panel c. b, Snapshots
of the time-dependent part of the hole density (±1 × 10−4 isosurface), calculated using the RAS-
SXD method (see main text for details). The dynamics are calculated following ionization by a 3.7
eV bandwidth x-ray pulse centered at 260 eV. Purple represents a decrease in hole density (with
respect to the static part of the hole density) and orange represents an increase. c Hole density in
the vicinity of the oxygen atom (hole density integrated over the red translucent sphere in panel
a) compared to the simulated oxygen 𝐾-edge XAS signal in the probe photon energy range from
523–529 eV, calculated via the RAS-SXD method (see main text).The close agreement between
the two curves demonstrates that the cross-section for absorption at the oxygen site is proportional
to hole charge at the oxygen site. Further, the curves start after the pump has decayed to zero,
to minimize the influence of the incoherent cation population dynamics driven by the pump. To
highlight the sensitivity of the trXAS to the coherent electron motion, autoionization by super
Coster-Kronig decay has been excluded in this figure.
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Figure 3: a, Experimental schematic showing the XFEL beamline, magnetic bottle electron
spectrometer and x-ray spectrometer. b, Energy level diagram illustrating resonant x-ray absorption
below the oxygen𝐾-edge in the ground statemolecule. c,Measured photon-energy resolved electron
kinetic energy spectrum for the ground state molecule. The trXAS cross-section is calculated using
the integrated electron yield in a kinetic energy range of 420–550 eV. d, Energy level diagram
illustrating the pump, probe, and detection scheme used in this measurement. e, Distribution of
pump pulse energies used in the experiment. f, Probe absorption as a function of probe photon
energy (x-axis) and pump pulse energy (see colorbar), for a pump-probe delay of 5.4 fs. The inset
shows the pump pulse energy dependence of the integrated yield in the blue shaded region. g,
trXAS signal as a function of pump-probe delay for three different probe photon energy ranges.
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Figure 4: a, Simulated valence photoelectron spectrum produced by pump pulse compared to
experimental results, where DIP is the double ionization potential (∼ 21 eV). b, Measured trXAS
signal at 0.49 fs pump-probe delay (black line, upper panel) and ground-state absorption (gray line,
upper panel), calculated ADC cation trXAS signal at 1.05 fs pump-probe delay (middle panel)
and calculated RAS-SXD cation trXAS signal at 0.49 fs pump-probe delay (lower panel). The
ground-state absorption overlaps with pump-probe signal (shown in gray) at higher photon energies
(>530 eV). The calculated absorption signals are plotted separately for states above and below the
DIP. As discussed in the text, the states above the DIP decay within less than 1 fs, as shown by
the vertical arrows. c, Calculated trXAS signal integrated across the photon energy range 523-529
eV. d, Schematic showing the non-radiative super-Coster-Kronig decay process for cationic states
above the DIP. e, Comparison between the calculated and measured trXAS signals. Solid lines
incorporate a phenomenological decay term to account for nuclear motion (see text). The intensity
profiles of the pump (blue) and probe (purple) pulses are shaded in the top left for a pump-probe
delay of 0.85 fs.
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Supplementary Information for Attosecond Coherent Electron836

Motion in a Photoionized Aromatic Molecule837

Taran Driver et al.838

839

1 Numerical Simulations840

1.1 RAS-SXD Simulation Method841

The ’RAS-SXD’ abbreviation refers to the herein-employed combination of the restricted active842

space (RAS) quantum chemistry methods, to model multi-configurational bound states and O(1𝑠)843

absorption dipole moments of p-aminophenol, on the one hand, with the static-exchange B-spline844

density functional theory (SXD) method [60, 58] to evaluate the respective continuum orbitals845

and photoionization amplitudes, on the other hand. We use the openMolcas software [56] for846

the former, and the Tiresia code implemented by Decleva et al. [57, 61] for the latter. Evaluating847

photoionization dipole moments in terms of SXD continuum orbitals and Dyson orbitals obtained848

from multi-reference bound-state quantum-chemistry methods has been introduced previously [62,849

59] and by now has been applied to a wide range of molecular systems [62, 59, 63, 64, 65].850

1.1.1 Pump Ionization and Hole-Charge Dynamics851

The pump and probe pulses are modeled as Gaussian fields centered at their half duration 𝑇/2,

𝐸 (𝑡) = 𝐸0 cos [𝜔 (𝑡 − 𝑇/2)]e−
(𝑡−𝑇/2)2
2𝜎2 . (S1)

For the pump, we use a central frequency𝜔1 = 260 eV and an FWHMwidth of 0.70 fs, correspond-

ing to a total duration of 𝑇1 = 1.96 fs for |𝐸1(𝑡) |, obtained from the 99.9% percentile (≈ ±3.29𝜎1)

of the envelope. The related FWHM-widths are 0.49 fs for |𝐸1(𝑡) |2, 5.2 eV for |𝐸̃1(𝜔) |, and

3.7 eV for|𝐸̃1(𝜔) |2. We model the dynamics of the created electron hole in an extension of the

previously introduced single-configurational approach [66, 67, 68]. In that, besides accounting

S1



for multi-configurational bound states, the valence autoionization of cation states lying above the

double-ionization potential (DIP) by Super Coster-Kronig Decay is taken into account. For smaller

molecules, valence autoionization lifetimes in the range of 1 fs to few fs have been reported [69].

Herein, the autoionization life times of p-aminophenol cationic states above the DIP have been

estimated with the Fano-ADC(2,2) method [46], see Supplemental Material section 1.2, as

1
Γ𝑖

= 𝜏𝑖 =


0.345 fs, DIP ≤ E𝑖𝑔 < 23 eV

0.425 fs, 23 eV ≤ E𝑖𝑔 < 30 eV

0.864 fs, 30 eV ≤ E𝑖𝑔 < 34 eV

, (S2)

suggesting a sub-fs time-scale for the cation autoionization.852

Within the RAS-SXD approach, double-ionization potentials (DIPs) of 20.745 eV for the lowest

lying singlet dication and of 21.96 eV for the lowest triplet dication states have been obtained at the

RASPT2 level, defining the overall DIP to be 20.745 eV. Below the DIP lie 125 of the total 2226

included cation states, while the remaining states undergo valence autoionization, see computational

details in Sect. 1.1.4. This is accounted for herein from the start of the pump interaction by

incorporating a phenomenological decay into the expansion of the coherent superposition of cation

states generated by the pump ionization,

��Ψ+(𝑡)
〉
=

𝑁+
val∑︁
𝑖=1

∑︁
𝐿

∫
𝑑𝜀 𝐶+

𝑖,𝐿 (𝑡, 𝜀)e−[i(E𝑖+𝜀)+
Γ𝑖
2 ]𝑡

��Ψ+
𝑖,𝐿 (𝜀)

〉
, (S3)

ensuring that the population of the cation states above the DIP decays with ∝ e−Γ𝑖𝑡 , while Γ𝑖 = 0

for the states below the DIP. |Ψ+
𝑖,𝐿
(𝜀)⟩ denotes the single-channel continuum state constructed by

the linear combination,

��Ψ+
𝑖,𝐿 (𝜀)

〉
=
1
√
2

[
𝒂†
𝐿,− 12

(𝜀)
����Ψ+, 12
𝑖

〉
− 𝒂†

𝐿, 12
(𝜀)

����Ψ+,− 12
𝑖

〉]
, (S4)

conserving the singlet spin of the neutral ground state. The operation 𝒂†
𝐿,𝜎

(𝜀)
���Ψ+,𝑀+
𝑖

〉
inserts and853

antisymmetrizes a continuum orbital with asymptotic kinetic energy 𝜀, angular momentum and854

magnetic quantum number 𝐿 = (𝑙, 𝑚) and spin projection 𝜎 ∈ {−12 ,
1
2 } into the 𝑖th bound (doublet)855

cation state with spin projection 𝑀+ ∈ {−12 ,
1
2 }.856
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The photoionization amplitudes are obtained in first order of time-dependent perturbation theory

as

𝐶+
𝑖,𝐿 (𝑡, 𝜀, 𝒖1) = i𝝁𝑖𝑔,𝐿 (𝜀) · 𝒖1

∫ 𝑡

0
𝐸1(𝑡′)e

Γ𝑖
2 𝑡

′
ei(E𝑖𝑔+𝜀)𝑡

′
𝑑𝑡′ , (S5)

where 𝐸1(𝑡) is the probe-field centered at 𝑡 = 𝑇1/2, with polarization vector 𝒖1. During the pulse,

