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Employing photon echo techniques, we investigate the early relaxation dynamics of the equilibrated hydrated
electron within the first 200 fs upon photoexcitation. The use of 5-fs laser pulses provided unprecedented
temporal resolution of our measurements. We show that even for extremely short pulse durations the signals
obtained in photon echo spectroscopy, can be described in the conventional way, provided care is taken of
the spectral filtering effect and experimental beam arrangement. We next conclude that the absorption spectrum
of the hydrated electrons is primarily homogeneously broadened. The comparison of two pulse photon echo
experiments on pure water and on hydrated electrons allows us to measure the pure dephasing li@e of

fs. The line shape of the absorption spectrum is described excellently by an extended Lorentzian contour
with a spectral width fully determined by the pure dephasing time. From the polarization-dependent transient
grating experiments we establish that the polarization anisotropy of the hydrated electron falls to the zero
value within 5 fs after initial excitation. A prominent role of a non-Condon effect due to strong coupling of
the electron to neighboring water molecules is suggested. Based on the observed isotopic effect we concluded
that the initial relaxation dynamics are determined by the inertial response of the water molecules which is
librational in its origin. The microscopic picture of the early dynamics of the hydrated electron based on the
experimental results is presented. Finally, we develop a theoretical model based on wave packet dynamics,

which is capable of capturing the subtle features of the experimental data.

1. Introduction promise for use in optical devicésHowever, the important
difference between the quantum dot and the hydrated electron
otential energy well formed by neighboring molecules of the 's that in the former case the potential giving rise to the
Iri) uid. The fi?syt observation %f sgch angelectron Known confinement is static, whereas in the latter case it changes rapidly
quid. ' in time due to dynamical fluctuations of the liquid surrounding.
nowadays as the solvated electron, dates back to 1864, when . .

Numerous computational studies have been performed to

Weyl reported a blue color of solutions of metals in ammaénia. . . X
However, it took more than half a century until Krdssiggested investigate the qugntum-m_echamcal status of the h_ydrated
electron and the microscopic structure of its surroundings. It

that the blue color was caused by bound species: electron ; .
ppecame clear that the first shell of water around the electron is

trapped among the ammonia molecules. The solvated electro 4 of ) v si lecul ith thei bond
has been the subject of numerous investigations ever since. mcqmpoze 0 a:jpp;]rox“matzgglx mo ,‘Tcu es V;”t ¢ ellr O']:' OQ s
the sixties the electron solvated in water, called the hydrated oriented toward the electraf: A similar result was also foun

electron was discovered through the observation of the ex- in electron-spirrecho measurement on the electron solvated

i 0,21 i i i
traordinarily broad absorption spectrum spanning from 500 to in glassy watef?2When the m°'ecu'?r dynamics simulations
1000 nm that appeared upon injection of electrbhs. matured, they succeeded in reproducing the general features of

The vast interest in the hydrated electron from both theoretical the atlassg’;ggon hand shape, S.U.Ch as its breadth and asym-
and experimental points of view is by no means accidental. The metry, ™ although th_e transition energies were somevv_hat
hydrated electron is a transient species in charge-transferoveresnmaIEd' Aiter being shifted toward lower fr.equenC|es,
reactions in biology, nonsilicon solar-cell technoldg§,and the simulated spectra closely resembled the experimental data.
chemistry. Importar;t examples are photosynth%sxw;arge According to the extensivezgggwputational modeling performed
transport through biomembran®sand long-distance charge by the group of Rosskifi*2¢the absorption spectrum of
transport in nervest The hydrated electron is also a key solvqted electrons is prlmarlly caused. by a strongly allowed
intermediate in radiation chemistrand electrochemist:® transition from a roughly spherical localizedike ground state

Next to this, the hydrated electron is a perfect test-ground for El?ha t"pli of p'“k? tsrfate? ihaF ::;r_e ?ISO tl;o;md and Iocallztid.
various theories of complex quantum-mechanical systems. The € existence of & state Indicates that on average the
three-dimensional confinement of the single electron by the potential energy well created .by the molecules surrounding the
surrounding water molecules gives rise to discrete quantum electron, 1S close to spherical. H_owever, beca_usg of the
states. This closely resembles a quantum'élaiy entity that asymmetries caused by the dynamical nature of liquid water,
has raised considerable attention in recent years as a mode}he potentllal energy gurface does not have a perfect spherical
system for atom€-15 and moleculed® and holds a great ShaPe, which results in three nondegenepastates.

The question about homogeneous vs inhomogeneous broad-
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Upon injection into a fluid, an electron can be captured in a
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asymmetry and extraordinary spectral width, has remained aa time scale of less than 50 fs. Interestingly, both experiments
standing problem for over three decades. Numerous attemptswith 35-fs pulse¥"55and with 13-fs pulsé3>3 pointed to the
have been made to fit the experimental data by various line librational nature of this initial solvation dynamics. It became
shape® 30 and superposition of lined:33 In the computer evident, however, that even shorter pulses are required to match
simulations?® by imposing an ordering of the states according  the large spectral width of the hydrated electron absorption. The
to their energy, the resulting absorption contour was decomposedapid progress of state-of-the-art laser technology in the past
into a superposition of the contributions from separste years has made such pulses available for spectroscopic
transitions. Each of the obtained three bands is claimed to beexperiment$s-60

SUbStantia"y inhomogeneously broadened by different structures In this paper we report the latest results on the ear|y dynamics
of the solvent surroundings. The energy splitting between two of the hydrated electron obtained with an unprecedented time

adjacens—p transitions found in these simulations+¥9.4 eV, resolution of 5-fs pulses. Based on the comparison of photon
which nearly constitutes the width of the bands associated with echo Signa|s from hydrated electrons and from water alone’ we
each separate transition. derive a 1.6 fs pure dephasing time of the hydrated electrons.

