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Fig. 1. (a) Photoelectron spectrum of H,O!'; (b) difference

spectrum as a function of the IR-XUV delay!!9.
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Fig. 2. (a) Measured and calculated delays between photo electrons leaving NoO* in its AT or XT states'!, (b) same as Figure (a)

for H,O!"%); (c), (d) calculated molecular delays for the two species!'®l.
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Fig. 3. Size-resolved photoionization time delays of water clusters. (a) Time delays for photoionization out of the 1b; band of water
clusters, relative to HyO (or D,O), measured in SB12 (empty circles). The error bars represent 95% confidence intervals. The calcu-
lated delays (filled symbols) were obtained for a kinetic energy of 6.0 eVI7. (b) Same as Figure (a), but measured for SB14, or cal-
culated with kinetic energy (eKE) of 9.1 eV, the one-photon (1hv) and two-photon (2/v) delay calculations are presented as filled
circles and stars, respectivelyl’”. (c), (d) Electron density map and calculated absolute photoionization delays of the 1-3 HOMO of
the 1b; band of water clusters (designated HOMO-7), highlighting the effect of delocalization (yellow shading), followed by partial

localization (Figure (d), violet shading)!'7.

(HyO)g, FoF 4353 e i of 95 73 F 9138 (highest
occupied molecular orbital, HOMO) B #LiE &

GYEWAE 34 2 MEEE L AKA T E, S
AY HE B R BAIG 2 345 as, 292 as H £ 2T 50 as,
XANBUEAR T 4 #HIAY (H,0), 7% A HOMO-1
B Y LB AE R R 424 as, RONIZHIGE & B 8
E8 4 MK B X — TAEAMGERATIATR S
K AR AR DR RUBE (R H B A TSR A A A B T3
TTRRAE N EL—IK 31 [ BE SRS KA T Ry AL a3

2.2 Feshbach £iRHIIRR

B 7 XUV-IR J7 it IR AR IR DA K
BISEIR ERIN , A —SEFVE I T AR o
HL B Feshbach H:4RAHCIME B, BARX LIS
TARIFBA 25 AP [R]_E s 2 # AT 5 R, (H
R AL [R5 R K 3 FUEA T O D RO A
/DR —3. BT AR TAEZRH, Feshbach 4R
A AR AR SR B FT R S W e P H T RE TS

T TR ARG 2S5 G, SR IE GO | 2]
X — i P T LR F N %) H - OGIBR AR, O
D553 HEZL (1) 6 HL ¥ #f1 434 (molecular frame
photoelectron angular distributions, MFPADs).
XCHEM J7 & IESE K7 S i i) —4>, b BiE 2
G320 T ARGy, 43l RN AT R A e ) 2
O R T EE R AR R IR 5 E LR BRI b HEARPRER. 1%
J5 3 3 e SRR G O vk PRI O R T 45
HIERA T AR, S T4 He, Ne, Ny,
0, Fil CO A543 IR XA RS B L L BT AETE B,
filt, Ferndndez-Milan 45 B2 Bk — Jy i v
TEK I FOCH AT IR . 7218 5 b, R R
PR K3 1by 3ay 2 1by =ANSHLE —
AHLFAREIY X2By, A%A, FIB?B, =BT, [F
i, AR = A B I ATREAR S, 20 BB, DU
IR ES IR, MEE R RO TE 12.2—18.7 eV
X — Rl X, PR FE XA Al R X, A X2B, Al
A2A, HLES A TP AR 05 SERE R X 75T Feshbach

084204-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 73, No. 8 (2024) 084204

(a)

o (b) & hvxb544 eV, eKE=6 eV
Delocalization

HOMO-4 39 as
Delocalization

.‘ SB12
hv~18.6 eV, eKE =6 eV
H>,O HOMO 93 as

-~
l ’ - °
o s (H20)4 S 5
e
g 2 Q = &
e ci s4 ci s4 g
N o
'.7‘:3 HOMO-1 366 as HOMO-1 424 as HOMO-17 40 as HOMO-17 185 as =
Q N
= 5
3 8
5 .) (H,0)s & ® o o -
g o8 @
o, © cg © i A
Y b ) o o L] L
HOMO 292 as HOMO-1 345 as HOMO-29 50 as HOMO-28 49 as
(c) 300 300
Delocalization effect Delocalization effect
Intracluster
scattering 7@ 5
200 | 4 200 | s
6 | 6
5 *
0 0 5@
d @ £
7 3] 5 @
< 100 O < 100} 3
o '~ o ® H,O
: ) -- : ‘ " (1.0,
& D $ H,0 & 2 ® (H,0);3 uud
31 l D,O  #(Hy0), 1 ® (H;0), s4
or '7.'! (D20)s ¥ (H20)3 0r @ ® (H20);5 cyc
(D20)s § (H20)4 ® (H20);5 cac
Experimental delays (D20);5 $ (H20)5 (H20)6 pr
(D20)s ¢ (H20)6 Theoretical delays ® (H2O)7 pry
~100 N N N N f —100 L L ' N '
1.5 2.0 2.5 3.0 3.5 4.0 1.5 2.0 2.5 3.0 3.5 4.0