𝑡 < 𝑇1, the integral is evaluated numerically, while a closed form can be given for fields of the form

of Eq. (S1) in terms of their Fourier transform, 𝐸̃1(𝜔) = F [𝐸1(𝑡)] (𝜔), at the instant when the

pump pulse has decayed to zero, 𝑡 = 𝑇1,

𝐶+
𝑖,𝐿 (𝑇1, 𝜀, 𝒖1) = i

√
2𝜋𝝁𝑖𝑔,𝐿 (𝜀) · 𝒖1𝐸̃∗

1 (E𝑖𝑔 + 𝜀)e
Γ2
𝑖
𝜎21
8 e

Γ𝑖𝑇1
4 ei(E𝑖𝑔+𝜀−𝜔1)

Γ𝑖 𝜎
2
1
2 . (S6)

The photoionization dipoles, 𝝁𝑖𝑔,𝐿 (𝜀), are obtained between the spatial continuum orbital, |𝜙𝐿 (𝜀)⟩,

and spatial Dyson orbital, |Φ𝑖𝑔⟩, of the neutral ground state, |Ψ𝑔⟩, and the 𝑖th bound cation state,

|Ψ+, 12
𝑖

⟩,

𝝁𝑖𝑔,𝐿 (𝜀) =
√
2
〈
𝜙𝐿 (𝜀)

�� 𝒓 ��Φ𝑖𝑔

〉
. (S7)

The prefactor of
√
2 is a result of accounting for the different combinations of the cation bound and857

continuum orbital spin projections introduced in Eq. (S4).858

To allow for a computationally tractable electronic propagation and evaluation of the probe step,

the continuum character is traced out, which yields a quantum mixture of bound cationic states,

defined for the pump pulse polarized along the 𝛼 = 𝑥, 𝑦, 𝑧 directions by the density matrices,

𝛾+𝑖 𝑗 ,𝛼 (𝑡) =
∑︁
𝐿

∫
𝑑𝜀 𝐶+

𝑖,𝐿 (𝑡, 𝜀, 𝒆𝛼)
(
𝐶+
𝑗 ,𝐿 (𝑡, 𝜀, 𝒆𝛼)

)∗
e−

Γ𝑖+Γ 𝑗
2 𝑡 , (S8)

into which the autoionization decay between 0 ≤ 𝑡′ ≤ 𝑡 has been included as well. The free evolution
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of the mixed cation state populated by the pump is then expressed as, dropping spin indices,

𝝆+
𝛼 (𝑡′) =

∑︁
𝑖 𝑗

𝜌+𝑖 𝑗 ,𝛼 (𝑡′) |Ψ+
𝑖 ⟩⟨Ψ+

𝑗 |e−iE𝑖 𝑗 𝑡
′
, (S9)

𝜌+𝑖 𝑗 ,𝛼 (𝑡′) =


𝛾+
𝑖 𝑗 ,𝛼

(𝑡′), 𝑡′ < 𝑇1

𝛾+
𝑖 𝑗 ,𝛼

(𝑇1) exp−
Γ𝑖+Γ 𝑗
2 𝑡, 𝑡′ = 𝑇1 + 𝑡

. (S10)

Note that the second line of Eq. (S10), i.e. for times 𝑡′ = 𝑇1 + 𝑡, separates the autoionization decay859

from the density matrix 𝛾+
𝑖 𝑗 ,𝛼

(𝑇1), which allows in the following to decouple the double integral for860

the pump-probe trXAS spectral expression, in Eq. S13. Tracing out the continuum is justified by861

the high kinetic energies of over 200 eV, due to which the continuum electrons leave the molecular862

region very fast. In order to obtain a tractable expression for the trXAS in presence of the pump863

pulse, approximate cation density matrices are obtained in the same way on a temporal grid for the864

duration of the pump pulse, 𝑡′ < 𝑇1. This corresponds to the approximation that the electrons leave865

the system instantly during the presence of the pulse.866

The dynamic portion of the cation hole density created by the pump, reflecting the off-diagonal

matrix elements, i.e., the electronic coherence, which is shown in Figs. 1 & 2b is obtained as,

𝜌
dyn
hole(𝒓, 𝑇1 + 𝑡) = −

∑︁
𝑖≠ 𝑗

𝛾
+,noAI
𝑖 𝑗

(𝑇1)
∑︁
𝑝𝑞

𝜌1𝑒𝑗𝑖;𝑝𝑞 𝜙𝑝 (𝒓)𝜙𝑞 (𝒓)e−iE𝑖 𝑗 (𝑇1+𝑡) . (S11)

As the evaluation of the 3D spatial densities is considerably simplified if the density matrix867

is constant, autoionization of the cation states above the DIP has been switched off by using868

𝛾
+,noAI
𝑖 𝑗 ,𝛼

(𝑇1), where all Γ𝑖 = 0, and the data is shown for delays 𝜏 >
𝑇1
2 , where the pump has869

already decayed to zero. The average over molecular orientations has been taken into account by870

using 𝛾+,noAI
𝑖 𝑗

(𝑇1) = 1
3
∑
𝛼=𝑥,𝑦,𝑧 𝛾

+,noAI
𝑖 𝑗 ,𝛼

(𝑇1). The dynamic hole density is connected to the cation871

molecular orbitals 𝜙𝑝 (𝒓), 𝜙𝑞 (𝒓) by means of the spin-summed one-electron transition density872

matrix 𝜌1𝑒
𝑗𝑖;𝑝𝑞. The oscillation frequencies are the cationic energy differences E𝑖 𝑗 . The localized873

dynamic hole charge plotted in Fig. 2c has been obtained by integrating the dynamic hole-density874

in Eq. (S11) over a sphere with 𝑟 = 1.0 a.u. centered on the oxygen atom of p-aminophenol,875

indicated in Fig. 2a.876
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1.1.2 Transient Pump-Probe XAS Signal877

The O(1𝑠) transient XAS (trXAS) is evaluated by solving the von Neumann equation for the time

evolution of the mixed cationic state defined in Eq. (S9) in presence of the probe pulse, 𝐸2(𝑡), with

duration 𝑇2 to second-order of time-dependent perturbation theory. For a probe-pulse arrival time

𝑡′ one has,

𝑃trXASO(1𝑠) (𝑡
′, 𝐸2) =

2
3

𝑁+
O(1s)∑︁
𝑓

𝑁+
val∑︁
𝑖, 𝑗

∑︁
𝛼=𝑥,𝑦,𝑧

𝜇 𝑓 𝑖,𝛼𝜇 𝑗 𝑓 ,𝛼

∫ 𝑇2

0
𝑑𝑡2𝐸2(𝑡2)

∫ 𝑡2

0
𝑑𝑡1𝐸2(𝑡1)

× Re
[
𝜌+𝑖 𝑗 ,𝛼 (𝑡′ + 𝑡1)e−iE 𝑓 𝑗 (𝑡

′+𝑡1)e−iE𝑖 𝑓 (𝑡
′+𝑡2)

]
.