The dynamical behavior of the hydrated electron, i.e., the This value is fully consistent with the line shape of the
energy relaxation after an instantanest$ excitation, has been  absorption spectrum, which is shown to be overwhelmingly
thoroughly modeled as welf:19253441 All computer simula- homogeneously broadened. We demonstrate that the optical
tions predict that the solvation dynamics are essentially bimodal. response of the hydrated electron is substantially delayed with
The initial decay is responsible for50% of the total energy  respect to the excitation pulses. This unexpected effect is
relaxation and occurs at a4@5 fs time scale which is followed  explained using a model in which the transition dipole moment
by a slower 136-250 fs decay. It is generally agreed that the of the electron increases after the excitation due the strong
latter time scale results from the diffusional motion of water coupling to the solvent molecules. Furthermore, it is shown that
molecules into and out of the first solvation shell. the effect is librational in nature. Finally, we demonstrate that

However, the microscopic nature of the fast initial decay is a simple model based on wave packet dynamics can account
still under considerable debate. By comparing the frequenciesfor the experimental results.
from the power spectrum of the correlation function of she The use of extremely short 5-fs pulses provides obvious
energy gap with the Raman spectrum of water, Staib &t al. advantages to a spectroscopic experiment. Next to the very high
concluded that the accelerated decay was determined bytemporal resolution, the broad bandwidth associated with short
coupling to hindered rotations of water molecules, generally pulses allows covering an impressive spectral window at once.
calledlibrations. Based on the dependence of the most rapid On the other hand, any experiment with 5-fs pulses is a daunting
time scale in ordinary and deuterated water, Barnett et al. foundtask. Besides the trivial experimental nuisances such as the pulse
that the initial dynamics of the hydrated electron is caused by lengthening during its propagation before and inside the sample
freerotational diffusion of water moleculééConversely, Bert because of group velocity dispersion, there are also more
and the group of RossRy 38 revealed no isotope effect in the  fundamental problems to be addressed.
first 25 fs of the solvation dynamics of the hydrated electron.  The conventional description of nonlinear signals applicable
They accordingly inferred that the origin of the initial dynamics multi-cycle pulses becomes questionable for the pulses that
is translational. Pgrk et a]. concluded that the motions of the ¢qngist merely of a couple of optical fringes. Clearly, in the
water molecules in the first solvation shell of the hydrated |4tter case the conventionally employed slowly varying envelope
electron are dominantly rotational through repulsion of hydrogen- approximatiorf-64 implying that the change of the pulse
bonded hydrogen atoms and attraction of dangling hydrogen g mpitude on the duration of an optical cycle is negligible

atoms:? . . compared to the magnitude of the amplitude itself, can no longer
The past decade has withessed numerous studies of theye maintained. Furthermore, the phase-matching bandféth,
hydrated electron with a200-fs time resolutiod42-°0 The which is limited due to dispersion in the nonlinear medium,

femtosecond time-resolved studies of hydrated electrons wererapidly gains importance with the broadening of the pulse
pioneered by Migus et & The electrons were generated by spectrum. Another point of serious concern is the frequency-
multiphoton ionization of neat water and studied by transient dependent variation in the sensitivity of the photodetector
absorption of a super-continuum probe. Later, similar experi- employed to register the signal generated in the nonlinear
ments were carried out by several groups evidencing the process. In combination, the above listed features of an
importance of geminate recombination and purppobe cross-  experiment with broadband pulses result in what is known as a
phase modulation in the recorded transiéfts; 4470 spectral-filter effect”6° On top of that, artificial lengthening

In another approach, the already-equilibrated hydrated elec-of the observed time dependencies is a direct consequence of
tron is excited from the groune-state to thep-state using a  the noncollinear geometry employed in spectroscopic experi-
short pulse, and the resulting solvation dynamics is probed asments. Evidently, if a portion of the signal field is filtered out
a function of time with another, delayed, pulse. Following this in frequency and/or the signal is artificially “blurred” in time
route, the group of Barbara found decayss&00 fs and~1.1 this might crucially influence the measured détand subse-
ps in a pump-probe experimerftt The results were explained  quently lead to its erroneous interpretation.
using a three-state model, where the fastest decay is caused by To address these issues, we present a comprehensive theoreti-
the relaxation down to the ground state, giving rise to a not cal analysis in which the frequency formalism and time-domain
yet-equilibrated “hot” ground state. Recently Assel et al. refined formalism of ultrafast nonlinear spectroscopy are thoroughly
this model by including excited-state solvation that took place reexamined. The complete expressions valid even for single
before relaxation back to the ground stéte. cycle pulse applications are derived for the nonlinear signal in

More recent experiments with a substantially improved time the frequency and time domains. Among others, we show that
resolution revealed that the early solvation dynamics occur on one does not need to invoke the slowly varying envelope
a much shorter time sca¥é-% In these experiments, it was approximation in its aforementioned meaning, i.e., rejecting
found that the~300-fs decay is preceded by the dynamics on derivatives of the time-domain electric field. We also assert that
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the influence of geometrical delay smearing does not introduce E k E k E. k
a significant distortion of the observed traces provided that the pM 772 373
geometry is carefully optimized.

This paper is organized as follows. In section 2, we discuss
the formalism for optical four-wave mixing spectroscopy with
extremely short laser pulses that consist of only a few optical
cycles. We summarize the experimental conditions required to
link the time- and frequency-domain observables, and discuss
the impact of beam geometry on the outcome of the spectro-
scopic measurements with 5-fs pulses. In section 3, we describe
the experimental setup for the ultrafast photon echo spectroscopy
and give a detailed account on the preparation of equilibrated
hydrated electrons. In section 4, the results of two- and three-
pulse transient nonlinear spectroscopy on electron in ordinary
and deuterated water are presented. Subsequently, a model is | .
presented that satisfactorily explains the observed behavior. O~
Finally, in section 5, we summarize our findings.

Ek

™y

2. Ultrafast Spectroscopy with 5-fs Resolution

In this section, we derive the master equation that describesF'9ure 1. (&) Schematic representation of the pulse sequence in a three-
pulse nonlinear spectroscopic experimeht,s; are the input fields,

speptroscopic obsgrvables and is valid even for single-cycle and E4 is the signal due to the third-order nonlinear process, tand
optical pulses. Using the frequency-domain framework, we andt,; are the delay between pulsEs—E, and E,—Es, respectively.
consistently include the effects of phase-matching, dispersive (b) Self-diffraction (two-pulse photon echo) configuration. Two
pulse broadening, dispersion of the third-order nonlinearity, and conjugated signals are emitted in the directidkas and kj. (c)
frequency dependence of the resulting nonlinear signal. Transient grating in a "box” geometry.

