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Proton transfer dynamics following strong-field ionization of the water dimer
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Proton transfer is a common process occurring in biologic tissues and chemical reactions involving water

which evolves on the femtosecond timescale. We induce and investigate proton transfer through strong-field
ionization of isolated water dimers using ultrashort intense laser pulses. Ionization gives rise to ionic molecular
dynamics which terminates in proton transfer and dissociation of the singly charged ion, but also in undissociated
(H,0),* ions. Double ionization allows us to experimentally determine the proton transfer rate in (H,0)," in

the electronic ground state.
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I. INTRODUCTION

Hydrogen-bonded systems have attracted considerable in-
terest owing to their important role for the existence of life,
chemical reactions, and atmospheric science. For example,
hydrogen bonds make the double-helix structure of DNA.
Loss of an electron from DNA as a result of ionization can fa-
cilitate proton transfer, which is responsible for some biologic
functions of DNA [1,2]. The water dimer (H,O), is one of
the simplest hydrogen-bonded systems. Many investigations
of proton transfer have chosen it as the model molecule. The
transfer of a proton between water molecules is an ultrafast
process. The timescale in the liquid phase has been estimated
from experiments and calculations to be less than 100 fs [3]
or even 50 fs [4]. However, there are insufficient experimental
data available to date since a direct identification of the H;O*
ion in the liquid has remained ambiguous.

The elementary proton transfer can be studied using iso-
lated water dimers (H,O), in the gas phase. It is triggered
by photoionization. Vertical photoionization results in a dimer
ion substantially off its minimum-energy conformation with
the proton not yet transferred. This means that after photoion-
ization, nuclear dynamics starts with the excess energy redis-
tributed among the different degrees of freedom of the ion.
This dynamical evolution may result in a persisting rearrange-
ment of the nuclei closer to the equilibrium conformation or,
depending on the excess energy, in dissociation, either before
or after the proton has been transferred.

Potential-energy surface and molecular dynamics calcula-
tions have identified two stable bound ionic equilibrium con-
formations, one with a transferred proton (H;O0)" — OH and
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one that is hemibonded (H,O — OH,)* with the bond estab-
lished between the two oxygen atoms [5—8]. Experimentally
observed patterns of infrared transitions in the dimer ion com-
bined with a theoretical analysis unambiguously establish that
this species is actually best described as the (H;0)* — OH ion
radical complex [9].

The dimer ion has two energetically closely spaced elec-
tronic states at the ionization threshold of the dimer: the
ground state 2A” and the first-excited state >A’ (see, for ex-
ample, Refs. [6,10,11]). Removing an electron from the 15,
oxygen lone-pair orbital of the proton donor H,O molecule
results in the dimer ion formed in the electronic ground state,
while removing it from the oxygen lone-pair orbital of the
proton acceptor molecule leaves the dimer ion mainly in the
first-excited 2A’ electronic state. Theoretical investigations
indicate that after photoionization of the neutral dimer, proton
transfer in these two electronic states proceeds on different
timescales [6,12,13]. For the 2A” electronic ground state,
less than 100 fs [12,13] or an even shorter time window
(25-50 fs [6,14]) have been found. By contrast, the proton
transfer in the 2A’ electronic state is expected to take more
than 100 fs [12,13] or even at least 300 fs [6] to be completed.
Experimental results regarding the timescale it takes for the
proton to be transferred are lacking. A recent experiment done
by removing an oxygen inner valence shell electron from the
water dimer and looking for interatomic Coulombic decay
(ICD) only found Coulomb explosion in two H,O™ ions after
ICD [15]. This means that no proton transfer happened in
the time interval between photoionization of the dimer and
the ejection of the second electron in the ICD process. ICD
thus must proceed significantly faster than proton transfer
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in the singly charged dimer ion. This result only poses a
qualitative lower limit on the time it takes for the proton
transfer. Moreover, the photoionization did not remove an
electron from one of the outermost valence orbitals of the
dimer. This may have a considerable impact on the proton
transfer time, as calculations have shown [6,12,13].