First-moment of the electron-hole density/arb. units First-moment of the electron-hole density/arb. units

Bl 4 LI B B XK A OG HL B IE R BN (a) BIBE (cKE) 9 6.0 eV I B /K A4 1b, B B B 3R, 5 SB12 Ay 52
SO 2 SR B0 (b) 55 () T, 7K 1 O-Ls 0 B A ) 49 30 B AFLJ2 9 7 R 0 1% () O - P 4238 15 0
JK B 1y 4 Y -2 7 BE I — B 22 TRD AR DG P 15822 AU 95% 1 & {5 X JH] 1)

Fig. 4. Effect of orbital delocalization on photoionization delays of water clusters: (a) Photoionization delays for the 1b; band of wa-
ter clusters for a kinetic energy of eKE = 6.0 eV, corresponding to the experimental measurements in SB12(%; (b) same as Figure
(a), but for the O-1s band of water clusters using the same kinetic energy, and a correspondingly adjusted photon energy!’%; (c) cor-

relation between the photoionization time delays and the first moment of the electron-hole density of the 1b; band of water clusters

(eKE = 6.0 eV). The error bars represent 95% confidence intervals[?l.
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Fig. 5. Schematic molecular orbital diagram of H,O and the
corresponding electron removals that give rise to the cation
states X2B , A2A; , and B2B; . Different orbital symime-
tries appear with different colors: (blue) a;, (red) by, and
(black) by. The gray background contains the orbitals in-
cluded in the active space. The orientation of the water mo-
lecule is also shown, with the z axis coinciding with the
(2 rotation axisi.
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Fig. 6. Orientation-averaged partial cross sections for single-
photon ionization of H,O obtained from two XCHEM calcu-
lations with different angular momentum bases in the en-
ergy region between 12 and 19 eV: (a) Partial ionization
cross section for leaving the ion in the X2Bj statel?;
(b) same for the AZA; state. Blue: length gauge. Green:

velocity gauge. Solid line: Imax = 4. Dots: Imax = 6 32,

VIEBELILRAE X, YA Z 05 A SRR B

32]

Resonance Energy/eV Widths/meV Diercksen/eV X view Y view Z view
dsay 12.717 11.33 12.77
5say 13.543 3.83 13.67 .
6say 13.910 1.63 14.07
3db, 12.886 2.81 13.13 a‘ “ :
3da, 12.941 1.41 13.14 * . ‘
3db, 13.020 2.60 13.25 8 ae ..
4db, 13.679 0.90 13.88 0, “
5db, 13.979 0.48 14.18 .“.
3da, 13.030 2.71 13.23 . * .
4pb, 13.208 3.07 13.35 “ . :
4pb, 13.297 3.29 13.45
5pb, 13.796 1.36 13.97 . “
6pb, 14.039 0.74 13.97
4pay 13.317 13.72 13.51
5pa, 13.804 6.15 13.99 .0' .
6pa, 14.044 3.24 14.30
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#2

Energy positions, autoionization widths and views along the X, Y, and Z axes of the Rydberg orbitals for Fesh-

Table 2.

AR RIS B2Bo B FLAAHUIE R A i | SERELAAE X, Y R Z 7 ) E AR R 2 B2

bach resonances converging to the B2By threshold obtained by fitting!*?.

Resonance Energy/eV Widths/meV Diercksen/eV X view Y view 7 view
3pb, 15.888 219.45 15.77 .. . s
3pby 15.888 219.45 15.77 ” . z
3pa, 16.212 3.14 15.97 ‘ “ .
4sa, 16.885 7.63 16.47 . ’ .
3db, 17.112 29.38 17.04 a‘ “ 3
3day 17.180 2.12 17.03 .. 8 ==
4da, 17.854 0.88 17.70 “ z .n.
5day 18.170 0.46 18.01 e