The frequency-domain formalism is then recast in the time-
domain which is conventionally used in the description of
transient spectroscopy with short light pulses. We subsequently
show that, despite the ultrabro_ad t_)andwidth as_sociated with 5-fs E4(Z:Q) — E4(Z,Q) explik,(Q)2] )
pulses, the effect of spectral filtering can be disregarded under
proper experimental conditions. Tr_lis allows a s_traightforv\{ard and substitute it into eq 1
transition from the frequency-domain representation to the time-
domain one, with the latter offering a simpler formalism. Most 9 - 92 .
importantly, this simplifies the experimental task by lifting the 2K, ();-E4(2.€2) + —22E4(Z,Q) =
otherwise unavoidable necessity to frequency resolve the signals 9 .
generated by the ultrabroadband pulses. —//LOQZPBQZ,Q) exp[—ik,(€2)Z] (3)

2.1. The Formalism.We consider the case of noncollinear
geometry in which three beani(z,t) (i = 1—3) intersect at We now neglect the second-order derivative over the signal
small angles in a nonlinear medium (Figure 1). The correspond- electric fielc>7?
ing configurations for two types of noncollinear third-order
experiments are depicted in Figure 1b and 1c. The self- |£E4(Z,Q)| < |2k4Z(Q)E4(Z,Q)| (4)
diffraction (SD, Figure 1b) and transient grating (TG, Figure 0z

1c) signals are equivalent to the two- and three-pulse stlmulatedWhich is known as the slowly varying amplitude approximation.

photon echo signals originating from the systems with phase . . e -
memory. Focusing conditions of the beams are chosen such tha{\IOte’ that the use of the time-domain description of the signal

S wave propagation results in a second-order differential equation,
the confocal paramet®rand the longitudinal beam overlap of .~~~ ™. ; L

. similar in structure to eq 3. Unlike eq 3, though, simplification
the fundamental beams are considerably longer than the

. . A . of the time-domain expression requires a rejection of the second-
interaction Iength._ For3|mpl|_C|ty, we assume that neither of the ordertemporalderivatR/e of the e?welope i]el(,azlatz)E(t)| -
fields is absorbed in the nonlinear medium and that the nonlinear . N !

; v third order. The inout beams induce then a|(4n/Tper) (3/0t)E(t)|, whereTpe is the characteristic period of
response 1S purely R b light oscillation. Such a move implies the assumption of the
third-order nonlinear polarizatio®®(z,{) that serves as a source slow envelope \./ariation as a function of time. This condition is
for the signal fieldE,(z,t). By writing both P¥{(z,t) and E4(z,t) t fulfilled ? | that v a f ’ | . th
as a Fourier superposition of monochromatic waves, one obtaing"0" UMIEC Tor puises that carty only a Tew cycles, since the

. . . . change of the envelope within one optical period is comparable
an equation that governs propagation of the signal wave in the . .
e e . . to the magnitude of the envelope itself. Brabec and Kréfisz,
+z direction inside the nonlinear medidim

who explored the time-domain approach for the propagation of

2 nearly monocycle pulses, found out that the rejection of the
a_E4(Z,Q) + IG(Q)E,2zQ) = —u,QP*(zQ) (1) second-order derivative term is warranted in the case when the
4 phase and the group velocities of light are close to each other.

B _ To this point we notice that the application of nonequality (eq

where E4(zQ) and P3{(zQ) are Fourier transforms of 4) to the frequency-domain (eq 3) does not require any
Ea(zt) andP3{zt), respectivelyQ is the frequency ankl,(2) assumptions on the change of the temporal envelope altogether.
is the projection of the wave vector of signal fielkﬁKQ) = Therefore, nonequality (eq 4) is safe to apply even to monocyclic
Q2%queé(Q) onto the z-axis, with €(Q) being the Fourier pulses, provided there is no appreciable linear absorption at

transform of the complex relative permittivi(t). lengths comparable to the wavelength.

To simplify the left part of eq 1, we write the signal field as
a plane wave propagating along thexi
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Cito2

E(LQ) =i )

JoPH29) exp(-k,(Q)2dz (5)

where ny(Q) = /() is the refractive index for the signal
wave andL is the thickness of the nonlinear medium.

To calculate the third-order dielectric polarization induced
at frequency2 by the fundamental fields, we should sum over
all possible permutations of fundamental frequencies weighted
according to the third-order susceptibili:

PzQ) =
ffdw'dw”)?m(weg —0'\0'—0", 0+ QE(z0') x
E,(zo'")Ey(zQ—w"+w") expli(—k(o") +
k(") + k3 (Q—w"+w"))Z x
expl-io"t,—i(Q—e"+w")(t;, + t,9)] (6)

where Ei(zw") is a Fourier transform oEi(zt) with their
k-vectors represented analogously to ety 2andt,z are delays
between pulseE;—E, andE,—Eg, respectively. In the SD case
(Figure 1b)tos is set to zero antl, is scanned while in the TG
experiment (Figure 1ch, = 0 andtys is scanned. Represen-
tation of the frequency-dependent nonlinear susceptibility
P weg—0' @' —0" ,—wegtQ) is based on the interaction of the
input fields with an electronic transition with the frequeney;

The inclusion of the third-order susceptibility due to Raman

and two-photon processes is also straightforward. The particular

expression foy®Ywill be discussed below.

To calculate the signal field, one should integrate the signal
intensity over the longitudinal coordinateaccording to eq 5.
This can be performed analytically for a low-efficient nonlinear
processlt; » 3= const), as it is usually the case in spectroscopic
applications

E4(Q bt =
 CuoQL
I2n4(9)

ffdw'da)”fgm%weg — w',w’—w",—weg+ Q) x
EX(0)E(0")ELQ—0"+0) sinr{Akz(gz,w',w")g) «
ex;{iAkz(Q,w’,w”)%—iw"tlz — Q-0+ (ty, + t23)]
)
The phase mismatch
Ak(Q,w"\w") =
—ki(0") + k(") + K(Q-w"+w') — Kk (RQ) (8)
should be calculated for each particular geometry, given in

Figure 1b,c.
Equation 7, which will be extensively used throughout this
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Figure 2. Spectral filters for two configurations of photon echo in
water. Shaded contour represents the spectrum of ideal 5-fs pulses. The
spectral filter calculated for self-diffraction is shown by a dotted line,
and the filter for transient grating is presented by a dashed line. The
dash-dotted line depicts the typical spectral sensitivity of a silicon
light detector,Q(4). The spectral filter for transient grating corrected
by Q(4) is given by a solid curve. The thickness of the water layer is
taken as 10@m, and the intersection angles of the beams aréldte

that the overall spectral filter (solid curve) is nearly flat up to 900 nm
due to the photodetector sensitivity balancing off the more efficient
generation of the nonlinear signal at higher frequencies.

