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One sentence summary: Attosecond x-rays freeze hydrogen atom motion to capture the incip-

ient electronic response in radiolysis and the structure of liquid water.
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Attosecond-pump/attosecond-probe experiments have long been sought as the
most straightforward method to observe electron dynamics in real time. Al-
though numerous successes have been achieved with overlapped near infrared
femtosecond and extreme ultraviolet attosecond pulses combined with theory,
true attosecond-pump/attosecond-probe experiments have been limited. We
used a synchronized attosecond x-ray pulse pair from an x-ray free electron
laser to study the electronic response to valence ionization in liquid water via
all x-ray attosecond transient absorption spectroscopy (AX-ATAS). Our anal-
ysis showed that the AX-ATAS response is confined to the subfemtosecond
timescale, eliminating any hydrogen atom motion and demonstrating exper-
imentally that the 1b1 splitting in the x-ray emission spectrum is related to
dynamics and is not evidence for two structural motifs in ambient liquid wa-

ter.

The advent of attosecond light pulses more than twenty years ago (/, 2) has revolutionized
ultrafast science - making it possible, in principle, to observe pure electronic dynamics free from
nuclear motion. Attosecond light pulses have enabled researchers to address topics previously
out of reach, most notably the timescale for photoemission - a process that had been assumed
to be instantaneous. Delayed photoemission has been extensively researched in atoms (3, 4),
molecules (5, 6), liquids (7) and solids (8) - with the experimental-theoretical disagreement
for the simplest case of 2s and 2p photoemission time delays in gaseous neon only recently
resolved (4). Beyond photoemission delays, attosecond methods have pioneered research rang-
ing from the fundamental, e.g. probing the electronic response to sudden ionization (9, 10),
charge localization and migration in molecules (/1/, 12), controlling autoionization absorption

lineshapes (13), to the application-oriented, e.g. demonstration of reversible field control of

conductivity in dielectrics that could provide a route to ultrafast lightwave electronics (/4).
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Attosecond studies generally use light pulses generated via high harmonic generation (HHG)
starting with tabletop intense near-infrared (NIR) sources and exploit the natural synchro-
nization between the generating and high-harmonic pulses to achieve sub-femtosecond time-
resolution with spatially overlapped, time-delayed pulses (/5). Because this experimental con-
figuration often limits the time resolution to the cross-correlation between the NIR and HHG
pulses, i.e. a few femtoseconds, or to the investigation of NIR-induced processes over short time
periods via attoclock methods (/6), and, because the NIR does not allow atomic site-selectivity
in excitation or probing, all attosecond-pump/attosecond-probe experiments have been long
sought (/7-20). Unfortunately poor conversion efficiency results in only fJ to nJ] HHG energies
in the extreme ultraviolet (EUV), such that only a few all-attosecond pump/probe experiments
have been performed (78, 19), with such capabilities far from routine or widely available. More-
over, despite significant advances in HHG production of x rays in the water window (217), table-
top all x-ray attosecond-pump/attosecond-probe experiments have not been realized. Advances
in x-ray free-electron laser (XFEL) technology demonstrating attosecond hard and soft x-ray
pulses (22, 23) with multi-uJ energies are a promising alternative. Such studies represent the
next step in the quest to observe electronic processes in real-time, presenting significant chal-
lenges both experimental, stemming from the production and synchronization of attosecond
x-ray pulse pairs, and theoretical, associated with the understanding of the target response to
combined/overlapping x-ray pump/probe fields that access core-excited states where potential
energy surfaces are largely uncharacterized (/7).