(S12)

Defining the probe pulse analogously to the pump pulse, Eq. (S1), 𝑡′ = 0 indicates that the rising878

flanks of pump and probe pulses arrive at the same time, while their maxima arrive at 𝑇12 and879

𝑇2
2 , respectively. 𝜇 𝑓 𝑖,𝛼 is the 𝛼 component of the, in this case real, O(1s) absorption transition880

dipole moment between cation valence state 𝑖 and O(1s)-hole state 𝑓 ; E 𝑓 𝑖 denotes the respective881

energy difference absorbed from the probe field. Note that the autoionization decay is included in882

the definition of 𝜌+
𝑖 𝑗 ,𝛼

(𝑡), Eq. (S10). Probe pulses with a spectral FWHM of 5.0 eV of |𝐸̃2(𝜔) |2,883

corresponding to FWHMdurations of 0.37 fs for |𝐸2(𝑡) |2 and 0.52 fs for |𝐸2(𝑡) | with a total duration884

of𝑇2=1.44 fs have been used. Since pump and probe pulses share the same polarization, the average885

over molecular orientations has been accounted for by averaging over the 𝑥 − 𝑥, 𝑦 − 𝑦, and 𝑧 − 𝑧886

combinations of pump and probe dipole components.887

The double-integral in Eq. (S12) is evaluated numerically for probe arrival times 𝑡′ < 𝑇1, i.e., if

the pulses overlap. If the probe pulse arrives after the pump has decayed, at 𝑡′ = 𝑇1 + 𝑡, the double

integral can be decoupled and the following expression is found,

𝑃trXASO(1𝑠) (𝑇1 + 𝑡, 𝐸2) =
2𝜋
3

𝑁+
O(1s)∑︁
𝑓

𝑁+
val∑︁
𝑖, 𝑗

∑︁
𝛼=𝑥,𝑦,𝑧

𝛾+𝑖 𝑗 ,𝛼 (𝑇1)e−[iE𝑖 𝑗 (𝑇1+𝑡)+
1
2 (Γ𝑖+Γ 𝑗 )𝑡]𝜇 𝑓 𝑖,𝛼𝜇 𝑗 𝑓 ,𝛼

× F
[
𝐸2(𝑡)e−

Γ𝑖
2 𝑡
]∗

(E 𝑓 𝑖)F
[
𝐸2(𝑡)e−

Γ 𝑗

2 𝑡

]
(E 𝑓 𝑗 )

, (S13)

with F [ · ] denoting the Fourier transformation and 𝑡 representing the field-free time between888

pulses. It is related to the pump-probe delay between the pulse maxima as 𝜏 = 𝑡 + 𝑇1+𝑇2
2 . Facilitating889
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the expressions in Eq. (S12), to describe the region where pump and probe pulses overlap and890

Eq. (S13) to describe the region of non-overlapping pulses, gives access to the trXAS starting from891

a minimal delay of 𝜏min = 𝑇2−𝑇1
2 , corresponding to 𝜏min = −0.26 fs for the present pulse durations.892

The trXAS has been obtained for central probe energies from 505 eV to 555 eV for delays between893

𝜏min and 12 fs. To obtain the time-dependent curves, the trXAS has been integrated over the peak894

between 523 eV and 529 eV, enclosing the absorption feature below 530 eV that has been measured895

in the experiment, see Fig. S6.896

1.1.3 Dication Population Dynamics and trXAS897

Including the 362 (166 singlet and 196 triplet) dication states below 35 eV of ionization energy to

keep the computational costs under control, the cation-dication autoionization population dynamics

is modeled by a master equation driven by the Fano-ADC(2,2) decay rates, given in Eq. (S2),

¤𝜌2+𝑎𝑎,𝛼 (𝑡) =
∑
𝑖 Γ𝑖,𝑎𝜌

+
𝑖𝑖,𝛼

(𝑡), which has the solution,

𝜌2+𝑎𝑎,𝛼 (𝑡′) =


∑
𝑖 [𝜌+,noAI𝑖𝑖,𝛼

(𝑡′) − 𝜌+
𝑖𝑖,𝛼

(𝑡′)] Γ𝑖,𝑎
Γ𝑖
, 𝑡′ ≤ 𝑇1

𝜌2+𝑎𝑎,𝛼 (𝑇1) +
∑
𝑖
Γ𝑖,𝑎
Γ𝑖
𝜌+
𝑖𝑖,𝛼

(𝑇1)
(
1 − e−Γ𝑖𝑡

)
, 𝑡′ = 𝑇1 + 𝑡

. (S14)

Note that dication populations created during the pump-pulse, 𝑡′ ≤ 𝑇1 are obtained from the

difference of the cation populations with, 𝜌+
𝑖𝑖
(𝑡′), and without autoionization, 𝜌+,noAI

𝑖𝑖
(𝑡′), ensuring

the conservation of the total norm. Assuming equal probabilities of all (singlet and triplet) open

dication energies, the partial decay rates are estimated in terms of the total decay rate multiplied

with the ratio of the energy interval occupied by the dication state 𝑎, ΔE2+𝑎 , and the total range of

open dication state energies,

Γ𝑖,𝑎 = Γ𝑖 ·
ΔE2+𝑎∑

𝑏;E2+
𝑏
<E+

𝑖
ΔE+

𝑏

. (S15)

The dication trXAS is then obtained in the same manner as for the cation, using Eq. (S12) for898

the region of overlapping pulses and Eq. (S13) for larger pump-probe delays. However, only the899

dication populations defined by Eq. (S14), i.e. the diagonal of the density matrix, can be taken into900

account at this level of theory.901
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1.1.4 Computational Details902

RAS Bound State Calculations The equilibrium geometry has been optimized with the Gaus-903

sian16 program [70] at the DFT level using the B3LYP functional and cc-pVTZ basis set. The904

neutral, cationic, and dicationic bound states have been computed with the restricted active space905

self-consistent field (RASSCF) method in openMolcas [56] using the ANO-L TZP basis set. The906

active space used for all bound-state calculations comprises the O(1𝑠) orbital in RAS1, allowing907

for a single hole; RAS2 contains all 21 valence orbitals at full flexibility; RAS3 holds the lowest 5908

virtual orbitals, allowing for a single electron. The wave functions, i.e., molecular orbital (MO) and909

configuration interaction (CI) coefficients for all investigated manifolds of electronic states were910

obtained in, respectively, independent state-averaged (SA) RASSCF calculations including all cor-911

responding electronic configurations supported by the active space. For neutral aminophenol, 106912

valence-excited states have been included in the SA-RASSCF optimization; 2226 valence-ionized913

and 211 O(1s)-ionized states have been included for the cation; 15631 (22260) valence-doubly-914

ionized and 2226 (3276)O(1s)-and-valence-ionized states for the respective singlet (triplet) dication915

species. To obtain the cation and singlet and triplet dication O(1𝑠)-hole state manifolds, the ’HEXS’916

keyword of the openMolcas RASSCF implementation [71] has been used to remove configurations917

with a doubly occupied O(1𝑠) orbital from the CI expansion during the SA-RASSCF optimization,918

which has in all cases been started from the MOs optimized for the manifold of valence-ionized919

cation states. To keep the hole-bearing O(1𝑠) orbital in the RAS1 active space during the respective920

RASSCF procedures, avoiding collapse of the optimization to the energetically lower-lying valence921

manifold, the carbon and nitrogen 1𝑠 orbitals have been frozen and the ’supersymmetry’ keyword922

has been used to prevent orbital rotations between all (carbon, nitrogen, and oxygen) 1𝑠 orbitals923

and the valence MOs. This leaves the O(1𝑠) orbital unchanged during the optimization of the cation924

and dication O(1𝑠)-hole state manifolds, so that it corresponds to the O(1𝑠) orbital optimized for925

the valence-ionized aminophenol cation states. However, the valence MOs and CI coefficients are926

optimized independently in each case.927

The cation valence manifold yields the tentatively assigned RAS3 orbital character 2 × 𝜋∗,928

𝜎(Ryd, 3𝑠), and 2 × 𝜎(Ryd, 3𝑝). The obtained active spaces for the other manifolds of states are929

similar, however, the amount of admixed Rydberg character in RAS3 decreases with increasing930
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charge. The RASSCF energies of all manifolds of electronic states have been perturbatively cor-931

rected for dynamic correlation with the single-state RASPT2 method [72], using an IPEA shift932

of 0.25 a.u. and an imaginary shift of 0.5 a.u. Such computational setups have been shown to933

yield good agreement with a wide range of static and dynamic experimental X-Ray spectroscopic934

measurements [71, 73, 74, 75].935

The Dyson orbitals for the pump-ionization have been evaluated with the Spherical Continuum936

for Auger-Meitner decay and Photoionization (SCAMPI) code [76, 77].937

The O(1𝑠) absorption dipole moments have been evaluated between the valence and O(1𝑠)-hole938

state manifolds of the cation and dication with the RASSI method [78]. In that the customary939

rediagonalization of the Hamiltonian, constructed from the joint valence and O(1𝑠)-hole state940

manifolds, has not been carried out to avoid mixing both manifolds, which would considerably941

complicate the propagation of the dynamics. We expect this to be a reasonable assumption for the942

present study since the residual overlap matrix elements between the valence and O(1𝑠)-hole states943

are comparatively small.944

SXD Continuum Calculations Details of the static-exchangeB-splineDFTmethod implemented945

in Tiresia [57, 61] can be found elsewhere [60, 58]. A reference ground-state DFT electron density946

of p-aminophenol was obtained with the LB94 functional in the basis of TZP Slater-type orbitals947

with the ADF package [79], which was then used to evaluate the LB94 static-exchange DFT948