We investigated the ionic proton transfer by triggering it
via strong-field ionization (SFI) of the water dimer using
ultrashort near-infrared laser pulses. This ionization scheme
removes an electron from the dimer valence shell, preferen-
tially from the least bound 15, lone-pair orbital of the proton
donor or acceptor water molecule. Besides these ionization
pathways, the removal of an electron from one of the two
monomer 3a; orbitals may also contribute to SFI in the
10'* W/cm? light-intensity range [16,17]. Following single
ionization, double ionization (DI) is also possible within
the same laser pulse. Similar to noble-gas dimers, where the
ionization thresholds of the dimer and of the singly charged
dimer ion are not very different, both of these sequential
ionization steps are expected to proceed via tunnel ionization
in the electric field of the laser pulse [18,19]. In between
these two SFI steps, a proton transfer in the singly charged
ion can happen. In the case of a transfer, double ionization
(D) is expected to result in Coulomb explosion of the doubly
charged ion into an (H30)* and an OH' ion. Otherwise,
Coulomb explosion into two (H,O)* ions will occur. The
branching ratio into these two Coulomb explosion channels
can be used to infer the rate or time constant of the proton
transfer. In the experiment, we are able to discern these two DI
channels using cold-target recoil ion momentum spectroscopy
(COLTRIMS) (see, for example, [20]).

fe

II. EXPERIMENTAL SETUP

The experimental setup consisted of a cold-target recoil
ion momentum spectrometer (for more details, see [20,21]). It
allows the determination of the three-dimensional momentum
vector of individual electrons and ions formed, in our case,
in the focal spot of an infrared (IR) laser beam. A schematic
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FIG. 1. Sketch of the experimental setup. Guided
by an electric (E) and a magnetic (B) field, ions and
electrons formed in the focal spot of the laser beam
are directed to two position-sensitive multichannel-
plate (MCP) detectors. The insets illustrate the possible
proton transfer in the (H,O)," ion and the axis system
used in the text.

J

view of this setup is shown in Fig. 1. Water dimers formed
in a supersonic expansion of water vapor mixed with a car-
rier gas consisting of Ar and Ne ([Ne]/[Ar] = 4) through
a nozzle with an opening of 20 um in diameter. The total
backing pressure behind the nozzle was 2 bar. With the liquid
water reservoir and the carrier gas at room temperature, the
water vapor partial pressure in the gas mixture amounted to
24 mbar. The chosen expansion conditions led to a dimer frac-
tion [(Hy0),]/[H,0O] of less than 1% in the supersonic beam
and constrained the formation of larger water clusters. After
skimming and collimation, the supersonic jet was crossed by
a focused, pulsed Ti:sapphire laser beam (wavelength A =
780 nm, pulse repetition rate 3 kHz) at right angles (Fig. 1).
The light intensity reached in the focal spot was determined
to be (1.2 £0.2) x 10'* W/cm? with the light pulses having
a full width at half maximum of t = 38 &£ 2 fs. We determined
the light intensity from the position of the 10U, cutoff of
the kinetic-energy distribution of rescattered photoelectrons
emerging from strong-field single ionization of the water
monomer molecules in the supersonic beam [22,23]. Here, U,
represents the ponderomotive energy of a free electron in the
laser beam. Focusing of the laser beam was accomplished by
an on-axis spherical mirror with 150 mm focal length.

Tons and photoelectrons generated in the interaction of the
intense light pulses with the atoms and molecules in the super-
sonic jet were guided by homogenous, parallel electric (|E| =
630 V/m) and magnetic fields (|B| =3.2 x 107* T) fields
to microchannel-plate (MCP) detectors (diameter 80 mm)
equipped with position-sensitive delay-line anodes. The di-
rection of the accelerating electric field was aligned parallel
to the direction of the linear polarization of the laser beam.

In an offline analysis, individual ion and photoelectron
momenta were determined from the measured times of flight
to and hit positions on the MCP detectors. For correlating ions
and photoelectrons to individual photoionization and dissoci-
ation events, momentum conservation of these processes has
been utilized. The COLTRIMS setup used in this experiment
approximates to a high degree of accuracy a Wiley-McLaren
configuration along the flight path of the ions [24]. This gives
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rise to a simple relation between the time of flight of an ion
and its momentum component p, along the extracting electric
field (the COLTRIMS axis), which is

Pz
tToF = Bop — JE +o(p?). (D

with tTOOF = /8ml,/qE the time of flight of ions with p, = 0.
Here, m is the mass and ¢ is the charge of the ion, E is the
electric field strength at the focal spot, and [, is the effective
length of the path where the ion is accelerated. Over the range
of ion momenta p, relevant in this experiment, the corrections
to the linear relation between tror and p,, which are of the
order of p‘;, are negligibly small.