Here we report the first all-x-ray attosecond—pump/attosecond—probe study on a condensed-
phase system, liquid water. Liquid water is universally important as the most common liquid
on earth and essential for life; understanding the structural origin of its anomalous behavior
remains a fundamental challenge (24) and understanding its response to ionizing radiation, i.e.

radiolysis (25, 26), is of importance in many fields including space travel, human health (27),



corrosion in nuclear reactors and radioactive waste processing (28). Our study was enabled
by the availability of intense attosecond-synchronized multicolor x-ray pulses from the LCLS’s
w/2w XLEAP mode (23,29). We used the powerful technique of attosecond transient absorption
spectroscopy (ATAS), first introduced to study valence electron motion induced by strong-field
ionization of gas-phase krypton (9) and now a workhorse in chemical dynamics (/3, 30, 31).
ATAS is experimentally straightforward: a pump pulse excites the sample followed by a time-
delayed spatially overlapped, broadband attosecond probe pulse that is spectrally dispersed onto
a detector. The geometry allows the simultaneous characterization of both fast dynamics and
narrow spectral features without violating any Fourier transform limits. The distinguishing
feature of this study is that attosecond x-ray pulses were used both as pump and probe - and
we call this method AX-ATAS, for all-x-ray attosecond transient absorption spectroscopy. As
the first such experiment in condensed phase, it was imperative to establish the nature of the
observed transient absorption signal. Despite potential complications, such as collisional ion-
ization and electronic coherences, that could affect the observed polarization response of the
medium, we found that, unlike the gas-phase isolated-molecule response, the condensed phase
AX-ATAS signal response is confined to the attosecond timescale, i.e. much shorter than the
oxygen 1s core-hole lifetime of ~ 4 fs. The highly localized temporal response eliminated
hydrogen atom motion, allowing us to understand the observed spectrum using static geome-
tries. Importantly, by performing the measurement before even protons had any time to move,
we found experimental evidence for the fact that what is seen in x-ray emission spectroscopy
(XES) as an outer-valence (1b;) double-peak structure (32, 33) is a consequence of proton mo-
tion in inner-shell-excited states; only a single 1b; peak was seen when proton motion was
suppressed. This observation does not support the idea that the 15, double-peak structure sig-
nals the presence of two competing structural motifs in liquid water at room temperature and

addresses long-standing debate surrounding the intepretation of XES in liquid water (32-37).



These two structural motifs have been suggested to exist at ambient conditions (24) as a persis-

tence of the two phases of supercooled liquid water in “no man’s land” (38—42).

All x-ray attosecond transient absorption spectroscopy (AX-ATAS)

The concept of our AX-ATAS experiment is shown in Figure 1. The pump pulse (w) had suf-
ficient energy to ionize an electron from anywhere within the valence band of liquid water and
the probe pulse (2w) scanned the region near the oxygen K-edge (510 - 540 eV), where the
absorption signatures of holes from the 1b;, 3a;, and 1b, bands and equilibrium liquid water
would appear. (The transition 1la; — 2a; is dipole forbidden.) Because the pump pulse had
energy between 255-270 eV, ionization from the valence band orbital led to ejected photoelec-
trons with kinetic energies > 200 eV that were sufficient to further ionize water molecules on
the subfemtosecond timescale (Fig. 1B). The XLEAP mode of operation at LCLS (23) was
used to produce two attosecond pulses of ~ 600-as duration whose photon energies were re-
lated by w/2w. This harmonic relationship between the two frequencies permitted the reuse of
the microbunching generated in the first undulator array and minimized interpulse jitter. The
intensities of the pump and probe pulses were monitored by gas monitor detectors filled with
krypton and nitrogen gas respectively. The fluctuation of the pump pulse intensity allowed one
to select pulses that yielded low ionization fraction - and therefore created isolated ionization
spur events. The pump-off spectra were obtained by filling the 15-m gas attenuator with argon
gas, thus attenuating the pump beam to 1% and the probe beam to ~ 50%. The pump and probe
beams transmitted through the liquid water sheet jet were energy dispersed on a 2D detector
with a variable-line-spaced grating in order to monitor both the transient absorption spectrum
and pump/probe alignment.

Figure 2 shows the transmission spectrum of liquid water obtained by a coordinated pump/probe

scan with w (2w) pulse durations of 700 (550) as. The bandwidth of the probe pulse was ~ 5 eV



FWHM; the probe scan was conducted in 4 eV steps. Shot-by-shot spectra were accumulated
for 3 minutes at each energy to yield > 10, 000 shots per step. Shots with median pump pulse
energies of 19 pJ (3.44 on target) were selected to achieve photoinduced ionization fractions
of 0.1%. The upper panel displays the pump-on and pump-off transmission spectra together
with the liquid water absorption. The lower panel shows the differential absorption, A A, for the
minimum delay of 600 as. Two distinct regions were observed in the ATAS spectrum - the va-
lence hole bands 104, 3a;, and 1b, below 527 eV and the strong bleach signal near the pre-edge
feature at 535 eV. Of importance is the observation of only a single 1b; peak - an observation

which persisted at higher pump pulse energies.