Hamiltonian in the B-spline basis. The basis has been build up from a one-center radial expansion949

of B-splines with a maximum order of 10, originating at the center of the aromatic ring and950

extending up to 𝑅max = 22.5 a.u. with a 0.15 a.u. stepsize and augmented by an additional knot at951

every radial atomic position. The angular functions for this long-range expansion are constituted952

by spherical harmonics of angular momenta up to 𝑙max = 33. The one-center basis was then953

augmented with small B-spline expansions at all atomic positions employing 𝑙Hmax = 1 (hydrogen)954

and 𝑙O,C,Nmax = 2 (other atoms) with a short range of 0.6 a.u. (carbon) and 0.7 a.u. (other atoms),955

respectively. Photoionization dipole moments have been evaluated between all (𝑙max + 1)2 = 1156956

degenerate continuum orbitals obtained at 51 kinetic energies spanning 5.0-10.0 a.u. in 0.1. a.u.957

steps and the 2226 pump-ionization Dyson orbitals, one for every ionization transition from the958

neutral ground state to a valence-ionized cationic state, projected to the B-spline basis [62, 59].959
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Figure S1: Relative contributions, in %, of the partial waves with the highest angular momenta
included in the SXD B-spline basis, 𝑙 = 30, 31, 32, and 33 to the ionization cross sections,
𝜎𝑖,𝑙 (𝜀)/𝜎𝑖 (𝜀), for all 𝑖 = 1, ..., 2226 cation states.

Regarding the convergence of the SXD B-spline basis. The relatively compact size of the radial960

grid is afforded within the SXDmethod implemented in Tiresia by allowing the last B-spline to be961

nonzero at 𝑅max. Employing a Galerkhin approach [80, 81], one then obtains (𝑙max +1)2 degenerate962

continuum orbitals at each kinetic energy that flexibly assume nonzero values at the boundary. The963

S-matrix normalization of the continuum orbitals is then obtained by matching these solutions to964

the appropriate asymptotic boundary conditions for photoionization at 𝑅max, which, consequently,965

only needs to extend just beyond the region of nonzero multi-centric molecular potential [57, 61].966

To verify that the so-defined B-spline basis properly describes the short-range multi-centric

molecular region, theMOenergies obtainedwith aLB94B-spline SXDcalculation of the aminophe-

nol ground state density have been compared with the MO energies obtained with the aforemen-

tioned respective initial ADF Slater Type orbital DFT calculation. Across all 29 occupied MOs,

the B-spline SXD method yields MO energies that are on average 0.14 eV higher than the ADF

MO energies, with a maximum deviation of 0.27 eV in the core shell. Considering only the 21
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valence MOs, the average deviation is 0.11 eV, with a maximum of 0.15 eV, indicating satisfac-

tory convergence for the molecular region. The radial basis, employing a maximum stepsize of

0.15 a.u., which is a factor of 9.4 times smaller than the wavelength obtained for the maximum

continuum kinetic energy of 10.0 a.u., ensures enough flexibility to describe the rapid oscillations

of the continuum wave functions [57]. The convergence of the angular momentum expansion to

describe the continuum partial waves is demonstrated in Fig. S1. It shows a maximum relative

contribution of 𝜎𝑖,𝑙 (𝜀)
𝜎𝑖 (𝜀) ≤ 0.2% for the four highest included angular momenta, 𝑙 = 30, 31, 32, 33,

to the cross sections for all 𝑖 = 1, ..., 2226 cationic states over the included kinetic energy range of

𝜀 = 5.0 − 10.0 a.u. The cross section for every cation state 𝑖 is obtained as the sum over all angular

momentum, 𝑙, and magnetic quantum number, 𝑚, partial-wave contributions, 𝜎𝑖,𝑙,𝑚 (𝜀),

𝜎𝑖 (𝜀) =
𝑙max∑︁
𝑙=1

𝜎𝑖,𝑙 (𝜀)︷          ︸︸          ︷
𝑙∑︁

𝑚=−𝑙
𝜎𝑖,𝑙,𝑚 (𝜀) . (S16)

1.1.5 Extended RAS-SXD data967

Analysis Of the Coherent Electron Dynamics at the Oxygen Site For the polarization averaged968

p-aminophenol cation density matrix right after the pump, 𝛾+
𝑖 𝑗
(𝑇1), Fig. S2a depicts the degree of969

coherence, 𝑔𝑖 𝑗 =
|𝛾+
𝑖 𝑗
(𝑇1) |√

𝛾+
𝑖𝑖
(𝑇1)𝛾+𝑗 𝑗 (𝑇1)

, for the 125 stable cation states lying below the DIP. While the970

degree of coherence shows all coherences contained in the density matrix irrespective of their971

absolute weight, one needs to combine this data with the populations, indicated in the panels above972

and on the left of the matrix, to obtain the actual weight of the terms for the coherent dynamics.973

This combination is carried out in Fig. S2b, depicting the absolute off-diagonal density matrix974

elements. Here a logarithmic scale has been chosen, spanning values between 1.0E-4 and 1.0E-2,975

disregarding terms smaller than 1.0E-4 from the plot for the sake of clarity. The plot demonstrates976

that strong (orange-red) coherences are found between states lying between 10-15 eV of binding977

energy, as well as between 15-20 eV, albeit the latter seemingly appear preferentially at lower978

energetic separations, i.e. lower frequencies. Note that although the size of the colored tiles, each979

corresponding to a pair of cation states, reflects the density of states along the 𝑥 and 𝑦 binding980

energy axis, it is not related to the weight of the associated coherence, which is exclusively given981
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by the color code. To better visualize the population distribution in the region of the breakdown of982

the orbital picture above 15 eV, where the density of states rapidly increases, the red lines in the983

population panels depict the pump photoionization spectrum that is also depicted in Fig. 4a of the984

main text.985

To find the most relevant contribution to the dynamics, a Fourier analysis has been conducted986

of the coherent hole charge fluctuation at the oxygen atom, which has been obtained, as for Fig. 2987

of the main text, by integrating the hole density, Eq. (S11), over a 1.0 a.u. sphere around the oxygen988

atom. At variance with the results in the main text, however, here only the stable cationic states989

below the DIP of 20.745 eV are taken into account, corresponding to the portion of the density990

matrix depicted in Fig S2. The Fourier analysis of the oxygen hole charge reveals the individual991

oscillatory contributions for every coherence, i.e., tile in Fig S2, and their complex coefficient,992

allowing to sort them by their absolute weight, and to re-evaluate the coherent hole charge, taking993

into account only a limited number of contributions, which allows to study the convergence. This994

has been carried out in Fig. S3, where the oxygen hole charge dynamics is depicted for taking995

into account the most important 3, 5, 10, 100, 1000, and all 7750 coherent contributions of the996

polarization-averaged p-aminophenol cation density matrix. While convergence is reached with the997

1000 most important contributions, one can see that central features of the dynamics are already998

obtained when accounting for just the 3 most important terms, in particular beyond delays of999

3.5 fs. One should note that their summed weight is smaller than the cumulative weight of the1000

remaining coherent terms, which, in turn, largely cancel each other, so that the rough main features1001

of the dynamics are already obtained with the most important 3 contributions. At shorter times,1002

the difference between the results employing the 3 most important and all coherences is somewhat1003

larger, but already considerably improved when incorporating the 10 most important coherences.1004

Including the 100 most important contributions is already close to convergence.1005