' ' 7900 1000
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The total spectrally resolved signal registered by a quadratic
detector is written as

n,(£2)Q(X)

T4(Q,t12,t23) =€ P |E4(Q,t12,t23)|2 9)

with Q(Q2) being the spectral sensitivity of a monochromator
detector combination.

From the point of view of practical application of 5-fs pulses,
we now quantify the differences between the complete frequency-
resolved signals of TG and SD computed according to e 7
with 7%= const and the ideal frequency-resolved TG and SD
signals for an instantaneous nonlinear respBnse

Qb = | [ [ do'de”Ej(ze)E(z0")EfzQ—

wu+wr)e—iw"t12+i(w”—w')(tlz+t23)|2 (10)

The comparison of the respective complete and ideal signals
provides us with information on the spectral filter effect, a
combined influence of the spectral variations in the generation
efficiency of the signal field and in its detection. To simulate
our experimental conditions, in the calculation of the complete
SD and TG traces we included dispersive properties of a 100-
um layer of watefé77and the impact of the noncollinear beam
geometry on the phase mismatch given by eq 8. The ideal

paper, is valid even for single-cycle optical pulses. The frequency-resolved traces were calculated according to eq 10.
frequency representation allows us to include in a self-consistentThe spectral filters for the SD and TG cases, obtained as the
way dispersive broadening of interacting pulses and frequency-ratios of the complete (eqs—P) vs ideal (eq 10) signals, are
dependence of the nonlinear susceptibility. Besides, we avoid presented in Figure 2. The dashed and dotted curves correspond
the introduction of the carrier frequeriéghe definition of which to TG and SD, respectively, for the case of a flat spectral
becomes confusing for a few cycle pulses. We also draw response of the detectd(€2) = const). Apparently, both filters
attention to theQ term in front of the integral that follows are dominated by th€&2 dependence that originates from the
directly from the Maxwell equations and reflects the fact that Q term in eq 5. The curvature of the SD filter compared with
higher frequencies are generated more efficiently. It is this term the TG one is somewhat steeper. This reflects the fact that the
that is responsible for the effect of self-steepening of the pulses phase mismatch for SD is greater since SD is intrinsically
propagating in optical fiber& nonphase-matched geometpy.
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The taking into account of a typical real spectral sensitivity nonlinear response function is given as
of a silicon photodiodeQ(2) (dash-dotted curve in Figure 2)

results in the overall spectral filter for TG depicted by a solid ﬂ4 N t+t, ot
curve. Noteworthy, the overall spectral filtering effect is nearly R(t,,t,t;) = ei ex;{ - L] (15)
frequency-independent throughout most of the spectrum of a T

5-fs pulse (shaded contour in Figure 2) because the photodetector

sensitivity balances off th&2 dependence. Therefore, we can Whereueg is the transition dipole momenly is concentration,
disregard the effect of spectral filtering in case it is counter- T1 and T, are the population relaxation and dephasing times,
weighed by the spectral response of a properly chosen detectorrespectively, and

This is an important conclusion for the practical purpose of

nonlinear spectroscopy with 5-fs pulses since it justifies the use T;l = (T’;)‘l + (2T1)_1 (16)
of less cumbersome spectrally unresolved detection of TG and
SD signals.

with T3 being the pure dephasing time. Fourier transformation

Now we demonstrate how to arrive to the conventionally used of eq 15 yields a well-known restt

time-domain description of ultrafast spectroscépyds we
already pointed out, to match the information obtained in a SD 3
or TG experiment, eq 9 should be integrated over all frequency X Qweg —0\0'~0" 0yt Q) =

components in order to obtain the total energy of the signal u4gN 1 1
field detected by a quadratic detector. According to Parseval's —j— +
theoren’® the amount of energy carried by the signal is the At T (0" o) T;l—i(weg— ")
same whether we compute it in the time domain or in the 1 ] 1 17)
frequency domain. Therefore, the following formula is a time- —1_:/ u —1
domain expression for the same signal: To (" =g | Ty +i(weg = Q)
N(w,) e 5 The second sum term in square brackets in eq 17 is included to
Sty = €0oc. f, LOUE (L5 t3)] (11) account for the fact thgt®“possesses symmetry with respect
to w' andw", and the total expression §f*”is a sum of all
where frequency permutation’d:%5 Third-order susceptibilities for
different four-photon processes such as Raman scattering or two-
CUol oo oo oo photon absorption can be calculated in a similar fashion. The
Eitliated = 5= Jo o o dtdtdtErt — ty— t, — two-level system can also be dressed in a vibrational manifold
Ny(,) to account for coherent excitation of several Fran€london
tEL(t =ty — t3 — R)Eg(t — th3 — t, — LYR(tL,L) transitions®®
eXp[—iweg(tg —t) +i(w;+ w, — 0ty +i(w, — o)t, — 2.2. Ultimate Temporal Resolution of SD and TG Experi-

ments. In this section we address geometrical smearinthe
effect deteriorating the temporal resolution of a nonlinear
spectroscopic experiment as a direct consequence of employing
noncollinear beam geometry. This type of distortion originates
from the fact that in a beam, inclined at an angle to a plane,
03 . . different transverse components of a pulse travel different
Rt,toty) = fff% (01,0503 expl-io;t, — iwyt, — distances before reaching the plane. This means that a fixed
iw4taldw, dw,dw, (13) delay between two pulses propagating in two intersecting beams
changes into a range of delays across the waist of the beams in