Polarization response in condensed phase AX-ATAS

As the first condensed phase AX-ATAS study we now establish the nature of the observed
signal. Whereas the utilized light pulses were confined to a sub-femtosecond timescale, the
same does not hold, in general, for the response generated in the sample. The observed signal
can be complex due to contributions both from multichannel coherence and population dy-
namics (9, 43, 44). Moreover, because the attosecond soft x-ray—pump pulse may create holes
anywhere in the entire valence band and collisional ionization by high-energy electrons plays a
crucial role in the condensed phase, the overall dynamics are fundamentally different from those
in isolated atoms or molecules. One may make a simple estimate of the importance of electron
collisional ionization; the 235 eV photoelectron emitted after valence ionization with a 250-eV
x ray can further ionize nearby water molecules with a cross-section given by o = 1/ny )
where nyy is the density of water molecules and A is the electron mean free path in water (~
1.5 nm (45)). The kinetic energy of the photoelectron decreases with each collision such that
after a certain number of collisional ionization steps the photoelectron no longer has sufficient

energy to cause further ionization. The entire process can be viewed as a sequence of ionization



steps, caused either by the photon (in the first step) or by the photoelectron (in all other steps)
as illustrated in Fig. 1B.

The effects of collisional ionization, population dynamics and multichannel coherence on
the observed AX-ATAS signal were modeled in a microdomain containing 1000 water molecules
(Fig. 3A). The calculations modelled the isolated ionization event scenario probed by exper-
iment, i.e. a 0.1% photoionization probability. The methods are described in detail in the
SM. Briefly, the pump-pulse-induced valence-hole population dynamics were computed using
a rate-equation approach assuming a 0.7-fs pump pulse with a Gaussian temporal profile fol-
lowed by the contribution from collisional ionization; both steps assumed equal ionization cross
sections for all four valence orbitals. Following the formation of a single-hole state due to pho-
toionization, the multiple-hole state populations rapidly built up as a consequence of collisional
ionization by the photoelectron - on a subfemtosecond timescale. The probe pulse, a 0.55-fs
Gaussian, arrived 0.6 fs later - while the sample was still undergoing collisional ionization. The
polarization response, P(t), detected in condensed phase AX-ATAS (green and pink lines), was
confined to a temporal region much less than the core-hole lifetime expected for a gas-phase
isolated system response (gray) (Fig. 3A). The pump-induced polarization was strongly af-
fected by dephasing by collisional ionization events and somewhat less by coherences between
different valence holes (1b, 3a;, and 1by) situated on the same O 1s core in the sample. In
addition, the probe-induced polarization was confined, even at longer time delays, due to the
continuous inhomogeneously broadened spectrum of the valence holes and large bandwidth of
the probe pulse. The finding that the AX-ATAS response was confined to the sub-femtosecond
timescale allowed us to compute the observed transient absorption spectrum with static nuclei
- even for liquid water where fast hydrogen atom vibrational motion is on the 10-femtosecond

timescale.