The respective 3 most important coherences are characterised in Table S1. They correspond to1006

states lying between IPs of 10 eV and 15 eV with oscillation periods of 1.53 fs, 1.91 fs, and 2.78 fs,1007

considerably shorter than the ADC prediction, see Fig. 4 of the main text. The respectively involved1008

states, 3, 8, 9, 10, 16, are also indicated with green population sticks in Fig. S2. The assignment of1009

these states is given in Fig. S4 in terms of the leading orbital excitations (electronic configurations)1010

contributing to their CI expansion. In all cases the leading excitations are of HOMO-X→ HOMO1011
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Figure S2: For the cation states below the DIP of 20.745 eV that do not autoionize, panel (a)
depicts the off-diagonal degree of coherence obtained with the RAS-SXD approach, on a linear
color scale and panel (b) the corresponding absolute off-diagonal density matrix elements, |𝛾+

𝑖𝑖
(𝑇1) |,

on a logarithmic scale, to highlight the terms relevant for the coherent dynamics. The populations of
each individual state, 𝛾+

𝑖𝑖
(𝑇1), (blue sticks), and photoionization spectrum (red) are given along the

binding energy axes to visualize the population distribution. Green thick sticks correspond to the
populations of the five states, 3, 8, 9, 10, 16, which constitute the three most important coherences
for the charge dynamics at the oxygen site, see Table S1 and Fig. S3.
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# Cation States (i,j) IP(i) , IP(j) [eV] ΔE [eV] Period T [fs]
1 (8,16) 12.76, 14.93 2.17 1.91
2 (3,9) 10.34, 13.04 2.70 1.53
3 (10,16) 13.44, 14.93 1.49 2.78

Table S1: For the three most important coherent contributions to the dynamics at the oxygen site
of the p-aminophenol cation obtained with the RAS-SXD method, the table indicates the indices
of the cation state pairs, the respective ionization potentials (IPs), the energy difference (oscillation
frequency) and the oscillation periods.
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Figure S3: RAS-SXD simulation of the coherent fluctuations of the hole charge at the oxygen
atom induced by the pump-ionization. The local hole charge has been obtained by integrating the
dynamic hole density, Eq. (S11), over a 1.0 a.u. sphere around the oxygen atom, as in the main
text. It is depicted for including in the evaluation of the dynamic trace the most important 3 (green,
thick), 5 (light green), 10 (yellow), 100 (orange), 1000 (salmon), and all 7750 (red, thick) coherent
terms of the cation density matrix below the DIP of 20.745 eV, corresponding to the stable cation
states. A characterization of the three most important coherences is given in Table S1 and Fig. S4.
The respective portion of the density matrix is depicted in Fig. S2. For orientation, the oxygen
hole-charge dynamics obtained from the full density matrix and disregarding autoionization, the
same as depicted in Fig. 2 of the main text, is given by the black dotted curve.

character, with X≤ 10, involving 𝜋 → 𝜋 (state 3) as well as 𝜎 → 𝜋 (state 16), and mixed 𝜎/𝜋 → 𝜋1012

(states 9 and 10) character. Excitations from lower lying bound as well as to the virtual (Rydberg)1013

orbitals are of lesser importance for these states. However, these terms are contributing to the weight1014
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not covered by the main configurations depicted in Fig. S4. This multi-configurational nature is in1015

part a consequence of the strongly mixed RASSCF orbitals that are obtained from the state-average1016

over 2226 valence states of the cation, see Sect. 1.1.4, however, for higher lying states, it reflects1017

the multi-configurational character due to the breakdown of the orbital picture, see Fig. S2.1018
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Figure S4: Characterizations of the excited states of the p-aminophenol cation involved in the
three most important contributions to the coherent dynamics predicted with the RAS-SXD method
at the oxygen site, see Table S1. For each state the primary excitation contributions, i.e., with a
weight larger than 10%, are depicted in terms of the involved molecular orbitals obtained by the
state-averaged RASSCF procedure taking into account all 2226 cation states, see sect. 1.1.4 for
details. The weights of the respective excited electronic configurations, indicated as percentages,
have been inferred from the CI-expansion of each state.

S15



Analysis of the Cation and Dication trXAS Fig. S5 compares the total (purple) and dication1019

(blue) RAS-SXD trXAS at a delay of 0.54 fs, incorporating a shift of 4 eV into the dication1020

absorption feature (solid) with those employing the unshifted dication trXAS (dashed) and against1021

the experimental trXAS for a delay of 0.49 fs depicted in Fig. 4b of the main text. The cation trXAS1022

spectrum (red) remains unshifted and is also given for orientation. Shifting the dication trXAS by1023

4 eV improves the agreement of the total (cation + dication) trXAS with the experimental reference1024

data at a delay of about 0.5 fs.
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Figure S5: Experimental trXAS at a delay of 𝜏 = 0.49 fs (black dots), from Fig. 4 of the main
text, and total RAS-SXD 𝜏 = 0.54 fs trXAS (p-AP++p-AP2+, purple), decomposed into the cation
(p-AP+, red) and dication (p-AP2+, blue) contributions. To augment the agreement of the total
RAS-SXD signal with the experimental data, the simulated dication trXAS has been shifted by
4 eV to obtain the solid blue and purple lines. The results without this shift are given for orientation
as dashed lines; the cation trXAS remains unshifted in both cases. The total trXAS curves have
been respectively normalized to yield the same maximum value and the normalization for the
unshifted total trXAS (dashed, purple) has been used to scale the cation and dication curves. The
experimental data has been normalized to 1.0 at its maximum.

1025

Fig. S6a and b depict the RAS-SXD total trXAS (purple) decomposed into the contributions1026

from the cation (red) and dication (blue), with (A.I.) and without including autoionization (no A.I.)1027

due to Super Coster-Kronig Decay. The cation trXAS evaluated without autoionization (brown)1028

is further decomposed into the contributions of states above (green) and below the DIP (yellow).1029
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Panel a depicts the time traces obtained by integrating the trXAS over the interval of 523-529 eV of1030

photon energy, as indicated in panel b for the delays of 0.54 fs (solid) and 1.70 fs (dashed). In that,1031

the dication trXAS has been shifted by 4.0 eV as discussed for Fig. S5. With autoionization, the1032

trXAS of the cation states above the DIP decays while the dication trXAS increases. This essentially1033

reflects the population dynamics illustrated in panel c. The contribution of the states below the DIP,1034

however, is not affected by the autoionization, and in fact carries most of the coherent dynamics.
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Figure S6: (a) trXAS traces obtained with the RAS-SXD method for the p-aminophenol cation
(p-AP+, red), dication (p-AP2+, blue), and their sum, (p-AP++p-AP2+, purple), i.e., the total signal
discussed in Fig. 4 of the main text. The cation trXAS without autoionization (no A.I., brown) and
its decomposition into contributions from states below (yellow) and above (green) the DIP are also
indicated. (b) Corresponding photon-energy resolved trXAS at a delay of 𝜏 = 0.54 fs (solid lines)
compared to those at 𝜏 =

𝑇1+𝑇2
2 = 1.7 fs, where the pulses do not overlap anymore (dashed lines)

using the same color code as in panel (a). The dication trXAS has been shifted by +4 eV to higher
photon energy before integrating over the photon energy window of 523-529 eV indicated by a
light-blue rectangle. (c) Population dynamics of the p-aminophenol cation and dication species.