In eq 12 we also extracted the oscillations of electrical fields at the intersection region. The very same idea of yielding a range

ity +iw,ty, +iwg(t, + t,9)] (12)

and the so-called nonlinear response function is introduced as
a Fourier transform of the nonlinear susceptibfity

the optical frequenc; of delays simultaneously is utilized in single-shot pulse auto-
correlation technique®.
Ei(t) = E;(t) exp(—iwjt) (14) The described above “delay blurring” can be of a serious

concern dealing with the laser pulses that have duration shorter

Note, that in the case of ultrabroadband optical pulses thethan 10 fs. This issue has been addressed previously in
transition between the frequency-domain description formulated connection with the temporal resolution of a noncollinear pulse
by egqs 79 and the time-domain representation summarized duration measurement via second-harmonic gener&titn.
by eq 1113 becomes valid only in the case of a flat spectral Analogously to ref 69, here we evaluate the influence of the
filter. In other situations when the spectral filtering of the SG geometrical smearing on the width of self-diffraction and
or TG signals does occur (regardless of its reason), the transient grating traces.
correctness of eq 12 is not warranted and one must use more For arbitrary pulses and beam profiles, the shape of the
general eqs 9. The distortion of measured time-dependencies resulting traces should be computed numerically by integrating
due to spectral filtering is well known from the example of €q 9 over each transverse component of the beam. For linearly
second harmonic autocorrelation in & crystals with finite chirped Gaussian pulses with Gaussian spatial profile, however,
thickness’ these traces can be calculated analytically. Assuming that the

Equation 13 provides the link between the nonlinear responsenonlinear response of the medium is instantaneous, one can
functionR(ty,t,t3) and the third-order susceptibilif?! For the calculate from eq 10 that the ideal SD or TG trace has a
former, extensive formalism of non-Markovian dynamics, based Gaussian intensity profile in time. Its widthg, is by a factor
on the pathway propagation in the Liouville sp#ceas been of +/3/2 broader than the pulse duration. The width of the
developed. Here we restrict ourselves to a simple model of aactual signalzmeas Which has been stretched by geometrical
homogeneously broadened two-level system. In this case, thesmearing, can be expressed by
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Teas™ To + B0° (18)
— 8| Transient grating —_ =~ ==
wheref is a scaling constant dependent on the employed beam LE T
geometry and is the effective delay smearing given by o | 0@ 4
P e S
s ad; 19 = X . . ?
% 19) E .l Self-Diffraction No delay
Here d is the beam diameter in the focal plane ani$ a small = L smearing
intersection angle between the interacting beams (Figure 1b,c). gﬁ 7k
As has been reported in ref 69, the lowest valuedofor o
Gaussian pulses and beams amounts to 0.4 fs if the central -
wavelength of the pulse is 800 nm. For the beam profiles other 0L L . L . L . L ,
than Gaussian the value éfbecomes larger. 2 4 8
For self-diffraction the constanf equals 4/3, while for Beam intersection angle o [deg]

transient grating in the “Box” beam arrangemghtakes the
value of~5/3. The influence of geometrical smearing on the Figure 3. Geometrical smearing of transient grating and self-diffraction
width of the trace observed in these two measurement Conﬁgu_traces as a functlo_n of beam intersection angle. The temporal widths
. .. P . of the observed signals are shown by solid and dashed curves for
rations is illustrated ”,1 Figure 3. As cap be s.een from .Flgure.3, transient grating and self-diffraction, respectively. The duration of ideal
the temporal resolution of the self-diffraction experiment is Gaussian pulses is 5 fs and the nonlinear response is assumed
somewhat higher compared to transient grating. This is explainedinstantaneous. The focal length of the focusing optics is 125 mm and
by the fact that the smearing in the case of transient grating the fwhm of the collimated Gaussian beams is 2 mm.
takes place irxzandyz planes (Figure 1c) simultaneously. In
any case, for intersection angles smaller thahti® lengthening by replacing it with a very thin (1@m) second-harmonic BBO
of the detected signal does not exceed 10%. crystal (EKSMA).
Therefore, the effect of geometrical smearing on the generated  3.2. Transient Grating and Photon Echo ExperimentsThe
signals is insignificant even for experiments with pulses as short experimental arrangement used for the photon echo spectroscopy
as 5 fs, provided the intersection angle is kept sufficiently small is depicted in Figure 4. The beam carrying 6-nJ, 5-fs pulses is

and the beams are properly focused. split into three channels of approximately equal intensity by
. . the 0.5-mm-thick beam splitters BS1 and BS2 (pulBgskE,,
3. Experimental Section and E; in Figure 4). Compensating plates (CP) of the same

3.1. Femtosecond Laser Systenihe femtosecond spec- thickness are inserted ir_]tp t_he b_eams_ to e_qualize dispersiqn in
trometer is based on a home-built cavity-dumped Ti:sapphire all three chanr!els. To minimize d|sto_rt|ons in the pulse duration
laser, that has been described in detail elsewHerEhe and preserve its spectral content, silver mirrors overcoated by
schematics of the setup is presented in Figure 4. Briefly, the @ thin protective layer are used throughout. To match the
cavity-dumped laser is a standard Ti:sapphire oscillator that r_eflect|V|ty of the beam_splltters, the |n|t|z_al horlzo_ntal polariza-
incorporates a Bragg cell inside the cavity. This allows us to tion of the laser beam is turned 9by a mirror periscope. The
produce 15-fs pulses at the central wavelength of 790 nm at a©Ptical polarization of one of the pulseSs, is further turned
desired repetition rate. The energy of the dumped pulses reache8Y 45" With respect to the polarization of the pulsesandE,
up to 35 nJ and is adjustable by setting a level of RF power by another periscope to famhtate_phqto-e(_:ho measurements in
applied to the Bragg cell. the parallel _and orthogonal polarization directions. Two inde-

To provide adequate time resolution for the study of the Pendentoptical delay linet, andtys, are employed to generate
ultrafast dynamics of the hydrated electron and broaden the desired sequences of the three pulses.
spectral window of our measurements, the output of the cavity-  Transient gratings in the sample are formed by focusing the
dumped laser is externally compressed to the pulse durationthree beams into a 1Qdm jet carrying the hydrated electrons.
below 5 fs57 The 15-fs laser pulses, precompressed by a pair The grating response is detected by collimating the emerging
of fused silica prisms, are injected into a single-mode quartz Peams using spherical mirrors with a radius of curvature R
fiber through a microscope objective lens. The white-light —250 mm. A small incidence angle on the spherical mirror is
continuum resulting from the combined action of the self-phase chosen to prevent astigmatism of the beams within the intersec-
modulation and dispersion in the fiber core is collimated by an tion region. The intersection angles between the incident beams
off-axis parabolic mirror to avoid chromatic aberrations and bulk are kept at~4°. The waist of the focused beams30 xm in
dispersion of a collimating lens. A portion of the white-light in  diameter. The phase-matching geometry of the laser beams is
the spectral range of 580060 nm (shaded contour in Figure €Xplained in the bottom-left inset to Figure 4, presenting the
5) is then compressed in a state-of-the-art three-stage pulseenlarged image of the beam configuration on the recollimating
compressor that includes a pair of°4fuartz prisms, specially ~ Mmirror. The advantages of employing such a beam arrangement
designed chirped dielectric mirrors, and thin-film dielectric have been discussed previoudly.