Theoretical simulation of valence-ionized liquid water

The theoretical X-ray absorption spectra (XAS) were computed using multi-reference restricted-
active-space configuration-interaction (MR-RASCI) (46) on tetrahedrally coordinated (H,O)s,
as it is the simplest cluster mimicking the first solvation shell in “bulk water". The neutral and
singly-ionized water pentamer represented the pump-off and pump-on species; their XAS were
calculated to construct the AA, as shown in Fig. 3B. Three types of transitions were calcu-
lated for O K-edge XAS: a) 1s electron excited into the hole vacancies of the primary water
molecule; b) 1s electron excited into the unoccupied orbitals without any holes in the primary
water molecule; c¢) 1s electron is excited into unoccupied virtual orbitals with a valence hole
spectator. The calculated A A shown in Fig. 3B shows the expected valence-orbital holes (tran-
sition type a) and a pronounced bleach near 535 eV. The origin of the 535-eV bleach was Stark
shifting of transitions from the O 1s-core orbital to unoccupied orbitals that form the pre-edge
feature due to the presence of a spectator valence hole in a neighboring water molecule. The
line positions of the valence-orbital holes (1b;, 3a;1, 1b;) aligned with the experimental obser-
vations and supported the labelling in Fig. 2. However, the agreement was not perfect as the
calculated intensities assumed that all valence holes have the same population - a condition that
may not be met in the present measurement. The hole populations depend on the detailed cross
sections of the photoionization and collisional ionization processes that give rise to those hole
populations, i.e., the hole populations encode information on the ionization dynamics. We note
that in both calculation and experiment a single 10, peak is obtained. Moreover, computations
demonstrate that the AX-ATAS of liquid water is largely independent of local structural varia-
tions. Full calculation details are given in the SM for the pentamer as well as the other structural

variations used, as well as monomer and dimer species used to validate the methods.

Discussion



We now compare our temporally confined AX-ATAS signal to previously measured x-ray emis-
sion (XES) spectra in liquid water (32,33) and thus address the long-standing debate concerning
the interpretation of the 1b; doublet in the XES of liquid water (24, 32, 33, 36, 37). The two ex-
perimental methods couple equivalent core- and valence-hole states (1s~! and the 1b;, 3a;, 1by)
- but in reverse order (Fig. 4A). The emergence of the 1b; doublet (commonly labelled 1, and
lbll') in XES of liquid water has been attributed to either (a) two structural motifs of liquid water
or (b) ultrafast dissociation in the core-excited state. The latter is illustrated by data from recent
theoretical investigations (36, 37) showing the evolution of the XES within 4 fs due to proton
dynamics. Both Theory A (37) and Theory B (36) calculate XES that evolves from a single 15,
peak at ¢ = O (upper panel Fig. 4C) to a doublet by 4 fs (lower panel Fig. 4C). Our AX-ATAS
signal was confined to the sub-femtosecond timescale and thus eliminated contributions from
ultrafast dissociation, whereas XES integrates nuclear dynamics over the core-hole lifetime of
~ 4 fs. Our experimental data showed no evidence of the 1b; doublet XES structure, which
has a splitting of ~ 1 eV and a FWHM of ~ 2 eV as reproduced in the lower panel of Fig.
4B. (The experiment is sensitive to this doublet structure as the narrowest feature we observed
was the ~ 0.7 eV-FWHM bleach.) In contrast, our data showed a remarkable similarity to the
theoretical data with frozen atomic positions at t= 0 fs shown in the upper panel of Fig. 4C. The
discrepancy in the relative strength of the 3a; and the 15, contribution might be attributed to the
fact that the underlying mechanisms (collisional ionization + absorption vs. absorption + emis-
sion) are not completely identical. Our measurement thus provides unequivocal experimental
evidence that the 1b; split peak in XES is a direct consequence of ultrafast hydrogen dynamics
in inner-shell-excited states. Different structural motifs may nevertheless play an indirect role
in XES by causing different core-hole-induced hydrogen dynamics (47).

In summary, we reported the first all x-ray attosecond-pump attosecond-probe study in the

important condensed phase target, liquid water. Analyzing the powerful all x-ray attosecond