1035
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1.2 ADC Model1036

Theoretical modeling and simulation of the photoionization dynamics triggered by the x-ray laser1037

pulses in the para-aminophenol molecule are performed for the method labeled ‘ADC’ within1038

the framework of the time-dependent B-spline restricted correlation space (RCS) – algebraic dia-1039

grammatic construction (ADC) ab initio methods [55, 9, 82, 83]. Both interactions of the neutral1040

para-aminophenol molecule with the pump and of its cation with the probe x-ray attosecond1041

pulses, respectively, are described from-first-principles at the equilibrium geometry of neutral1042

para-aminophenol.1043

1.2.1 Simulation of x-ray attosecond pump ionization1044

Within the B-spline RCS-ADCmethod, a multicenter B-spline basis set [58, 55] is used to describe1045

single-electron states. The space of the unoccupied states resulting from a Hartree-Fock (HF)1046

calculation is partitioned into two orthonormal subspaces: the restricted correlation space (RCS)1047

(𝜒𝛼), designed to accurately describe the localized short-range correlation of the system, and its1048

orthonormal complement, the ionization space (IS) (𝜓𝜇), which describes the long-range part of the1049

photoelectron wavefunction and complements the RCS space in order to represent the electronic1050

wavefunction throughout the entire spatial region [55]. Here and in what follows, the 𝛼, 𝛽, .... and1051

𝜇, 𝜈, .... indices refer to the virtual space (unoccupied) RCS and IS orbitals, respectively, whereas1052

𝑖, 𝑗 , 𝑘, ...., indicate the occupied HF molecular orbitals. In the simulation, we used a B-spline basis1053

characterized by a radius of the radial box 𝑅𝑚𝑎𝑥 = 80 a.u., a linear radial grid with step size1054

ℎ = 0.45 a.u., and a maximum value of orbital angular momentum 𝐿𝑚𝑎𝑥 = 12. The RCS orbital1055

space consists of the virtual orbitals from an HF calculation performed in the cc-pVDZ GTO basis1056

set.1057

Within the time-dependent (TD) B-spline RCS-ADC(n) approach to molecular photoionization1058

dynamics [55, 9, 82, 83], the 3D time-dependent Schrödinger equation (TDSE) for the N-electron1059

polyatomic para-aminophenol molecule interacting with the pump laser pulse1060

𝑖ℏ
𝜕 |Ψ𝑁 (𝑡)⟩

𝜕𝑡
= 𝐻̂𝑁

𝑃𝑢𝑚𝑝 (𝑡) |Ψ
𝑁 (𝑡)⟩ (S17)

is solved non-perturbatively, by expanding the TD many-electron wavefunction on the basis of the1061
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ground and excited RCS-ADC(n) states [9, 82, 13]1062

|Ψ𝑁 (𝑡)⟩ =
∑︁
𝑚,𝜇

𝑐𝑚,𝜇 (𝑡) 𝑎̂†𝜇 |Φ𝑁−1,𝑅𝐶𝑆
𝑚 ⟩ +

∑︁
𝐼𝑅𝐶𝑆

𝑐𝐼𝑅𝐶𝑆 (𝑡) |Ψ̃𝑁
𝐼𝑅𝐶𝑆

⟩ [𝑛] + 𝑐0 (𝑡) |Ψ𝑅𝐶𝑆
0 ⟩ [𝑛] . (S18)

Here |Ψ𝑅𝐶𝑆
0 ⟩ [𝑛] is the n-th order RCS correlated ground state, and |Ψ̃𝑁

𝐼𝑅𝐶𝑆
⟩ [𝑛] indicate the excited1063

intermediate states of the nth-order ADC(n) scheme for excitation of many-electron systems, built1064

using the single-particle RCS basis. Within the first-order ADC(1) scheme ([n]=[1] in Eq. S18),1065

the excited (N)-electron intermediate states span the configuration space consisting of one-hole –1066

one-particle (1h1p) (|Ψ̃𝑁
𝛼𝑖
⟩ [𝑛]) excitation classes built on top of the HF ground state [84, 85], while1067

the extended second-order ADC(2)x scheme, which is the one used in this work, also includes the1068

configuration space consisting of two-hole – two-particle (2h2p) (|Ψ̃𝑁
𝛼𝛽𝑖 𝑗

⟩ [𝑛]) excitation classes built1069

on top of the RCS correlated ground state [55].1070

The first term on the right-hand side of Eq. S18 describes the IS configuration states of B-1071

spline RCS-ADC, which take the form of ionization channel-specific product states and reads1072

|Ψ𝑁
𝜇,𝑚⟩ = 𝑎̂

†
𝜇 |Φ𝑁−1,𝑅𝐶𝑆

𝑚 ⟩, where 𝑎̂†𝜇 is the creation operator of an electron in the IS molecular1073

orbital 𝜓𝜇 and |Φ𝑁−1,𝑅𝐶𝑆
𝑚 ⟩ denotes the RCS-ADC ionic eigenstates. In the ADC(1) scheme, the1074

ionic eigenstates consist of 1h states where one electron is removed from any of the 21 occupied1075

HF molecular orbitals of neutral para-aminophenol. In the RCS-ADC(2)x scheme, the |Φ𝑁−1,𝑅𝐶𝑆
𝑚 ⟩1076

states are obtained by diagonalizing the ionic Hamiltonian calculated at the ADC(2)x level of theory1077

and using the single-particle RCS basis set1078

𝐻̂
(𝑁−1,𝑅𝐶𝑆)
𝐴𝐷𝐶 (2)𝑥 |Φ𝑁−1,𝑅𝐶𝑆

𝑚 ⟩ = 𝐼 𝑝𝑚 |Φ𝑁−1,𝑅𝐶𝑆
𝑚 ⟩ , (S19)

where the ionization energy is given by 𝐼 𝑝𝑚 = 𝐸
(𝑁−1)
𝑚 − 𝐸𝑅𝐶𝑆0 , 𝐸𝑅𝐶𝑆0 is the RCS energy of the1079

correlated ground state of the neutral molecule, and the ionic states are expanded into one-hole1080

(1h), and two-holes - one-particle (2h1p) configurations derived from the RCS ground state1081

|Φ𝑁−1,𝑅𝐶𝑆
𝑚 ⟩ =

∑︁
𝑖

|Φ̃𝑁−1
𝑖 ⟩ +

∑︁
𝛼𝑖 𝑗

|Φ̃𝑁−1
𝛼𝑖 𝑗 ⟩ . (S20)

The ansatz of Eq. S18 includes an explicit description of both electronic continua and many-body1082
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electron correlation effects, such as shakeup processes and breakdown of the molecular orbital1083

(MO) picture. Moreover, the TD B-spline RCS-ADC theoretical framework fully accounts for the1084

interchannel couplings between different ionization channels in the continuum, which can play an1085

essential role during the ionization event.1086

The total time-dependent Hamiltonian of Eq. S17 reads1087

𝐻̂𝑁
𝑃𝑢𝑚𝑝 (𝑡) = ˆ̃𝐻

𝑁
𝑅𝐶𝑆−𝐴𝐷𝐶 + 𝐷̂𝑁

𝑅𝐶𝑆−𝐴𝐷𝐶𝐸𝑃𝑢𝑚𝑝 (𝑡) − 𝑖𝑊̂𝐶𝐴𝑃 , (S21)

where a quadratic complex absorbing potential (CAP) 𝑊̂𝐶𝐴𝑃 (𝑟) = 𝜂 (𝑟 − 𝑅𝐶𝐴𝑃)2 is used to elimi-1088

nate wave packet reflections from the boundaries of the B-spline radial grid. The laser-molecule in-1089

teraction is describedwithin the dipole approximation in length form, and ˆ̃𝐻𝑁
𝑅𝐶𝑆−𝐴𝐷𝐶 and 𝐷̂

𝑁
𝑅𝐶𝑆−𝐴𝐷𝐶1090

are the representation of the shifted field-free Hamiltonian ˆ̃𝐻 = 𝐻̂ − 𝐸𝑅𝐶𝑆0 and the dipole operator1091

𝐷̂, respectively, in the space of RCS-ADC intermediate states (see Eq. (2)). The values of the CAP1092

parameters used are 𝜂 = 5 × 10−3 and 𝑅𝐶𝐴𝑃 = 55 a.u.1093

The time propagation of the unknown coefficients of the many-electron wavefunction in Eq. S181094

is performed by means of the Arnoldi/Lanczos algorithm [86, 87, 9]. During the simulation of the1095

pump step, we have included in the expansion of themany-electron wavefunction only the ionization1096

channels with an (ionization) spectral intensity value (see refs. [55, 9, 13]) greater than 1 %. These1097

states will be denoted in the following as |Φ𝑁−1,𝑅𝐶𝑆
𝑚,𝑃𝑢𝑚𝑝−𝑖𝑜𝑛𝑖𝑧𝑒𝑑⟩. The ab initio simulation of the pump1098

step has been performed using a linearly polarized pulse, characterized by a Gaussian temporal1099

envelope, a central frequency ℏ𝜔𝑃𝑢𝑚𝑝 = 263 eV, peak intensity 𝐼𝑃𝑢𝑚𝑝 = 5 × 1012 W/cm2 and1100

bandwidth ≃ 3 eV (FWHM). Converged results have been obtained by using a 0.5 attosecond1101

time-step and a 40-dimensional Krylov-space in the Arnoldi/Lanczos time propagation.1102