Coulomb explosion of a molecular species AB after double
ionization in the laser pulse,

AB — AT + BT + 2e, ()

can most easily be identified on the basis of momentum
conservation along the z axis via p, of the ions and electrons,

0 % p.(AB) = p(A") + p.(B) + p(e1) + p(e2),  (3)

where p.(e;) (i = 1,2) are the momenta of the two leaving
photoelectrons, p.(A*, BT) are the ion momenta, and p,(AB)
is the z component of the momentum of the molecule in the
supersonic beam before ionization, which, being perpendicu-
lar to the jet axis, can be assumed to be practically zero. The
sum momentum of the two ions therefore just equals the recoil
momentum imposed by the two leaving photoelectrons, which
typically is small compared to the momentum release in the
ionic Coulomb explosion. In a plot of tror(A™) over ttor(B1),
ion pairs related to Coulomb explosion thus appear, according
to relation (1) between f1op and p,, narrowly distributed along
a straight line.

For the photoelectrons, the relation between their time of
flight (TOF) and the momentum component p, deviates from
a linear relation, especially for large p,. It can be written as

1%
ITOF = l%op + q_; + f(Pz)v “4)

where g is the absolute value of the electron charge, 9 is
the electron TOF for p, = 0, and f is a function that depends
on the square of p,. The contribution of f (p%) to tror 1S not
negligible, but tends to zero for small p,.

For single ionization of an atom or molecule in the laser
pulse (A — AT + ¢), one gets, by subtracting the TOF of the
electron from that of the singly charged ion,

tror(A™) — tror(e)

(A + p,
= t’i‘)OF(A+) - t’(I?OF(e) - w - f[pg(e)]
qEo
= 1Pop(A™) — tor(e) — f[pi(e)]
~ 1op(AT) — top(e), )

since p,(AT) + p,(e) = p,(A) = 0 in our experimental setup
and the contribution of f [p%(e)] to the TOF difference is
typically small. Thus, calculating for each detected ion and
photoelectron their TOF difference and filling this result into
a histogram will result in narrow peaks for all pairs corre-
sponding to an ionization event A — A" + e. We will exploit
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FIG. 2. Histogram of the TOF differences, ttor(I/) — tror(e), for
all ion-photoelectron (I-e) pairs detected in each laser pulse. For
pairs from events representing single ionization, this histogram is
a high-resolution TOF mass spectrum [see relation (5)]. Besides
contributions from the ionization of H, 'O (main peak) and of
(H,0),, ionization of the carrier gases Ar and Ne is found as narrow
lines. Stretching the range from at least 21.8 to 22.6 us H;O™ ions
contribute to the broad structure found there in the TOF spectrum.
The narrow peak on top of this structure represents ionization of
H, 0.

this fact for the identification of the ionization processes
contributing to the formation of ions and photoelectrons in the
experiment.

III. RESULTS AND DISCUSSION
A. Protonated and unprotonated Coulomb explosion

Figure 2 shows a histogram detail of the TOF differences
of all possible combinations of ion-photoelectron (I-e) pairs
detected in each laser pulse. According to relation (5) above,
these time differences represent a high-resolution TOF mass
spectrum for singly ionized species related to ionization pro-
cesses A — AT + ¢, where A may be any atom or molecule.
The most prominent feature in the time window shown is
the narrow H,O™" ion peak at t; —t, = 21.52 us, which is
sitting on top of a broader background feature extending from
~221.24 to ~21.8 us. The narrow H,O" line is related to the
ionization process H,O — H,O™ + ¢ of water molecules in
the supersonic jet (with O being the '°O isotope), whereas
the broad feature beneath is related to the ionization of
water molecules present in the residual background gas in
the vacuum chamber. Unlike the molecules in the jet, they
have a thermal velocity distribution corresponding to room
temperature (7 ~ 293 K) and thus give rise to a broader #; —
t, distribution. A second contribution possibly arising from
dissociative single ionization of water dimers [(H,O), —
H,0 + H,O" + e], where the H,O™ ion picks up momentum
from dissociation, can be ruled out.