transient absorption spectroscopy method, AX-ATAS, we found that the temporal response in
condensed phase was confined to a sub-femtosecond timescale. By freezing the motion of
even the lightest atomic species, AX-ATAS overcomes a key limitation of the established XES
technique. Specifically, the presented methodology allowed us to suppress contributions to the
probe signal from nuclear motion in inner-shell-excited states. In this way, we were able to
isolate structural properties that are indicative of water in its ground electronic state, thereby re-
solving a long-standing debate surrounding the interpretation of the 1b; x-ray emission doublet
as being due to either ultrafast dynamics or two structural motifs of ambient temperature lig-
uid water. Moreover, our experimental findings suggest that, more generally, AX-ATAS could
become a powerful tool for investigating any condensed-matter system in which proton or hy-
drogen motion in probe-induced states can compromise the information content of the probe
signal. We also note that this study, with tunable x-ray pump pulses, could extend the range
of phenomena studied by ATAS from light-induced processes, such as passage through conical
intersections (317), to inner-shell processes at the heart of radiation damage. Indeed, the ability
to take x-ray pump/probe spectral snapshots with sub-fs time resolution over a wide range of
time delays, as enabled by arbitrary delays at an XFEL, would allow the study of the origin and

evolution of reactive species produced by radiation-induced processes.
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Fig. 1. All x-ray attosecond transient absorption spectroscopy (AX-ATAS) in liquid water. Two
synchronized attosecond pulses with photon energies related by w/2w are incident on a water
sheet jet and the transmitted 2w probe beam is energy dispersed onto a 2D camera. (A) The w
pulse has sufficient energy to ionize an electron from anywhere in the valence band while the
2w pulse probes the core-to-valence transition region near 530 eV. (B) Electrons resulting from
the initial x ray-induced valence ionization go on to collisionally ionize nearby water molecules
in the liquid phase sample on the sub-femtosecond timescale. (C) The first undulator array,
tuned to w, imprints a microbunching that is reused in the second undulator array, tuned to 2w,

to produce an attosecond x-ray pulse pair with small interpulse jitter. (29).

Fig. 2. Experimental AX-ATAS spectra of liquid water. Upper: X-ray transmission spectra of
the 2w probe pulse at 0.6-fs delay with (blue) and without (red) the 0.7-fs, w pump pulse, with
the water absorption spectrum shown in gray. Lower: Attosecond transient absorption spectrum
(AA) of liquid water covering the valence-hole and pre-edge region. The photon energy was
calibrated using the absolute energy of the water pre-edge feature at 535 eV and the nominal
photon energy of the beamline, which yielded a dispersion uncertainty of ~ 2%, as described
in the SM. The y-axis error bars are calculated from the statistical deviations of the averaged

pump-on and pump-off spectra, as described in the SM.

Fig. 3. Theoretical modeling of AX-ATAS for liquid water. (A) Temporal confinement of the
polarization response, P(t), detected in the AX-ATAS signal - including effects due to colli-
sional dephasing and multichannel coherences. (B) Multi-reference RASCI calculations of a
water pentamer in neutral and singly ionized states to construct the change in absorption upon
ionization, A A, in the valence-hole and pre-edge region, with the liquid water absorption region

shown in gray.
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Fig. 4. Comparison of all x-ray attosecond transient absorption spectra (AX-ATAS) and x-ray
emission spectra (XES). (A) AX-ATAS and XES probe equivalent initial and final states. AX-
ATAS: the pump pulse creates a hole anywhere in the valence band which the probe populates.
XES: The O 1s hole is filled by emission from the entire valence band. (B) Upper: AX-ATAS
spectrum, reproduced from Fig. 2 and showing statistical error bars. Lower: XES spectrum
from liquid water (32). (C) Theoretical XES snapshots for liquid water. Upper: O fs, Lower: 4
fs. Theory A: Ref. (37) Fig. 3, Theory B: Ref. (36) Fig. 3.
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1 Methods and Materials
1.1 Experimental setup

The all x-ray attosecond transient absorption spectroscopy (AX-ATAS) measurements were
performed at the ChemRIXS endstation of the Linac Coherent Light Source (LCLS) x-ray free-
electron laser (XFEL). As shown in Figure 1C of the main manuscript, a pair of w — 2w two-
color XLEAP pulses were used as the pump and probe; the pump x-ray ionizes liquid water
from any of its valence orbitals and the probe detects the absorbance of species generated from
the valence ionization. The attosecond pulse durations and delay times were estimated by the
methods and results from previous experiments described in detail in Ref. (29). For the pulse
duration measurement, the w — 2w pulse pair were incident on a gas target located in a co-axial
velocity map imaging (c-VMI) spectrometer. This induces x-ray photoionization in the target
and projects a dipole pattern of photoelectron momenta for both w and 2w pulses on the 2D
detector. By driving x-ray ionization in the c-VMI in the presence of a circularly polarized laser
field (typically A = 1.3 pm, 4.3-fs period) one can map angle to time (49) and thus record the
relative w — 2w delay. Typically, the minimum delay achievable with a split undulator is a few
femtoseconds due to the relative slippage of the first pulse with respect to the electrons (50).
Here we can access sub-femtosecond delays because we reuse the harmonic microbunching in
the electron beam to seed emission of the second pulse. For the three-undulator generation of
2w pulses used here, the measured delay was ~ 600 £ 270 as.