Gires-Tournois interferometers. The two- and three-pulse stimulated echo signals are detected

Immediately before performing photon echo spectroscopy on simultaneously behind the sample by silicon photodiodes
hydrated electrons, the compressor is adjusted to yield thePD1—4 equipped with built-in amplifiers. The photodiode
shortest duration of the pulses, which are characterized by signals are processed by lock-in amplifiers, digitized, and stored
second-harmonic frequency-resolved gating (SHG FR®G). in the computer memory.

Because dispersive broadening easily affects the 5-fs pulses, The ability to determine the exact overlap of the pulEes
even as they propagate through air, the FROG characterizationEs in time with a high degree of precision presents a consider-
is carried out directly at the location of the spectroscopic sample able experimental challenge and is vital for the photon echo
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Figure 4. Schematics of the femtosecond photon echo spectrometer. BS1Rs=aB0% beam splitter, BS2 is a 50% beam splitter. CPs are
compensating plates and PB4 are silicon light detector€;, E;, andE; are femtosecond excitation pulses apcandt,s are the delays between
pulsesk;—E, and E,—E;, respectively. The bottom-left inset shows the image of the signal and excitation beam arrangement on the recollimating
mirror. The bottom-right inset shows the profiles of two-pulse photon echoes measured in two conjugate directions by PD1 and PD2.

The two-pulse photon echo traces are measured as a function
of delay between the puls&s andE,. A typical result of at;»
scan is depicted in the bottom-right inset to Figure 4. Here the
solid and the dashed curves represent the contours obtained in
the two conjugate directions, monitored by the photodiodes PD1
and PD2, respectively. Since these two-pulse photon echo traces
are intrinsically symmetric arounid, = 0, such a scan allows
finding the precise overlap of the pulsEs andE,. Similarly,
the precise location of,3 = O, i.e., the overlap between the
pulsesE; andEz can be verified by & scan of the three-pulse
¥ echo signals, which in the case of coinciding pulEgsindE;
5-fs pulse ) correspond to the signals depicted in the inset to Figure 4.
The transient grating scans, a variety of three-pulse photon
0.0 : . L . echo spectroscopy, are performed by scanning the delay
500 600 800 1000 between the time-coincident pair of excitation pulEesE, and
Wavelength [nm] the third (prope) pyIsEg. Thg symmetry of the incident' beam
arrangement implies that, in this case, two exactly identical
Figure 5. Apsorption spectrum of electrons in water. The solid line is_ signals are emitted iks+ky—k1 andks—ko+k; directions. This
the absorption of hydrated electrons produced by electron beams ing s serves as a sensitive indicator to continuously monitor the
bulk water (adopted from ref 32). The solid dots are measured with perfect time overlap of the excitation pulses. By rotating

the femtosecond white-light continuum upon photoionization of potas- L .

sium ferrocyanide with 263-nm pulses. The shaded contour shows theP0larizing cubes in front of PD34 we record the components

spectrum of the 5-fs pulses. of the transient grating signal parallel and perpendicular to the
polarization of the pulseg; andE,.

3.3. Generation of Hydrated Electrons.The technique of

0.2

0.1

O.D.

measurements with 5-fs pulses that occupy merelyuin5in hydrated electron generation through electron photodetachment
space. Fortunately, the overall symmetry of the employed from various types of aniofis has been introduced almost
configuration makes it possible to accurately fing= 0 and immediately following the observation of hydrated electron

to3 = 0 without employing additional means. formation by the action of intense electron beams on wter.
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The former production method offers a clear advantage, since
it typically requires merely one-photon ionization and, therefore,
is employed in our experiments. Among different complex ions,
studied for the electron photodetachm&n€® ferrocyanide
(hexacyanoferrate(ll), Fe(Ch)") was found to have the highest
guantum yield, reaching the value of 0.9 for 228-nm irradia-
tion 8 In the case when a ferrocyanide ion is photolyzed to yield
a hydrated electron, an Fe(G) ion, hexacyanoferrate(lll),
forms in the solution which gives rise to an absorption band at
415 nm8387 The important fact that the absorption of this
photoproduct clearly lies outside the spectral range of our
femtosecond experiment, is an additional favorable aspect of
employing ferrocyanide rather than another negative ion.

Hydrated electrons are generated by photoionizing a small
amount of potassium ferrocyankié2.86.88added to water, with
the quadrupled output of a Nd:YLF laser (263 nm). Potassium
ferrocyanide was obtained from Merck. Water and heavy water
of HPLC grade were purchased from Aldrich and used without
further purification. The polished sapphire nozzle (Kiburtz)
ensured good quality of the jet and, therefore, no addition to
the solution of the chemical substances stabilizing the jet
surface® was needed. All measurements were carried out at
room temperature.