Partial o/Mb

Partial o/Mb

Partial o/Mb

0 . . . . . .
12 13 14 15 16 17 18 19
Photon energy/eV

7 XL X2By (L) Fl AZA 1 (42k) H i I ) H

SRRUAL. S5 IR T 12—19 eV IfiERE X H), BRI XCHEM
TEAEREMIET M (a) W& X J7 1B AL AR /1w B2
(b) W Y I7 AR A 30 0 0 B2 () W Z J7 Tk Ak g
4 W SR A2 AL R B2Bo B I A9 A FL S 40
R e T 7 ] v

Fig. 7. Partial cross sections for (purple line) X2B; and
(green line) K2A1 ionization channels in the energy region
12-19 eV, calculated with XCHEM in the length gauge:
(a) Partial cross sections for polarization along the X direc-
tionsP?; (b) partial cross sections for polarization along the
Y directions?;

along the Z directions. Labels of autoionizing states conver-

(c) partial cross sections for polarization

ging to the A2A; threshold are indicated in orange and

those converging to B2Bs in bluel®?.
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Fig. 8. Photoelectron spectra as a function of photon energy and the electron emission angle 6 obtained after integrating over the

azimuthal angle ¢ panels: (a) x polarization®?; (b) y polarization®?; (c) z polarization. The corresponding @ and ¢ integrated partial

cross sections are shown on top of each panell®?.
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Fig. 9. Schematic overview of water radiolysis, wherein ion-
izing radiation generates radical intermediates e~ (aq), H-,
and HO-. An energy-level diagram of e~ (aq) in bulk wa-

ter is depicted in the lower part of the figurel'”).
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Fig. 10. Terahertz response to photoionization of neat wa-
ter. (a) The 800 nm pump (red triangles) with a single ex-
ponential fit (200 fs, redline), 400 nm pump (blue filled
squares) and 266 nm pump (open black circles). The
400 and 266 nm pump traces are scaled to the e;q concen-
tration in the 800 nm pump measurement. Inset: spectral
signature of the excess electron upon 800 nm pumping de-
duced from a two-dimensional scan. This initial spectrum
peaks at ~1.5 THz'Sl. (b) The long-time terahertz response
with the 800 nm pump (red, scaled by factor of 11) re-
mains constant, whereas the response probed at NIR shows

clearly the geminate recombination kinetics (green) ['9l.
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/
o
e Ty o

OH;q and H30%, OHgq or Hyq
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S5 B SR AR R T (), 2R AR 19 (b) HLT B BRI
B, XK R BCE IR B 71 (o) & B A6
i

Fig. 11. Schematic depiction of excess electron formation
and localization process in water: (a) Ejected delocalized ex-
cess electron (in grey) with radius r,/'™; (b) collapse of the
electron wavefunction, which will result in an average ejec-

tion length r,"; (c) diffusive geminate recombination™™.
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Fig. 12. Two-dimensional terahertz (2D-THz) spectroscopy: (a), (b) Fluctuating electric fields in liquid water as calculated from a
molecular dynamics simulation for electrons at the position of the two highest occupied orbitals 1b; (HOMO) and 3a; (HOMO-1) [19]
(c) schematic diagram of field-induced electron tunneling'”; (d) schematic of electron propagation and localization!'”; (e) near-in-
frared absorption change AA = —In(T/T,) of the water sample at a delay time of 7 = 300 ps after interaction with a THz pump
pulse of a peak field Ey p = 1.9 MV /cm transmitted through the sample (symbols, T, Tj: sample transmission with and without ex-
citation, blue line: Scaled absorption spectrum of solvated electrons)'%); (f) schematic of the 2D-THz experiment with phase-locked
THz pulses A and B of delay 7, the water jet (blue) in transmission geometry, and the path toward the electrooptic sampling (EOS)
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Fig. 13. Time-resolved nonlinear THz response. (a), (b) Nonlinear signal field Eyi (¢, 7 = 7 ps) (blue line) for a delay time of T =
7 ps together with the probe field Ep(#) (orange line) and the sum Ep 1(t, 7= 7 ps) = Ep(t)+Ex(f, 7= 7 ps) (black dashed line) as
a function of real time ¢ for peak amplitudes E5 p = 500, 200 kV /cm of incoming pump pulse A. Field Eg 1(t, 7 = 7 ps) represents
the total THz probe field transmitted through the excited sample. The dotted red line in panel (a) shows the transmitted pump
field E,(t) . (c) Nonlinear signal field Ex;(t = +0.2 ps, 7) as a function of delay time 7 for ¢ = —0.2 ps (red solid line, signal mini-
mum in panel (a)) and ¢ = +0.2 ps (blue solid line, signal maximum in panel (a)) for a pump field amplitude Ex p = 500 kV/cm.
The dashed lines from an independent measurement with a slightly different pump field agree with the experimental accuracy (er-
ror bars) and extend to longer delay times 7 9.
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Fig. 14. (a)—(c) Spatio-temporal aspects of field-induced electron tunneling!'”; (d) electron tunneling probability Pr as a function of