The intensities of the pump and probe pulses were monitored by gas monitor detectors
filled with krypton and nitrogen gas respectively. The distribution of pump and probe pulse
energies decay exponentially with median values of 21 and 2.7 pJ, respectively. The fluctuation
of the pump pulse intensity allows one to select pulses that yield low ionization fraction - and

therefore create isolated ionization spur events. The beamline transmission for the pump and






Pump* Probe Pump*
3w, 51 order 2w, 3" order 3w, 4 order

0.6fs

i

Pixel bin # in non-dispersive direction
~

0 500 1000 1500 2000
Pixel # in dispersive direction

Figure S1: Image taken by the Andor detector showing the spectrum of the pump and probe
pulses at different delay times. Pixels in the non-dispersive direction were binned in 8 bins.
As marked by the arrows, the 3rd order of probe (2w) spectrum as well as the 4th, 5th order of
the 3rd harmonic of pump (3w) spectrum were recorded simultaneously, indicating the spatial
overlap of pump and probe pulses along the non-dispersive direction.

The XAS spectrometer was calibrated using the photon energy dispersion given by the
beamline and the absolute position by the water pre-edge feature. The x-ray photon energy
of the raw spectra from the XAS spectrometer is given by pixel number (px). For each run, its
averaged spectrum could be fitted with a Gaussian function; the central position of the fitted
Gaussian C'p (in unit of px) corresponds to the x-ray photon energy given by the beamline, so
the conversion factor k from pixel to photon energy Ep (in unit of eV’) could be fitted from
these runs with the function of Ep = k %« C'p + b, where the constant b was calibrated with the
water pre-edge feature. The result of many runs is & = 0.108 £ 0.002(eV//px). Uncertainties

in photon energy dispersion, which were determined by the electron beam energy, undulator

position and wakefield corrections, were not included.












2 Pump-induced hole population dynamics

The soft-x-ray (250 eV) pump pulse photoionizes a fraction of liquid water essentially from
anywhere in the valence band. High-energy photoelectrons are thus created with an initial
kinetic energy of about 235eV. These photoelectrons have a high potential to induce further
ionizations through inelastic collisions with water molecules. To simplify the whole picture,
we imagine the macroscopic sample as a collection of small microdomains in such a way that
each microdomain contains a single photoelectron after the pump pulse. This implies that the
photoionization dynamics occurring in each microdomain can be considered isolated, which
can be justified by the fact that the measured ATAS features show a linear dependence with
pump-pulse intensity. In each microdomain, electron impact causes further ionizations until the
kinetic energy of the photoelectron has become too low for any further impact ionization. The
overall process is illustrated schematically in Fig. 1(B). In essence, the overall pump-induced
dynamics can be viewed as a sequence of ionization steps, caused either by the photon (in
the first step) or by the photoelectron (in all other steps). Since, as we will show, Auger-
Meitner decay is relatively slow on the timescales of relevance in the present work, we neglect
possible ionization processes triggered by Auger-Meitner electrons. We further assume that
the secondary electrons produced via collisional ionization by the photoelectron do not have
sufficient energy to cause impact ionization themselves (53). The population dynamics for
the different valence-hole states can be described by rate equations based on the Pauli-Master

equation.