The repetition rate of the YLF laser and, consequently, the
repetition rate of the entire spectrometer was set at 4 kHz. The
UV pulses are focused directly into the intersection region of
the pulse<;, E,, andE; in the water jet. To avoid noticeable
variation of electron concentration within the interaction area

of the femtosecond pulses, the spot size of the UV beam on the

water jet is approximately two times larger than the waist of
the three other beams. The triggering of the Nd:YLF laser is
synchronized with the cavity-dumping of the Ti:sapphire laser
so that the UV pulse precedes the femtosecond pulse2®0

ns. The absorption spectrum of hydrated electrons has been

measured in the spectral region 480000 nm with uncom-

Baltuka et al.
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Figure 6. Recombination dynamics of hydrated electrons generated
by photoionization. The shaded contour shows the intensity of the UV
pulse used for photoionization. The dots represent measured and
normalized absorption changes at the wavelength of 720 nm for
potassium ferrocyanide concentrations of 0.4 g/L (solid circles, peak
optical density~0.2) and 4.0 g/L (hollow circles, peak optical density
~0.05). The solid curves depict the fits obtained according to the
procedure described in the text.

the two pulses was set electronically by varying the triggering
time of the Ti:sapphire and the Nd:YLF lasers in steps of 24

The photoionization process, countered by the electron
scavenging, was modeled by a simple balance equation similar
to the one derived in ref 85 in which we included the scavenging
term and explicit pulse shape

dNE _ _NO©

dt (20)

+ alyy(t)

hereN(t) is a concentration of equilibrated hydrated electrons,

pressed white-light pulses and obtained as a difference in optical . i5 the time constant of electretion scavengingluv(t) is the

density of the water jet in the presence of, and without, UV
radiation. The typical absorption spectrum (Figure 5, open
circles) has the peak value of oa.0.2 around 720 nm. The
data of our absorption measurement coincide very well with
the known from the literatufé absorption spectrum of hydrated
electrons (Figure 5, solid line) that have been directly injected
into a volume of water.

Unlike the injected electrons which reportedly in water have
a lifetime of ~10 us} the electrons released through photoion-
ization generally have a shorter recombination time. The
mechanism responsible for this shortening is a so-called

intensity of the UV pulse, and. is a constant reflecting the
guantum efficiency of photoionized electron generation. In eq
20 we assumed that the hydrated electrons are formed instan-
taneously. Since the spectrum of the hydrated electrons is formed
with a time constant of 0:30.5 ps87-89this assumption is fair

on the much slower time scale of our experiment.

Equation 20 was solved numerically to fit the data presented
by circles in Figure 6. Digitized pulse shape (Figure 6, shaded
contour) was used as the paramdtgi(t), andr was a fitting
parameter to match the experimental dependence. The respective
fits of the two data sets are depicted in Figure 6 by solid lines.

scavenging process, whereby an electron recombines with oneThe decay timer obtained for the ferrocyanide concentration

of the ions of the donor molecules or other scavengers
introduced to the solutioff. Thus, the variation of the concen-

tration of ferrocyanide in the solution has a two-side effect. On
one hand, the increase of the concentration is directly propor-
tional to the amount of electrons generated by photoionization.

C = 0.4 g/L is 115 ns, while folC = 4.0 g/L 7 = 45 ns.
Therefore, a 10-fold increase of the ferrocyanide concentration
results in an about 2-fold acceleration of the rate of electron
ion recombination, while the absorption of hydrated electrons
at its peak increases by a factor of 5.

On the other hand, it increases the rate of electron recombination The femtosecond photon echo spectroscopy on the hydrated

with the ferrocyanide ions because of the scavenging. To

electrons was performed in the time window indicated on the

measure the recombination time, we recorded the change infalling edge of the absorption change traces shown in Figure 6

absorption of the hydrated electrons as a function of delay
between the photoionizing UV pulse and the white-light pulse.
The normalized kinetics at 720 nm obtained at two different

concentrations of ferrocyanide are depicted in Figure 6 as circles.

The intensity profile of the 120-ns UV pulse shown alongside
(shaded contour) was detected with a fast solar-blind photo-
multiplier tube (Hamamatsu) and recorded with a 1-GHz
sampling oscilloscope (Hewlett-Packard). The delay between

as a vertical bar. While the concentration of the electrons is
still near its peak at this delay, the UV pulse is already largely
over and, therefore, predominantly equilibrated hydrated elec-
trons are present in the solution at this time.

3.4. Intensity-Dependence Measurementslo verify the
order of the nonlinearity contributing to the transient grating
signal from the hydrated electrons, we measured the dependence
of this signal on the intensity of femtosecond pulses. Since the
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Figure 7. Intensity dependence of the transient grating signal from
hydrated electrons. Closed and open circles show data measured at
delays between the excitation pulse-pair and the probe pulse f 1.0F
0 and 50 fs, respectively. The solid lines depict third-power depend-
encies expected for the third-order nonlinearity.

tuning of the 5-fs pulse intensity without destroying the pulse 2>
duration or its spectral content is not feasible, we employed for I

this purpose 15-fs pulses directly from the cavity-dumped laser. 8 05F
The energy of the 15-fs pulses was changed by varying the RF =

power of the cavity-dumper driver in the intervat 80 nJ. This —
corresponds to the combined intensity of the three pulses in

the sample ranging from 0.6 10 to 4.0 x 10 W/cm2. The

power dependencies of the TG signal (ize= 0) from electrons

in water measured at two different values tgf delay are 0.0 ,
depicted in Figure 7 (dots). Solid lines shown alongside the

experimental data represent the cubic power dependence that -20 -10

i
0 10 20

is expected from nonlinearity based on the third-order response. Delay t [fS]
Clearly, no noticeable deviation from the third-power law is 12
reached with the intensities used. Figure 8. Results of two-pulse photon echo experiments on water alone

(a) and hydrated electrons (b). Circles represent experimental data points
and solid curves show fits obtained according to the procedure described
in the text.

Previous intensity-dependence measurements of the pump
probe signal from hydrated electrons revealed departure from a
purely third-order nonlinear response for the intensities of the

i i i 1 55 i
excitation pulse in excess of3.0 x 10'* W/cr.* For higher pulses. Therefore, the signals obtained from pure water cor-

Intensities, I_e_velmg-o_ff O.f the signal was repo_rted. Since the respond to the ultimate instrument response of the spectrometer.