Dissociative ionization of (H,'°0), dimers,

(H,'°0), — '°OH + (H3'%0)* + e, (6)

forms the broad feature appearing between ~21.65 us and
~22.6 us, while the narrow line on top of it at ¢, — ¢, =
22.11 ps is stemming from the single ionization of H,'’O
molecules present in the jet. The presence of (H5'°0)* ions
indicates that strong-field ionization of the dimer reaches ionic
electronic states which dissociate after a proton transfer into
an OH radical and a protonated water molecule. Besides this
channel, undissociated dimer ions are also found (the line at
t; —t, = 30.46 us in the histogram in Fig. 2), formed in the
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strong-field ionization process,
(H,°0); — (H°0)" +e. ()

These dimer ions may either exist as a protonated water
molecule (H3;0)™ bound to an OH radical or as a water ion
(H,0)™" bound to a neutral water molecule. Since strong-field
ionization (SFI) most probably removes an electron from the
highest occupied molecular orbital (HOMO) 24" of the water
dimer, the ion is mainly left behind in the electronic ground
state 124”7 [11,25,26]. However, the first-excited ionic state
1?4’ has an excitation energy of only 1.1 eV above the ground
state. Therefore, this state may also become populated after
SFI [10]. Similar to one-photon ionization, SFI proceeds ver-
tically as a Franck-Condon transition. Therefore, both ionic
states are reached off the equilibrium nuclear configuration,
which for both states corresponds to a proton-transferred
conformation without any barrier to overcome [26]. Molecular
dynamics simulations after vertical ionization of water dimers
indicate that a permanent proton transfer can be expected after
removal of an electron from the water 1b;, 3a;, or 1b, valence
orbitals, independent of whether the electron is removed from
the donor or acceptor HO moiety [12]. Removal of the
electron from the donor water molecule 15; HOMO is related
to forming the dimer ion in the electronic ground state 1%A”,
whereas the removal of the electron from the acceptor 1b;
HOMO is related to forming the dimer ion in the excited
electronic state 174’

Deeper insight into the role that proton transfer plays after
SFI of the water dimer can be gained from looking into
strong-field double ionization of the dimer within the laser
pulse. It will also give a clue to how fast the proton transfer
proceeds. Depending on the position of the proton, there are
two possible results of the second ionization step,

(H;0)" — OH — (H;0)" + (OH)", ®)
(H0)" = H,0 — (H,0)" + (H,0)", €))

with the two positive charges repelling each other and thus
terminating in Coulomb explosion of the two charged entities.
Double ionization accompanied by Coulomb explosion can
be identified according to relations (1) and (3) above in a two-
dimensional histogram where every entry represents the TOFs
of ion pairs detected in each laser pulse. Figure 3(a) shows a
cutout of this histogram covering the TOF range where ion
pairs from the Coulomb explosion channels (8) and (9) above
are expected to be found. The recorded TOFs of these ion pairs
appear along the two closely spaced straight lines shown in the
correlation spectrum [Fig. 3(a)]. Stretching along these lines,
we find three accumulation points of ion pairs close to the
times of flight of the first ion of 20 750, 20 250, and 19 600 ns.

In order to focus on proton transfer in the dimer ion,
Fig. 3(b) zooms further into the Coulomb explosion channels
(8) and (9). Different from Fig. 3(a), now on the vertical axis
the sum of the times of flight of the ion pairs, #; + #,, is shown,
whereas along the horizontal axis again the TOF ¢; of the
first ion reaching the ion detector is plotted. According to the
relations (1), (3), and (4) above, the distribution of ion pairs
along the vertical axis closely represents the recoil of these
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FIG. 3. (a) Correlation histogram of the times of flight of ion
pairs evaluated for all laser pulses where at least two ions have
been detected. The two closely spaced black and red lines indicate
the positions where ion pairs from protonated [channel (8)] and
unprotonated [channel (9)] Coulomb explosions, respectively, are
expected. The bin size of the histogram is 10 x 10 ns. (b) Correlation
histogram of the time of flight #; of the first ion detected and the
time-of-flight sum #, 4 #, of the ion pairs in (a). The bin size of this
histogram is 6 x 6 ns.

pairs in the Coulomb explosion channels (8) and (9) due to
the emission of the two photoelectrons.