the peak electric field of a 10-fs Gaussian driving pulse (cf. panel (b)) [1%.
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Fig. 15. Non-transient (top) and transient (bottom) diffusion mechanisms. Spin densities are shown in blue (positive) and yellow
(negative). Non-transient mechanism is initiated by the formation of the hydrogen bonds (HBs) between a cavity-forming molecule
and its unbonded neighboring water molecules (indicated as A and B in panels (a)—(d)). The dangling OH of A, B subsequently
binds to the hydrated electron in the cavity, replacing that of a third molecule, C (panel (c)). Molecules B and C form HBs with
their neighbors, and unbind from the cavity (panel (d)). Transient diffusion (panels (e) to (h)) is characterized by the existence of

the double-cavity (panel (f))?.
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Fig. 16. (a), (b) Time-resolved hole density plots of selected simulations using ab initio Ehrenfest dynamics!'®; (c), (d) fixed-nucleus
real-time electronic dynamics using the same initial conditions as in panels (a) and (b), respectively. Hole densities are computed as

Mulliken spin densities projected on oxygen atoms. The two largest hole densities are plotted['¢.
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Fig. 17. (a) Ratio plots of ab initio Ehrenfest dynamics for trajectory b (same as that in Fig. 16(b)) after the ionization, indicating

the first (blue, solid) and second (red, dashed) proton transfer processes!'; (b) illustrations of the first and second proton transfers!d.
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Fig. 19. (a) Absorption for At < 0 and At > 100 fs monitored through the dispersed fluorescence channel®l; (b) differential absorp-

tion AA in the valence hole (HyO/OH) region. Spectra collected at 216 time delays between 1.5 and 5.8 ps are averaged to pro-

duce the resonance profile, which is fit to a sum of two LorentziansP; (c) polarization averaged time traces at three X-ray probe en-
ergies: 525.43, 525.93, and 526.73 eVF; (d) charge-hole distance (CHD) (blue) and completed proton transfer percentage (orange)?o.
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Fig. 20. (a) The distance difference of the hydrogen atom (H) and its two nearest oxygen atoms (O1, O2). Shadows indicate the

quantum fluctuation of all beads. Schematic setting is shown in the right panel®. (b) The snapshots at 0 and 47 fs in the excited

state dynamics. In the RPMD-IB simulation, the configurations of all beads are presented. At 47 fs, the whole nuclear wave packet

of split hydrogen atom approaches the oxygen atom (O1) of the first water molecule, indicating the formation of hydronium (H;0%)

and OH- radical®.
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Fig. 21. Excited state surfaces and active surface of FSSH runs 1-3 ((a)—(c), respectively) as a function of time for a cluster of five
water molecules and an electron for an initial excited state chosen to be the 10 th excited state. The thick cyan curve labels the
“active” state in the FSSH calculation at any time. Note that the separation in energy among D1, D2, and the higher states indic-
ates states where the electron is on the OH are involved wvs. states where the electron is on the H (for the same structure) .

(d) Active excited state surface profile as a function of reaction timel*’].
L
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Fig. 22. Snapshots of the HOMO wave function during ultrafast excited state dynamics of a water cluster of five molecules with the
addition of a hot electron. The snapshots are taken at selected time frames around the D2 — D1 surface hop: (a) 5 fs before the hop!*;
(b) at the hopl’; (c) 5 fs after the hop!*”); (d) 20 fs after the hop!*’l.
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Fig. 23. Energy threshold for addition for hot electrons to
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Fig. 24. Photoinduced dynamics of liquid water: (a) Schem-
atic diagram shows the liquid water irradiated with the 800
nm laser pulsesi??. (b) Increase of ionic temperature versus
the increase of system pressure. The colorbar shows the
electric field of the pulses, and the units are V/AR. (c)
Temporal evolutions of ionic temperatures with the electric
field of laser pulses. The light envelope is shown in the in-
set. The vertical line marks the separation of the first and

second stagel?. (d) Two-step ionic heating of liquid waterd.
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Fig. 25. (a)—(d) Configurations of the nonadiabatic ab initio molecular dynamics simulations. The electric field of laser pulses and

the time are shown in the inset. The water molecules, hydroniums, hydroxyls, free protons and oxygens, transient hydrogen mo-