2.1 Pump-pulse induced population dynamics

The rate of photoionization is determined by the product of the photon flux J(t) of the pump

pulse and the photoionization cross section of water. If we assume a Gaussian temporal intensity



profile for the pump pulse, the photon flux at time ¢ is given by

f 7(t—tu)2
e 2012,

B o,V 2T ’

where o, is the temporal standard deviation of the pulse and ¢, denotes the time of the pulse

(S

maximum. The quantity f in the prefactor is the fluence, which we chose in the following to be
f=ajo™, (S2)

where o(™) is the total molecular photoionization cross section at the pump-photon energy and
a is the photoionization probability per water molecule in the low-fluence limit.

The rate of collisional ionization per water molecule is given by the product of the total
collisional ionization cross section of the photoelectron with a water molecule ¢(°®) and the
photoelectron flux. The total collisional ionization cross section is given by o) = 1/(ny)),
where nyy is the density of water molecules and A is the electron mean free path in water. The
photoelectron flux is given by the product of the density of the photoelectrons 7. and their
velocity v.. Accordingly, the rate of collisional ionization in a microdomain containing Ny
molecules is

Ne ve

Ny oD n, v, = o (S3)

where NN, is the number of photoelectrons. By definition of the microdomains, N, = 1 for
a microdomain containing Ny, water molecules. Assuming that the rate of ionization is the
same for each of the 4 valence orbitals per water molecule, we obtain for each valence orbital a

collisional ionization rate of
Ne v,
4 Ny N

(§4)

The kinetic energy of the photoelectron decreases with each collision. After a certain number
of collisional ionization steps the photoelectron no longer has sufficient energy to cause further

ionization. Given the fact that the minimum energy required to ionize an electron from the
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Figure S5: Coherence due to the pump-induced dynamics as a function of time and for several
energy differences (A E) between two valence holes. AE = 0.0 eV corresponds to the diagonal
of () and hence represents the total number of holes as a function of time.
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Figure S6: Experimental x-ray fluorescence spectrum of liquid water (black line) fitted to three
Gaussians which correspond to the 1b, (green dashed line), 3a; (blue dashed line), and 1b,
(orange dashed line) valence states. The red line represents the total fitted spectrum. The
experimental fluorescence spectrum is taken from Ref. [ (32)].
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Figure S7: Probe-absorption cross section of pumped liquid water for a pump-probe delay of
0.6 fs. Red and black lines represent the absorption cross section with and without coherence
effects, respectively. Broken lines of the same color represent the data collected for different
central energies of the probe pulse, as described in the text.
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Figure S8: Probe-absorption cross section of pumped liquid water for pump-probe delays 0 fs
(blue line), 0.2 fs (orange line), 0.6 fs (green line), and 1 fs (red line). Broken lines of the same
color represent the data collected for different central energies of the probe pulse, as described
in detail in the text.
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Figure S9: Convergence of the probe-absorption cross section of pumped liquid water for longer
pump-probe delays. Four pump-probe delays, namely, 0.6 fs (blue line), 2 fs (orange line), 4 fs
(green line), and 6 fs (red line) are shown.
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Figure S10: Experimental XES of liquid water (black line) fitted to 4 Gaussians which corre-
spond to the 1b, (green dashed line), 3a; (blue dashed line), and the 15, (orange and magenta
dashed lines) valence states. The red line represents the total fitted spectrum.
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Figure S11: Probe-absorption cross section of pumped liquid water for various pump-probe de-
lays where transition densities for the 1, state have been sampled from a sum of two Gaussians
representing the 1b; doublet in the XES.

should show up in the AX-ATAS spectrum for all the considered pump-probe delays.
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4 Theoretical XAS calculated using MR-RASCI

Calculating water K-edge absorption in the presence of inner-valence and valence holes presents
significant challenges to electronic structure theory. This process requires thorough consider-
ation of several factors: the relaxation of inner-valence and valence hole orbitals, the multi-
configurational nature of the initial and final states, correlated multi-electron excitations, and
an efficient solver capable of resolving a dense manifold of high-energy excited states, as ex-
emplified in water K-edge absorption. Although time-dependent density functional theory and
the equation-of-motion coupled-cluster method have been highly successful in predicting the
absorption spectra of molecular systems, they fall short when applied to the specific theoretical
challenges of water K-edge absorption with inner-valence and valence holes. This limitation
primarily stems from their reliance on a single configurational reference formalism and the
difficulty in adequately accounting for the relaxation of inner-valence orbitals.