The two straight lines shown in Fig. 3(a) map onto the
two horizontal lines in Fig. 3(b). The higher time resolution
now clearly differentiates the two lines from each other. The
black one passes through the vertical center of the central
accumulation point of ion pairs and the red one through the
centers of the pair of accumulation points to the left and to the
right.

The black and red lines have been calculated assuming the
two photoelectrons leaving after double ionization have zero
sum momentum along the z axis. Then relations (1) and (3)
for the times of flight for ions results in

tror(AT) + tror(BT) & top(AT) + 120 (B1), (10)

that is, in a constant value for ions emerging from Coulomb
explosion. The actual sum-momentum distribution of the two
photoelectrons along the z axis is represented by the extension
of the three ion-pair accumulation points along the vertical
axis of Fig. 3(b).

In an ion TOF spectrum, the center of the line 72,z(H,O™")
corresponding to water ions formed by SFI of water molecules
is located at 12, = 21578 ns. It corresponds to HyO" ions
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FIG. 4. Measured KER of the ions after Coulomb explosion of
the dimer into H,O" 4+ H,O" (black line) and H;O" + OH* (thin
red line) following strong-field double ionization of water dimers.

with zero momentum along the z axis [p, = 0; see relation
(2) and Fig. 1 for the direction of the z axis]. Therefore,
the center of the sum of the TOFs (10) for unprotonated
ion fragment pairs from the Coulomb explosion channel (9)
appears at tTOOF = 43156 ns. This is just the position of the
black line in Fig. 3(b). The central accumulation point of
ions thus represents unprotonated ion pairs emerging from the
Coulomb explosion channel (9).

The red line in Fig. 3(b), passing through the centers of
the two ion-pair accumulation points to the left and right of
the center one, is clearly offset from the black line by —17 ns.
This means these two accumulation points do not correspond
to the Coulomb explosion channel (9). The analysis of this
offset using relation (10) reveals that these two ion-pair
accumulation points correspond to the protonated Coulomb
explosion channel (8). The left accumulation point can be
identified to be OH' and the right one to be H;O" ions
associated with the explosion channel (8).

Based on this analysis, kinetic-energy release (KER) spec-
tra can be calculated for the Coulomb explosion channels
(8) and (9). Figure 4 shows these spectra. The red line
corresponds to channel (8) and the black one to the unproto-
nated channel (9). The branching ratio R, into the protonated
Coulomb explosion channel (8) amounts to R, =Y,/(Y, +
Y,) = 0.081 £ 0.003, where Y, and Y, are the total ion yields
in the protonated (8) and in the unprotonated (9) channel.

The distribution centers for the KER are found at 4.35 eV
[channel (8)] and 4.27 eV [channel (9)] with the widths of
both distributions (full width at half maximum) AE ~ 0.7 eV
being approximately equal. For the unprotonated channel (9),
the KER distribution that we find agrees well with the one
observed in Ref. [15] for this channel after intermolecular
Coulombic decay initiated by photoionizing an electron from
the (2s) orbital of one of the oxygen atoms. In Ref. [15],
the center of the distribution is located at 4.15 eV with a
full width at half maximum AE = 0.95 eV which is slightly
larger than the one we measured. The maximum appears by
0.12 eV offset to lower KER from the one we found. Small
distinct differences in the KER distributions may have their
origin in the fact that the KER distribution in Ref. [15] maps
the complete 47 solid-angle range, while our distribution is
limited to a small solid angle along the direction of linear
polarization of the laser beam (polar angle range 0 < 6 <
20 + 2 deg, with +2 deg accounting for its variation over the

KER range of the Coulomb explosion products in Fig. 4).
The protonated Coulomb explosion channel (8) has not been
observed in Ref. [15].

From the KER distribution centers and from their widths,
it is possible to estimate the distance R between the two
positive charge centers, which repel each other, and the width
of the charge separation distributions where the Coulomb
explosion starts. Assuming the starting kinetic energy is zero
and the repulsive potential can be approximated by simple
Coulomb repulsion of two point charges V(R) = 1/R, one
arrives at R = 6.25a.u. (AR =1.0 a.u.) for the Coulomb
explosion channel (8) and at R = 6.4 a.u. (AR = 1.0 a.u.) for
the unprotonated channel (9). The widths AR given are the
full widths at half maximum.

