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Evidence for Resonance-Enhanced Multiphoton Ionization of Liquid Water Using 2-ev Laser Light:
Variation of Hydrated Electron Absorbance with Femtosecond Pulse Intensity

C. Pepin, D. Houde, H. Remita, T. Goulet, and J.-P. Jay-Gerin
Departement de Medecine Nucleaire et de Radiobiologie, Faculte de Medecine,

Universite de Sherbrooke, Sherbrooke, Quebec, Canada JiH 5N4
(Received 2 July 1992)

The multiphoton ionization of liquid water that occurs in femtosecond laser photolysis is investigated
with an experimental setup in which 2-eV photons are sent into the sample. Hydrated electrons are
identified as the generated absorbing species and their absorbance A is measured as a function of the
laser irradiance E. The power law A tx E' which is found diA'ers markedly from that expected from en-
ergetic considerations. This is explained in terms of a resonant four-photon absorption involving the
A B] electronic state of water which, in the liquid phase, is partly autoionizing.

PACS numbers: 78.47.+p, 32.80.Wr, 82.50.Fv

In recent decades, pulsed laser and radiolysis tech-
niques have been used to study the ionization of various

polar liquids as well as the formation and early reactions
of transient species such as the solvated electron in those
media [1-6]. With the advent of femtosecond pulsed
lasers, those phenomena could become directly observable
in water [3-6], a liquid in which orientational relaxation
of the molecules occurs very rapidly [7]. In contrast to
the considerable experimental [2-6] and theoretical [8]
effort devoted to electron hydration, the actual process of
water photoionization has received little attention, despite
the likelihood that the large laser intensities that result
from using ultrashort pulses perturb this process. In fact,
a variety of high-intensity effects, involving the excited
states of the atoms or the molecules to be ionized, have
been observed and well characterized in the gas phase
[9-11],and could also occur in liquids.

In experiments where femtosecond pulses of 310-nm (4
eV) UV light are used to generate hydrated electrons
(e,q ) in pure water, considerations on the energetics and
on the e,q recombination kinetics strongly suggest that
photoionization occurs mainly through biphotonic absorp-
tion [3,6, 12]. However, no intensity-dependent e,q yield
measurements have been done in the femtosecond experi-
ments to understand the nature of this absorption. The
only related study is that of Nikogosyan, Oraevsky, and
Ruposov [13] who used picosecond laser pulses in the
266-316-nm wavelength range, and irradiances E [14] at
least 10 times smaller than those typically used in fem-
tosecond photolysis experiments. These authors mea-
sured e,q yields that varied as E, with x=2 in their
lowest-intensity regime (E & 10 W/cm ), but also found
that for 10 &E &10' W/cm, x became —1. Their
first observation confirms that the absorption was indeed
biphotonic. Their second observation, which was not un-
derstood at the time, indicates that electronic states could
be involved in the photoionization process.

In this study, we use 620-nm (2 eV) femtosecond light
pulses, with E—10 ' W/cm to investigate the role
played by the excited electronic states of liquid water in

its multiphoton ionization. In order to do so, we vary the
laser irradiance in the sample and monitor the resulting
change of e,q absorbance. Since this constitutes the first
attempt to generate hydrated electrons in pure water with

visible light, we identify unequivocally the observed ab-
sorbing species by a detailed study of its spectrum.

The experimental setup is similar to that used in Refs.
[3] and [6] and shown schematically in Ref. [15]. In
essence, an ultrashort pulse (620 nm, 60 fs, 1 nJ) is ex-
tracted at the output of a colliding pulse mode-locked dye
laser (CPM). It is then amplified in a chain consisting of
a Kiton red and three sulforhodamine dye cells which are
optically pumped by a frequency-doubled Q-switched
Nd:YAG at a repetition rate of 10 Hz. Water used in

the experiment is at room temperature and is purified by
a Milli-Q Plus system (ZD40 115 95) to a resistivity
& 19 MAcm. It circulates through a 2-mm quartz

suprasil cell. In spite of the large irradiances involved in

our experiments (-10' W/cm ), no dielectric break-
down of liquid water was observed because of the very
short duration of our pulses which hinders the occurrence
of this phenomenon [16,17].

In contrast to previous setups, two cells are used in

parallel to amplify the pulse in the fourth stage, just after
its temporal compression with grating pairs. The energy
which arises from first-order diffraction on both sides of
the grating normal is used to send two pulses on separate
paths. One of them serves as the pump pulse while the
other generates a white-light continuum from which
probing wavelengths are selected with interference filters.
This modification allows a near doubling of the pulse ir-
radiance available at the output which becomes as large
as 0.5 rnJ for each path. The most significant change to
the usual procedure consists of sending 2-eV photons
directly into the sample by not using a frequency doubler.

Figure 1 shows the kinetic trace obtained at a probe
wavelength of 720 nm. As one can see, an absorbing
species appears in less than 1 ps and decays slowly after-
wards. This species can be clearly identified by scanning
its absorbance over a range of wavelengths while keeping
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FIG. l. Variation of the observed absorbance with time for a

probe wavelength of 720 nm. Time zero corresponds to the best
superposition of the pump and the probe pulses. The solid line,
which consists of a polynomial function, is simply drawn here to
show the general trend of the experimental points.
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FIG. 2. Absorption spectrum of the hydrated electrons mea-
sured with a constant time delay of 5 ps between the pump and
the probe pulses. The solid line is the corresponding absorption
spectrum obtained from radiolysis experiments (see Ref. [18]).

a fixed time delay h, t between the pump and probe pulses.
This is what is shown in Fig. 2 for h, t =5 ps. Comparison
of this absorption spectrum to that found at longer time
for e,. q by radiolysis techniques [18] establishes that it is

indeed the hydrated electron that is observed. This is fur-

ther confirmed by the fact that the formation kinetics of
the absorbing species is consistent with those of previous
e.,q femtosecond studies [3,6]. It is worth noting here

that the measured absorbances (up to 0.3) are the largest
reported so far. The fact that we can generate e,. q more

easily with 2-eV photons than with 4-eV ones can be ex-

plained by the loss of intensity that results, in the latter
case, from the conversion in the frequency doubler.