In this work, we have developed and utilized a multi-reference configuration interaction
(MRCI) framework to investigate the spectral signatures of water K-edge absorption following
photoionization. The MRCI approach begins by optimizing the relaxed inner-valence and va-
lence hole orbitals using the complete active space self-consistent field (CASSCF) method. This
is followed by a correlated configuration interaction treatment within the restricted active space
(RASCI) framework. This method effectively incorporates multiconfigurational initial and final
states, electron correlation, and multielectron excitations, treating each of these aspects with
equal importance. The large calculation consists of over 8 million determinants to expand the
many-electron wavefunction, with more than 8,000 excitations computed and analyzed. To
address the challenges in solving for a dense manifold of high-energy excited states, we imple-
mented an energy-specific Davidson algorithm, enabling the division of the large calculation

into smaller, overlapping spectral windows.
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Atom 1 Atom2 Distance (A)

1 2 2.85899
1 3 2.86620
1 4 2.86482
1 5 2.84075
1 2a 1.88757
1 3a 1.89535
4 la 1.89906
5 1b 1.87086

Table S1: O-O distance and O-H distance between the center water and the rest in the water
pentamer cluster.

4.2 X-ray Absorption Spectrum Simulation

Two species of each water model (H;0), (x = 1,2,4,5) are studied using multi-reference ab
initio methods with 6-311++g"* basis set to simulate the delta XAS spectrum from experiment,
being the neutral water and water cation with +1 charge to mimic the species before and after X-
ray pump, respectively. The XAS spectra for each species were then computed with restricted-
active-space configuration interaction(RASCI) method using proper reference wavefunction of
the states of interest. RAS technique allows us to divide the active space of correlated molecu-
lar orbitals into three spaces RAS1, RAS2, and RAS3. The configurations are then constructed
based on maximum number of holes and electrons allowed in RAS1 and RAS3, respectively,
while no restrictions apply to RAS2. Excited states above a certain energy threshold were con-
verged using energy-specific Davidson algorithm with 1e~® convergence criteria on eigenvector
amplitudes of desired states.

Upon RASCI calculations, the energies between initial states and final states give the posi-
tions of the corresponding transitions in the spectrum, with their intensities determined by the
oscillator strength computed within the dipole approximation. The X-ray absorption spectral

lines of the two species are plotted in the same plot with a global shift applied to align the pre-
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into unoccupied virtual orbitals. These transitions are computed in a RASCI calculation. The
three restricted active spaces were constructed in the same manner as the neutral species, except
that RAS2 now has 29 electrons in 15 valence orbitals. The same maximum number of holes
and electrons are allowed in RAS1 and RAS3 as in the calculations for the neutral species. This
gives rise to a configurational space of >8 million determinants. 550 1s electron excitations in
total for each valence-hole state are computed for the pre-edge part of the spectrum, whose en-
ergies are high enough to describe all the transitions before the large water absorption signals,
resulting in a total of 15x550 excitations and oscillator strengths evaluated in the MR-RASCI
calculations. For signals in the region of inner-valence/valence holes, a global shift of 13.5 eV
is applied, while 15.3 eV shift is applied to the pre-edge region. The difference is due to the

fact that the dynamic correlation is not fully recovered upon the frozen virtual approximation.

@) nitial final D) nitial Final  C) nitial Final
— S— — — — —-
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Figure S13: Three types of transitions for O K-edge XAS being considered: a) 1s electron is
excited into the hole vacancies of the same water; b) 1s electron is excited into the unoccupied
orbitals without any hole in the same water; c) The hole being a spectator while the 1s electron
is excited into unoccupied virtual orbitals.

Similar procedures were performed with water monomer and dimer. For water monomer,
very accurate setups in the RASCI calculations were used due to its small system size. RASCI
setups for neutral water monomer were as follows: RAS1 included the only 1s orbitals with

two electrons; RAS2 included all four valence/inner-valence orbitals and eight electrons; RAS3
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