The charge center separation obtained for the unprotonated
Coulomb explosion channel (9) (center of the KER distribu-
tion) is 0.89 a.u. larger than the O—O equilibrium separation
R, in the neutral dimer in the electronic ground state (R, =
5.51 a.u. [6,27]). Provided that the two photoelectrons are
removed from the lone-pair orbitals of the two oxygen atoms
of the dimer, one would expect an initial charge center sep-
aration close to the O—O separation. The mismatch we find
may be for two reasons. If the simple Coulomb repulsion used
for the relation between the KER and the charge separation
applies, the difference may mean that the two charge centers
are not located exactly on the two oxygen nuclei or some
nuclear motion happened before the second electron was
removed from the still neutral site of the dimer. On the other
hand, simple Coulomb repulsion may not correctly describe
the interaction potential at small O—O separations where
the Coulomb explosion starts. This would mean the simple
relation used to calculate the charge center separation would
not apply.

For the protonated Coulomb explosion channel (8), it is
not possible to obviously locate the charge centers in the
H30" and OH" moieties at the starting point of Coulomb
explosion. Assuming simple Coulomb repulsion, the KER
suggests a charge center separation of R = 6.25 a.u., a value
only slightly less than that for the unprotonated explosion
and again larger than the equilibrium O—O separation in the
neutral dimer. In the electronic ground state of the dimer ion,
the proton-oxygen separation in the H;O" entity has been
calculated to be 1.96 a.u. and the separation of the proton
from the oxygen atom of the OH radical to be 2.68 a.u.
directly after proton transfer is completed [6]. If one assumes
the positive charge on the H;O" moiety to be located at the
transferred proton, and ionization of OH in the second step to
proceed by removing an electron from the oxygen atom with
the positive charge staying localized there, then the Coulomb
explosion cannot start immediately after the proton transfer is
finished. If it would and a simple Coulomb repulsion prevails,
then the KER would have been 10.15eV (R = 2.68 a.u.),
i.e., significantly higher than the measured 4.35 eV. In case a
simple Coulomb repulsion prevails, this difference may mean
that the positive charge locations immediately after proton
transfer are not as assumed above (assumption: the Coulomb
explosion starts directly after proton transfer) or the separation
between the H;O" and OH entities has increased before
ionization of OH starts the Coulomb explosion. Alternatively,
basic Coulomb repulsion between H;O" and OH™ at small
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separations between the two ions may be too simple of an
assumption. A final answer of how the measured KER after
Coulomb explosion is related to the geometry of the dimer ion
immediately before the second ionization step needs a deeper
knowledge of the positive charge distribution directly after
double ionization and of the interaction potential between
the two positively charged moieties for the protonated (8)
and unprotonated (9) Coulomb explosion channels at small
separations.

B. Proton transfer rate

The fact that we observe the protonated Coulomb explo-
sion channel (8) means that the proton transfer has to proceed
on the timescale of the duration of the laser pulse used for
SFI of the water dimer, i.e., on a timescale of ~40 fs or less.
Actually, theory indicates that in the electronic ground state of
the dimer ion 2A” (C,; symmetry assumed), proton transfer is
completed in less than 100 fs (50 fs) [6,7,13]. The 2A” ion
ground state is reached when an electron is removed from the
b, lone-pair oxygen HOMO of the donor water molecule of
the dimer. The first electronically excited state of the dimer
A’ is accessed when an electron is ionized from the same
orbital of the acceptor water molecule. For this excited ionic
state, and also for higher excited states, theory predicts a sig-
nificantly slower proton transfer, which takes 150-200 fs to be
completed [6,13]. Both of these lowest-lying electronic states
may be reached by strong-field ionization of the water dimer.
However, one expects the ground state to overwhelmingly
contribute to the observed protonated Coulomb explosion
channel.