The electron dynamics, both during and after the interaction of para-aminophenol with the pump1103

pulse, is obtained from the time-dependent reduced ionic density matrix (R-IDM) 𝜌̂𝑅−𝐼𝐷𝑀 (𝑡) of the1104

molecular ion, which is calculated by tracing out the unobserved photoelectron degree of freedom1105

from the total time-dependent density matrix of the charge-neutral N-electron system1106

𝜌̂𝑅−𝐼𝐷𝑀 (𝑡) = 𝑇𝑟𝜇
[
⟨Ψ𝑁 (𝑡) |Ψ𝑁 (𝑡)⟩

]
. (S22)

Within the TD B-spline RCS-ADC(n) framework, and using Eq. S18, the resulting R-IDM on the1107
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basis of RCS-ADC(2)x ionic eigenstates reads1108

𝜌𝑅−𝐼𝐷𝑀𝑚,𝑛 (𝑡) = ∑
𝜇 𝑐𝑚,𝜇 (𝑡)

[
𝑐𝑚,𝜇 (𝑡)

]∗ + 2𝑒𝑖(𝐼 𝑝𝑛 −𝐼 𝑝𝑚)𝑡 ×∫ 𝑡
∞
∑
𝜇,𝜈 𝑤𝜈,𝜇𝑐𝑚,𝜇

(
𝑡
′) [
𝑐𝑛,𝜈

(
𝑡
′) ]∗

𝑒−𝑖(𝐼
𝑝
𝑛 −𝐼 𝑝𝑚)𝑡 ′𝑑𝑡 ′, (S23)

where the latter term corrects for the loss of norm introduced by the CAP [9], 𝐼 𝑝𝑚 is the ionization1109

potential of the ionic state m and 𝜔𝜈,𝜇 is the CAP matrix element between photoelectron IS orbitals1110

𝜓𝜈 and 𝜓𝜇. From hereon in we shall omit the R-IDM superscript and denote the reduced ionic1111

density matrix as 𝜌𝑚,𝑛. The time-dependent population of the ionic eigenstates is given by the1112

diagonal elements1113

𝑃𝑚 (𝑡) = |𝜌𝑚,𝑚 (𝑡) | , (S24)

while the off-diagonal ones 𝜌𝑚,𝑛 are related to the degrees of quantum electronic coherence [47],1114

0 ≤ 𝐺𝑚,𝑛 ≤ 1, between any pair of populated ionic channels m and n1115

𝐺𝑚,𝑛 (𝑡) =
|𝜌𝑚,𝑛 (𝑡) |√︁

𝑃𝑚 (𝑡) × 𝑃𝑛 (𝑡)
. (S25)

Extended Data Fig. E4 shows the calculated 2D map of quantum electronic coherences 𝐺𝑚,𝑛1116

between the ionic states of para-aminophenol, as it results from the TD B-spline RCS-ADC(1)1117

(Fig. E4 A) and RCS-ADC(2)x (Extended Data Fig. E4 B) simulations respectively. The final1118

stationary populations 𝑃𝑚 (∞) of the ADC(1) and the bound ADC(2)x-calculated eigenstates of1119

the para-aminophenol cation are also shown in the vertical and horizontal side panels of Extended1120

Data Fig. E4. In the calculations presented here, all the ionic time-dependent populations 𝑃𝑚 (𝑡)1121

have converged to their final stationary value at 𝑡 ≈ 100 attoseconds after pump ionization. The1122

ADC photoelectron spectrum shown in Fig. 4a is obtained by using the t-surf technique [88], and1123

using a t-surf radius 𝑅𝑡−𝑠𝑢𝑟 𝑓 = 40 a.u.1124

1.2.2 Simulation of x-ray attosecond probe absorption1125

We explicitly simulated the interaction of the pump-ionized system with the probe pulse and1126

calculated the time-delay dependence of probe-induced x-ray absorption from the pump-ionized1127

para-aminophenol cation in order to obtain a realistic description of the observable measured in the1128
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experiment.1129

The formal validity of the presented theoretical results relies on non-overlapping pump and1130

probe pulses. In practice, this limits the pump-probe time-delays that can be accurately described1131

to the ones greater than half the duration of the x-ray pump pulse, i.e. in this case to delay times1132

larger than ≈ 0.7 femtoseconds. In the ADC calculation, delays for which the pump and probe pulse1133

are overlapped can be approximated by artificially truncating the pump pulse, meaning the pump1134

and probe pulse are never simultaneously present in the calculation. The non-perturbative, time-1135

dependent description of the cation-probe interaction is performed by solving the time-dependent1136

von Neumann equations [82, 13] for the characterized reduced ionic density matrix (Eq. (7))1137

interacting with the probe laser1138

𝑑𝜌̂ (𝑡)
𝑑𝑡

=
𝑖

ℏ
[𝐻̂𝑁−1

𝑃𝑟𝑜𝑏𝑒 (𝑡) , 𝜌̂ (𝑡)] . (S26)

The probe-cation interaction is also described within the dipole approximation in length form.1139

Eq. S26 is solved in this work by representing the ionic density matrix both in the valence-ionized1140

states populated by the pump process |Φ𝑁−1,𝑅𝐶𝑆
𝑚,𝑃𝑢𝑚𝑝−𝑖𝑜𝑛𝑖𝑧𝑒𝑑⟩, and the core-ionized states |Φ

𝑁−1,𝑅𝐶𝑆
𝑚

′
,𝐶𝑜𝑟𝑒

⟩,1141

which are accessible to the probe pulse but were not populated in the pump ionization step. The1142

probe pulse used in the simulation is characterized by a central photon energy ℏ𝜔𝑃𝑟𝑜𝑏𝑒 = 526 eV,1143

peak intensity 𝐼𝑃𝑢𝑚𝑝 = 1012 W/cm2 and bandwidth ≃ 5 eV (FWHM). The 526 eV photon energy1144

can induce transitions from the valence-ionized states to core-ionized resonances |Φ𝑁−1,𝑅𝐶𝑆
𝑚

′
,𝐶𝑜𝑟𝑒

⟩ of1145

the para-aminophenol cation in the energy range of the oxygen 𝐾-edge, which are described here1146

at the RCS-ADC(3) level of theory and employing the core-valence approximation. Finally, the1147

measurable XAS signal resulting from the interaction of the x-ray probe pulse with the pump-1148

prepared cationic system is obtained by the final population of the O(1s) core-ionized resonances1149

|Φ𝑁−1,𝑅𝐶𝑆
𝑚

′
,𝐶𝑜𝑟𝑒

⟩ upon interaction with the attosecond probe pulse.1150

In order to model the ultrafast super-Coster-Kronig (CK) decay of the cationic states with an1151

energy above the double ionization potential (DIP) energy threshold, in the probe simulations we1152

introduced a phenomenological, exponentially-decaying term to the ionic Hamiltonian, namely1153

𝑒
− 𝑡
𝜏𝐶𝐾 . The decay lifetimes used in the simulation, which have been calculated ab initio by means1154

of the Fano-ADC(2)x method [46], are: 𝜏𝐶𝐾 = 345 attoseconds for ionic states with energy above1155
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the DIP, but below 23 eV; 𝜏𝐶𝐾 = 425 attoseconds for states with energy between 23 eV and 30 eV;1156

𝜏𝐶𝐾 = 864 attoseconds for states with energy between 30 eV and 34 eV. As a result, in the TD1157