Owing to the large laser intensities that we have and to
the good efficiency of e,. q formation with 2-eV photons,
we can attenuate the pump pulse and study the variation
of the e,q absorbance A with E. Figure 3 shows this vari-

ation on a log-log scale in the case where h, t =6 ps. As

one can see, a straight line can be drawn through the first

nine experimental points, thus indicating that the simple

power law 3 cc E" holds over a wide range of laser irradi-
ances. The exponent x which is given by the slope is
—1.8. A saturation effect is observed for E/Em.,„)0.5.

The power law we obtain, with x=1.8, diA'ers from

that expected since, with an e,q generation threshold of
-6.5 eV [13], at least four 2-eV photons are needed to
ionize. The lowering of x does not mean that the ioniza-
tion involves less than four photons. It can be attributed
to the fact that, with 8 eV of excitation energy, a reso-

nance occurs with the A '8] excited electronic state of
water which extends from -7.4 to —9.4 eV in the liquid

phase [19], and which is known to be dissociative and

partly autoionizing [20]. It is indeed well established
from experiments on gases [9-11] that, with large laser
intensities and in the presence of such a resonance, the
exponent x can be significantly affected by the ac Stark
effect which brings about upward shifts and broadenings

of the electronic states when they become sufficiently
"dressed" with photons. The increase of the electronic
transition energy with increasing irradiance degrades or
improves the quality of the resonance, depending on
whether the multiphoton energy is originally lower or
higher than the transition energy. In the case under con-
sideration here, the energy of the four photons (8 eV) is

below the maximum of the transition energy (-8.4 eV).
The Stark shift is thus expected to degrade the resonance
and, in turn, to hinder the expected increase of A with E.
This last phenomenon is generally referred to as "dynam-
ic detuning" [10]. Interestingly, recent studies on the
ionization of rare gases have shown that, with subpi-
cosecond 620-nm laser pulses in the irradiance range
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FIG. 3. Variation of the e,q absorbance with the normalized

irradiance of the pump pulse in the sample. The absorbance is

measured at a probe wavelength of 720 nm and with a time de-

lay of 6 ps between the pulses. The maximum irradiance is es-

timated to be -0.5x10' W/cm . The solid line, which is

fitted through the first nine data points, reveals that logA
=1.791og(E/E „)—0.315 for E/E,„»0.5. The dashed line

is simply an extrapolation of the solid line to larger laser irradi-

ances.
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10' —10' W/cm, the Stark shift can be as large as a
few tenths of an electronvolt [21,22], and thus compara-

ble to the half-width of the A '8~ state of water.
We could also consider the possibility that the ioniza-

tion of water proceeds via a biphotonic absorption of wa-

ter molecules that are highly excited vibrationally. In

that case, the first two photons are absorbed sequentially
and the rate limiting step of the ionization consists of the

subsequent biphotonic absorption that brings the water
molecule into an excited electronic state. However, our
observations make that mechanism unlikely since we do

not detect the stimulated emission that would result from

the passage of the probe pulse through a medium in

which specific vibrational overtones (at 2 and 4 eV) are

populated [23].
The saturation of A that is observed at high E values

should not originate, as is sometimes the case in the gas
phase, from a local depletion of molecules to be ionized

[9,11]. Considering the e,q concentrations present in the
experiment (-10 M), it is more likely that it would

come from early recombinations of e,q with H. and OH
radicals which are formed in large numbers in the solu-

tion through the swift and efficient dissociation of the
A 'Bt state [13,20].

Preliminary results indicate that the exponent x ob-
tained with iJt )6 ps is slightly larger than that reported
above. This would imply that the e,q decay, which is due
to the geminate recombination of ezq with OH and
H30+ (Refs. [4], [5], and [24]), is also dependent on E.
This, in fact, is expected since, as E increases, the propor-
tion of H20 molecules that absorb a fifth photon in-
creases as well. This leads to a larger proportion of elec-
trons generated with substantial initial excess energy and
thus to larger thermalization distances and to a slower
e„.q recombination. A similar variation of the recombina-
tion with intensity has been reported with 4-eV photons
and was attributed to a mixture of two- and three-photon
absorption [25].

In summary, the large e,q absorption coefficient and its
well-characterized kinetics allowed us to investigate the
nature of liquid water multiphoton ionization and to show
that the high-intensity eA'ects observed in the gas phase
can occur in the liquid as well. The power law we obtain,
namely, A tx:E', diA'ers markedly from that expected
from purely energetic considerations. We interpret this
result as an indication of the essential role played by the
first excited state (A B~) of liquid water in the multipho-
tonic absorption via Stark broadening and shifting of the
electronic states. We thus conclude that the overall e,q

generation with 620-nrn (2 eV) light occurs through a
resonant four-photon ionization process involving a disso-
ciative and partly autoionizing state. Since we expect this
resonance to influence also the A vs E relation in experi-
ments where 4-eV photons are absorbed, we suggest that
intensity-dependent measurements of e,q absorbance be
taken in those conditions as well.
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