Based on the expectation that the ionic ground state con-
tributes most to the protonated Coulomb explosion channel,
we employ a simplified rate model to further quantify the
proton transfer rate in the dimer ion. The model employed
is illustrated in Fig. 5. The ionization rate r(¢) of the neu-
tral dimer is approximated by the Ammosov-Krainov-Delone
(ADK) strong-field ionization rate assuming that an electron
is removed from the lone-pair oxygen orbital of the donor
H;0 molecule [28]. The orbital is approximated to be an
atomic p orbital (/ = 1). We further assume that only the
m; = 0 component of the p orbital contributes to SFI (the
angular momentum quantization axis supposed to be parallel
to the polarization vector of the laser pulse). Based on atomic
SFI, actually the m; =0 component of an orbital mainly
contributes to the ionization rate. Also the ADK ionization
rate in Ref. [28] that we use in the rate model indicates that the
two |m;| = 1 magnetic quantum numbers contribute less than
~6 % to the rate at the light intensity used in our experiment.
The rate r,(t) which characterizes the second ionization step
terminating in the unprotonated Coulomb explosion channel
(9) is also approximated by a simple ADK rate. In this case,
the second electron is removed from the lone-pair oxygen p
orbital of the acceptor moiety of the dimer ion. The proton
transfer rate r, is assumed to be a constant. After proton
transfer, we also use the ADK rate for the second step
ionization rate r3(¢) of the OH radical, again assuming that
an electron in the oxygen p orbital gets ionized. This ion-
ization step terminates in the protonated Coulomb explosion
channel (8).

(H,0)" + (H,0) (H,0)" + (OH)"
r,(t) ry(t)
(H,0)-(H,0)* . (H,0)*-(OH)
n 1 rpt - nZ

ry(t)

(Hzo)z
n,

FIG. 5. Model used to analyze the observed strong-field double
ionization of (H,0), on the basis of rate equations. The notation
is according to the rate equations (11) with n;(¢), i=0,...,4,
representing the probability to find the respective ions as given in the
figure. The rates r;(t), i =1,..., 3, represent the time-dependent
ADK ionization rates for the SFI steps involved in double ionization
of the dimer. ry, is the time-independent proton transfer rate.

With these ingredients, the rate equation system we use is
given by (see Fig. 5 for the notation used)

ng = —ro(t)ng,

ny = ro(H)ng — [r2(t) + rpddn,
ny = rpny — r3(t)ng,

n3 = r(f)ny,

ng = r3(t)n,. (11D

This set of equations is solved using a sine-squared pulse
shape for the electric field strength of the laser pulse with a
full width at half maximum (FWHM) of 52 fs and the initial
conditions ny(0) =1 and n;(0) =0 (i =1, ..., 4). This half
width corresponds to a FWHM of the light intensity of the
pulse of 38 fs as used in the experiment.

The main result of the calculation which can be com-
pared with the experimentally observed branching ratio
R, = ny(T)/[n3(T) 4+ ng(T)] = 0.081 £0.003 is shown in
Fig. 6. In this figure, the dependence of the calculated ratio
n4(T)/[n3(T) 4+ na(T)] at the end of the laser pulse on the
proton transfer rate rp,, is shown for three different laser pulse
intensities = (1.0, 1.2, 1.4) x 104 W/cm2 in the transfer
rate range up to 0.08 fs~!. The low- and high-intensity curves
shown enclose the range of light intensities determined by the
error margin with which we know the intensity (see Sec. II for
the derivation of the margin). The horizontal dark-gray shaded
area centered at ny(T)/[n3(T) + ny(T)] = 0.081 shows the
measured branching ratio R, including its error margin. The
corresponding proton transfer rate range, assuming a light
intensity of 1.2 x 10'* W/cm?, is covered by the vertical
dark-gray shaded area. It is narrower than the rate range limits
set by the accuracy with which we know the light intensity
(light-gray shaded area). However, as can be seen from the
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FIG. 6. The ratio ny/(n3 + ny) of the probabilities to find ions in
the protonated Coulomb explosion channel (8) over the probability
to find ions in both the protonated and unprotonated (9) channels at
the end of the laser pulse plotted over the proton transfer rate ry. The
three curves correspond to three different light intensities, as stated
in the figure. The horizontal line indicates the ratio observed in the
experiment.

plot, the measured ratio allows a quite precise determination
of the actual proton transfer rate even if one allows for a vari-
ation of the laser pulse peak intensity between I = 1.0 x 10'4
and I = 1.4 x 10" W/cm?. From Fig. 6 (light-gray shaded
rate range), one reads a proton transfer rate of r, = 0.032 £
0.005 fs~!. The time constant for proton transfer after SFI of
the water dimer thus amounts to 7, = 1/rp = 31 &= 5 fs. This
time constant is of the order of the laser pulse width of 38
fs. The error margins we give allow for the inaccuracy in the
determination of the experimental light intensity.