lecules, and oxygen molecules are shown in white, red, orange, green, purple, pink, and dark blue colors, respectively!2,
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Fig. 26. Ionic dynamics of liquid water: (a) Temporal evolutions of average ¢ of all hydrogen atoms with electric field, the definition
of § is shown in the inset?%; (b) minimum of average § and the final § with electric fields of laser pulses®); (c) decrease of average §

vs. the first-stage ionic temperature increase??; (d) oxygen-oxygen radial distribution functions with the electric field of laser pulses.
The radial distribution functions are calculated with the whole 500 fs long simulations for each electric field0. The inset shows the

comparison with the data from ref. [44].
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Fig. 27. Electronic dynamics of liquid water. (a) Temporal evolutions of excited valence electrons with the electric field of laser

pulses®. (b) Effective electron excitation and electron recombination with electric fields of laser pulses. The arrow shows the trans-

ition from multiphoton to strong-field ionization processes?d. (c) Electron recombination vs. the second-stage temperature increase

of ionic subsystems. (d) Electronic occupation at ¢ = 100 fs in the simulation with an electric field of 2.4 V/A. The instantaneous

electronic density of states is also shown[20,
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Fig. 28. Electronic energy levels evolution of water under ultrafast energy deposition with the dose to the electronic system of
(a) 1.6 eV /atom, (b) 2 eV /atom, and (c) 2.5 eV /atom calculated by ab initio method!*’.
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Abstract

Experimental techniques and theoretical calculations have made significant breakthroughs recently in

realizing the ultrafast time resolution and the understanding of microscopic details on an atomic scale, which

has brought new insights into the ultrafast microscopic dynamics of water system and aqueous system. Here we

focus on the dynamic processes of ionization, dissociation, as well as plasmonization of water molecules, water

clusters, and liquid water under different intensities of light excitation.
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The pump-probe technique allows one to extract the information about the orbital-dependent phase shift
during photoionization, corresponding to delays on a time scale from tens to hundreds of attoseconds. Delay
time in photoionization is found to be proportional to the delocalization of molecular/cluster orbitals. In
addition, the information related to the Feshbach resonance is also of interest. By solving the scattering
equations, the detailed information about the scattering cross section, the [-parameter, and the involved
Rydberg orbitals during valence electron ionization of water is obtained.

For liquid water undergoing irradiation by an optical field, the tunneling electrons are unable to move
away and recombine with the parent molecule on a time scale of 100 fs if the external field is not strong enough
(e.g. ~100 kV/cm). For terahertz fields as high as 250 kV/cm, electrons will move away from the parent
molecule after tunnelling and undergo decoherence on a 10-fs time scale. At the beginning of tunneling the
electrons will be more delocalized and will collapse to a certain position on a time scale of ~1 ps, and then
slowly diffuse or recombine with holes on a longer time scale. For the strong excitation case, hot electrons may
also be formed. When a hot electron is located on a particular water molecule, the O—H bond will be broken.

When an electron ionizes away, a hole will be created. The hole will be located on a water molecule within
10 fs, and will trigger off subsequent processes such as proton transfer and coherent oscillations. In particular,
after the hole is localized and before the proton is transferred, there is a brief appearance of the metastable
H20" ion, whose lifetime is experimentally captured and is predicted to be (46+10) fs. The nuclear quantum
effect in this process plays a key role.

Using the methods such as real time-time dependent density functional theory (rt-TDDFT), it is found that
the water undergoes plasmonization under intense laser pulses corresponding to a field strength amplitude larger
than 2.4 V/A. The effective electron temperature in this period reaches over 20000 K. Strongly excited water in
this state exhibits the behaviors of a liquid metal, and extremely strong nonthermal effect and nonadiabatic
effect. In the process of plasmonization, a large fraction of chemical bonds in water molecules are broken and
reorganize themselves, and many chemical species such as hydrogen molecules may appear, which also implies
that laser-induced plasmonization can be used to synthesize new substances.

Although the previous researches have brought about a very rich understanding, we have also found some
details that still need to be explored: i) the influence of nuclear quantum effects has not been taken into account
in most of theoretical calculations, which may result in the inadequate description and inaccurate prediction;
ii) some of the microscopic details observed in simulations do not yet have a direct counterpart in experimental
measurements; iii) the current simulation of water plasmonization is for the local behavior under the spatially
uniform external field, while in the real situation there are spatial inhomogeneity and energy flow, which
urgently need larger-scale excited state dynamics simulations.

With the development of laser technology, the integration of water science and ultrafast technologies will
be increasingly strong, so we believe that such a systematic understanding will play a key role in the future. It
is expected that new research efforts will continue to contribute to a better understanding and the generation of

new technologies in this exciting research field.
Keywords: photoexcitation, water, ultrafast dynamics, excited state
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