RCS-ADC simulation the population of the ionic states with energy above 𝐸𝐷𝐼𝑃 is driven by the1158

aforementioned dumping factor and, at the same time, by the pump laser that tends to increase it for1159

short time-delays below 1.6 femtoseconds. However, it is important to note that also for time-delays1160

where there is considerable overlap between the pump and probe pulses, the present theoretical1161

modeling only considers independent pump and probe effects, which could influence the accuracy1162

of the theoretical points for such short time-delays.1163

Extended Data Fig. E6 shows the RCS-ADC calculated XAS signal in the photon energy region1164

from 518 to 535 eV. Both contributions of the RCS-ADC(2)x cationic states populated by the pump1165

pulse below and above the DIP is shown.1166

ExtendedData Fig. E5 shows the trXAS signal calculatedwith theRCS-ADCmethod, integrated1167

in the photon energy region from 521 to 530 eV. Both contributions of the RCS-ADC(2)x cationic1168

states populated by the pump pulse below and above the DIP is also shown.1169

The contribution to the XAS signal from the decayed cationic states is converted into absorption1170

from the resulting dicationic populations (which will partially contribute to the same photon energy1171

absorption window). The total trXAS signal can therefore be therefore decomposed into two1172

contributions:1173

𝑋𝐴𝑆𝑇𝑂𝑇 (𝑡) = 𝑋𝐴𝑆𝐶𝑎𝑡𝑖𝑜𝑛 (𝑡) + 𝑋𝐴𝑆𝐷𝑖𝑐𝑎𝑡𝑖𝑜𝑛 (𝑡) , (S27)

where 𝑋𝐴𝑆𝐶𝑎𝑡𝑖𝑜𝑛 (𝑡) describes the contribution from the cationic states below DIP and above DIP,1174

𝑋𝐴𝑆𝐶𝑎𝑡𝑖𝑜𝑛 (𝑡) = 𝑋𝐴𝑆𝐶𝑎𝑡𝑖𝑜𝑛𝐵𝑒𝑙𝑜𝑤𝐷𝐼𝑃 (𝑡) + 𝑋𝐴𝑆
𝐶𝑎𝑡𝑖𝑜𝑛
𝐴𝑏𝑜𝑣𝑒𝐷𝐼𝑃 (𝑡) , (S28)

and1175

𝑋𝐴𝑆𝐷𝑖𝑐𝑎𝑡𝑖𝑜𝑛 (𝑡) = 𝛼 × 𝑋𝐴𝑆𝐷𝑒𝑐𝑎𝑦𝑒𝑑𝐶𝑎𝑡𝑖𝑜𝑛 (𝑡) (S29)

describes the dication contribution to the XAS signal at time t as a percentage of the absorption1176

contribution of the cationic states that have already undergone super-CK decay at time t. In other1177

words, the contribution of the unbound ionic states is added back, as it decays (see the green curve1178

in Extended Data Fig. E6), multiplied by a factor 𝛼 to the total XAS signal. The case 𝛼 = 11179
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corresponds to a scenario in which the overall dicationic population absorbs into the probe photon1180

energy window (523-531 eV in the ADC calculation) exactly as much as the cationic states that1181

have decayed (super-Coster-Kronig) would have done.1182

In Fig. 4, an additional exponential decay factor is added to the calculated XAS signal in order1183

to model a shift of the absorption window driven by nuclear motion, which should indeed lead to a1184

decay of the background XAS signal.1185

2 Contribution from Higher Harmonics of the XFEL1186

Free-electron laser radiation can include a small contribution from higher order harmonics of the1187

fundamental, most notably an on-axis contribution from the third harmonic at the sub-to-few percent1188

level [89]. Our measurements of the x-ray spectrum and photoelectron spectrum confirmed that the1189

first set of undulators also generated a small amount of on-axis radiation at the third harmonic of1190

the pump photon energy (3𝜔∼780 eV). We studied the behavior of the third harmonic pulse energy1191

and found it to be approximately linear with the pump (260 eV) pulse energy, as shown in Extended1192

Data Fig. E3A. Moreover, the pulse energy of the third harmonic also showed a weak correlation1193

with energy of the electron beam, as shown in Extended Data Fig. E3D.1194

To quantify the contribution of the third harmonic to the measured Auger-Meitner electron1195

signal, we recorded data with the the 𝐾-value of the probe undulators randomized, to suppress the1196

lasing of the probe pulse. We then measured the number of electrons produced by third harmonic1197

in the same electron kinetic energy range analyzed in the experiment (420− 550 eV), and using the1198

same magnetic bottle electron spectrometer configuration. The proportionality constant 𝛼(𝛾𝑏𝑒𝑎𝑚),1199

between the pump pulse energy and the number of electrons produced by the third harmonic, was1200

calculated for different electron beam energies (𝛾𝑏𝑒𝑎𝑚). For each shot in our pump/probe scan, we1201

then performed a background subtraction using this measured proportionality constant, according1202

to1203

®̃𝑏 = ®𝑏 − 𝛼(𝛾𝑏𝑒𝑎𝑚)𝐸𝑝𝑢𝑚𝑝 (S30)

where ®𝑏 is the number of Auger-Meitner electrons recorded in a given shot, ®̃𝑏 is the value with the1204

3𝜔 background removed, and 𝐸𝑝𝑢𝑚𝑝 is the pump pulse energy. This correction was applied prior1205
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to the ghost imaging analysis.1206
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Extended Data Figures and Tables1207

Delay Point Simulated Pump-Probe Time-Delay Shots per pump-pulse energy bin
1 489±67 5.2 × 104
2 706±94 2.2 × 104
3 957±127 1.4 × 104
4 1120±144 1.4 × 104
5 1835±138 1.1 × 104
6 5444±33 1.9 × 104
7 8112±33 2.2 × 104
8 11280±33 7.8 × 103

Table E1: The mean value and the systematic error of each time-delay point.

Figure E1: Left side: Sample absorption reconstructed for each pump pulse energy bin, indicated
by the colorbar on the side of each figure. The shaded blue region is the area of integration where
the trXAS signal is observed. Right side: Photon-energy-dependent trXAS signal regressed from
the panels of the left side of the figure. The spectrum is resolved in photon energy, and has been
smoothed by calculating a rolling average across two photon energy bins.
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Figure E2: The integrated absorption yield is regressed on the pump pulse energy for each delay
point and the pump/probe signal is extracted from the slope of the fit (dotted line). The gray region
is the one standard deviation confidence interval for the fit, given the error bars in the integrated
absorption yield.
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Figure E3: a) Pulse energy of the third harmonic contribution measured using the variable line
spacing spectrometer (𝑦-axis), as a function of pump pulse energy (𝑥-axis). Color map represents
the number of shots measured at each value of third harmonic pulse energy and pump pulse energy.
b) Ratio of pulse energies in third harmonic and pump pulse (first harmonic), as a function of
electron beam energy and peak electron beam current. c) Lineouts along the peak electron beam
current axis while holding the electron beam energy fixed (indicated by colored lines in panel b).
d) Lineouts along the the electron beam energy axis while holding the peak electron beam current
fixed (indicated by colored lines in panel b).
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Figure E4: Ab initio TD B-spline RCS-ADC simulation of the pump-induced first ionization of
para-aminophenol. The upper panel (A) shows the degrees of quantum electronic coherence 𝐺𝑚,𝑛

(Eq. (9)) produced between each pair of ADC(1) cationic eigenstates populated by the pump pulse.
The populations of the ionic eigenstates are also shown in the vertical and horizontal side panels.
The lower panel (B) shows the degrees of quantum electronic coherence 𝐺𝑚,𝑛 (Eq. S25) produced
between each pair of bound RCS-ADC(2)x cationic eigenstates populated by the pump pulse. The
populations of the ionic eigenstates, with energies 𝐼 𝑝𝑚 < 𝐸𝐷𝐼𝑃, are also shown in the vertical and
horizontal side panels.
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Figure E5: The trXAS signal calculated with the RCS-ADC method, integrated in the photon
energy region from 521 to 530 eV. The red and green curve indicate the contribution of the bound
(red sticks in the inset) and unbound (green sticks in the inset) RCS-ADC(2)x cationic states
populated by the pump pulse, respectively. The total contribution of both bound and unbound states
is shown by the black curve.
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Figure E6: The RCS-ADC calculated XAS signal in the photon energy region from 518 to 535 eV.
The red and green curve indicate the contribution of the RCS-ADC(2)x cationic states populated
by the pump pulse below and above the DIP, respectively. The total contribution of both set of
states is shown by the black curve. Full lines do not include the autoionization decaying factor in
the simulation, while dashed lines do.
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