The time constant for proton transfer that we derive from
the experiment can be compared to the results of several
molecular dynamics calculations which address the proton
transfer starting after ionization of the water dimer in the ion’s
electronic ground state [6,12,13]. Tachikawa’s calculations
indicate that proton transfer after ionization is complete within
25-50 fs [6]. Similarly, according to Ref. [12], the proton
transfer is complete (probability 1) within 100 fs and with
probability 0.8 within ~50 fs. Both of these theoretical values
compare favorably with the transfer time constant that we
derive from our experimental result. However, one has to keep
in mind that the time constant that we derive from the transfer
rate can only represent the mean time it takes for the dimer
ion to switch from the unprotonated to the protonated confor-
mation, while molecular dynamics calculations determine the
actual time interval for the proton to move between the two
positions in the dimer.

From the rate equations we can also derive the quantity
[1n2(T) 4 na(T)]/ Z?Zl n;(T) (see Fig. 5). It measures the
ratio of all ions (singly and doubly charged) which have
undergone a proton transfer and all singly and doubly charged
ions at the end of the sine-squared laser pulse. This ratio is
shown in Fig. 7 as a function of the proton transfer rate ry

1.0

08

0.6

04

(n,*#n,)/(n,+n,+n+n,)

02

0.00 0.04 0.08 0.12
Proton Transfer Rate (fs ™)

FIG. 7. The ratio (ny + ny)/ Z?:l n; of the probabilities to find
any protonated ions over the probability to find any ions, singly or
doubly charged, at the end of the laser pulse plotted over the proton
transfer rate r,.. The curve shown has been calculated for the light
intensity used in the experiment (/ = 1.2 x 10" W/cm?). It is a
measure of the total proton transfer probability at the end of the laser
pulse, i.e., after 104 fs (assumption: the FWHM of the light intensity
is 38 fs and the electric field of the pulse follows a sin® function as
assumed in the calculation).

for a laser pulse intensity of 1.2 x 10'* W/cm? used in the
experiment. The figure shows that proton transfer in the dimer
ion at the end of the laser pulse is complete with a “proba-
bility” of ~0.8 at the experimentally determined transfer rate
rp = 0.032 fs~'. The end of the laser pulse means the time
when the sine-squared electric field pulse reaches zero (i.e.,
T = 104 fs for the laser pulse with a FWHM of the light
intensity of 38 fs). This outcome also compares favorably with
the theoretical result derived in Ref. [12] (see the preceding
paragraph).

IV. CONCLUSION

In conclusion, strong-field ionization is capable to give
deeper insight into the proton transfer dynamics in water
dimers which starts after their ionization. We have been able to
identify ionic proton transfer using this method and to get an
experimental value for the proton transfer rate using strong-
field double ionization of the dimer. The experimentally de-
rived rate compares favorably with the theoretical values for
the time it takes for the proton transfer in the dimer ion
electronic ground state. Since our determined timescale for
the transfer is similar to the laser pulse duration, one presently
cannot exclude a possible influence of the strong laser field on
the transfer rate. One way to eliminate this influence would be
a significant reduction of the laser pulse width and the use of
two pulses delayed with respect to each other to induce double
ionization in a pump-probe experiment. Our derived transfer
rate indicates that for such a pump-probe experiment, pulses
with a width of ~10 fs would be necessary to use. Such a
pump-probe experiment would also allow investigating, how
nuclear dynamics possibly changes the conformation of the
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singly charged ion before the second pulse doubly ionizes it.
Our results also reveal that stable (H,O),™" ions are formed
in SFI which have already been observed to exist after one-
photon ionization of the water dimer at low light intensity.
The experimental technique used here can also provide ac-
cess to molecular dynamics in larger water clusters. It allows
one to exploit correlations among the charged particles, elec-
trons and ions, formed in the strong-field interaction process
to get a very detailed view of the molecular dynamics starting
after ionization. The next bigger cluster ion fragment of im-
portance following [H,OJH™ would be [H,O],H*, which we

also detected in this experimental investigation following SFI
presumably of (H,0)3. Similar to the liquid phase, [H,O],H™
may exist in the Zundel conformation (see, for example, [29]).
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