pulsellntensmes applied In our measurement did not exceed 4'OThis instrument function, among its other merits, automatically

x 10° chmzf the s_aturatlon regime h_as not been_reached Yel accounts for the pulse duration, mode size, and spatial as well
The total intensity of the excitation pulses in the 5-fS oo gheciral filtering in the detection. Therefore, the differences

i 1
experiments amounted o 2 1(.)1 W/.sz' Therefo_re, the in the shape of photon echo traces recorded in the presence and
contribution of higher-order nonlinearities or saturation effects | .v 5.t the UV radiation provide us with direct information on

is not expec_ted in the experiments reported below. _ electronic dephasing of the hydrated electrons.
The contribution of the pure water to the total nonlinear .
. . The two-pulse photon echo signals from water and hydrated
optical response of the sample was checked by recording the T P
. . . > . “electrons are shown as solid circles in Figure 8a and 8b,
photon echo traces in absence of UV pulses. This contamination . X . . X
respectively. A minute difference in the widths of these two

of the signal did not exceed5% of the signal peak value traces suggests that the electronic dephasing of the photoexcited
obtained in the presence of the hydrated electrons and was, - rated elect : ¢ v fast. To fit to th . tal
confined to the region of delays within the overlap of the 5-fs ydrated electrons Is extremely fast. 10 Tit o the experimenta
excitation pulses. data (solid curves in Figure 8a and $b), we used the formalism
developed in section 2. The precise pulse parameters were
obtained from independent FROG characterization as described
in Section 3.1. For water (Figure 8a), we assumed an instan-
4.1. Pure Dephasing Time of Hydrated Electrons.The taneous response function (eq I}1,t2,ts) O O(t1)o(t2)o(ts)
employed method of the generation of hydrated electrons or, in other words, the frequency-independent third-order
provides us with a unique opportunity to compare the photon susceptibility. In the case of the hydrated electron (Figure 8a),
echo signal from the hydrated electrons with the one measuredcomplete eq 15 was used with the dephasing fimeeing the
in pure water, that is, in absence of photoionizing radiation. fitting parameter. The population lifetimi was considered to
Since electronic hyperpolarizabil®y°2 heavily dominates the ~ be much longer than any relevant experimental time scale,
overall water responsg?®* it is well justified to treat the including pulse duration. Experimental evide?fc® supports
nonlinearity as nearly instantaneous on the time scale of ourthe idea that the excited-state lifetime can be as large as hundreds

4. Results and Discussion
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of femtoseconds. Therefore, the difference between the full
electronic dephasing tim&,, and the pure dephasing timg, Energy [GV]
which are connected by eq 16, is negligible. 4
The finite population lifetime of the electrons in the excited
state causes the delay of the echo trace in Figure 8b (its shift of 1.OF
further away fromt;, = 0 compared to the data in Figure 8a).
The best fit to the experimental data yields the dephasing time
of T, = 1.6 fs. Note that this value is reasonably close to
theoretical estimations derived from a model based on the
Gaussian wave packet approximation for the b&ti>%The
addition of any appreciable amount of inhomogeneity im-
mediately results in pulling the echo maximum away from zero
and appearance of noticeable asymmetry of the trace.
Evidently, such a 1.6-fs dephasing time should manifest itself -
in the absorption line shape which has to be substantially
homogeneously broaden&dHere we stress that the use of a

Absorption
o
¥,

standard Lorentzian line shape is not warranted for the spectra 0.0 - NI -
with the widths comparable to the central frequencies. Instead, 8 8 8 8 8
a more general relation should be U&&8°7 N < O S
ox(@) O o Imy™e)] 0 Wavelength [nm]
1 1 Figure 9. Fit of absorption spectrum of electrons in water. The circles
wlm p— + p—) show measured absorption of hydrated electrons produced by electron
(Weg— @) —iT,"  (wegt @) +1iT, beams in bulk water (adopted from ref 32). The solid curve shows the
P fit by homog_eneous_ly broadened _Iine-_shape calcu_lated according to eq
2 ; (21) 21. Dotted line depicts a Lorentzian line shape given by eq 22.

O
(w2 — )’ + 40°T, . .
inhomogeneous broadening of eaekp band was mad#.23.24
In eq 2104 is the absorption cross section andg is the It_|s clear that the stipulated nondegeneracy ofp#mates is a
transition frequency. In the case of a narrow absorption band, direct and natural consequence of the not entirely spherically
ie T« weg ONE can make use of the approximation= symmetric solvent cavity. However, the decomposition of the
S o b . .
weg Which immediately gives the conventional Lorentzian ab_S(_)r_ptlon spectrum into three band_s seems to be som_ewhat
artificial. Indeed, as the energy of a givprstate fluctuates in

contour . ;
time as a result of the rearrangement of the surrounding solvent
T2 molecules, this state might well become the highest or the lowest
2 among the threg-states. According to the proposed orderin
Woy— )+ T of the excited states by energy, one should then reassign the
eg 2 y aqy g

transition to thisp-state as belonging to a different absorption

In fact, the rejection of the second term of the sum in eq 21, subband. As a consequence of this artificial reassignment, the
resulting in eq 22, amounts to application of the so-called width of the Gaussian-like subbands revealed by these simula-
rotating wave approximation (RWA§:6¢ The difference be- tions becomes nearly equal to the separation of the band centers
tween the two line-shapes, given by eq 21 and eq 22, mostly (vide supra). If the energy-dependent order were dropped, the
affects the asymptotic behavior in the low-frequency spectral absorption band associated with eaetp transition eventually
wings. Besides, unlike the pure Lorentz function eq 22, which would have the same width as the whole absorption spectrum
produces a centrosymmetric contour, the line shape describedPf the solvated electron. This means that, depending on the
by eq 21 is essentially asymmetric. The latter contour has a current precise solvent surroundings, the optical transition to a
more abrupt red wing and a prolonged blue wing. The need to designatedp>-state can take place anywhere across the whole
account for the experimentally observed asymmetry precluded absorption spectrum. The dynamic fluctuations of the solvent
the use of a single Lorentzian line shape in the past attempts tocavity cause constant “migration” of the respectivep absorp-
model the absorption spectrum of hydrated electrons. Conse-tion bands within the common envelope.
quently, a collection of spectral lin€s1:330r a combined line- We state that the seeming confusion with the assignment of
shap@®:28.29.3033yas required for a reasonable fit. the three absorption subbands arose from the averaging over

Employing the more general relation for a homogeneously an ensemble of solvent configuratiéh&®24rather than averag-
broadened line shape given by eq 21, we obtained a fit (solid ing of the same configuration evolving in time. The same
curve in Figure 9) to the absorption spectrum of electrons averaging of multiple static cavity “snapshots” led to the
injected into bulk water at 298 R Evidently, the whole conclusion of the inhomogeneous broadening of each absorption
absorption spectrum can be excellently reproduced by a linel82324
homogeneously broadened line-shape. The dephasingTime To the best of our knowledge, there has been no experimental
= 1.7 fs, deduced from the fit of the spectrum, perfectly agrees evidence supporting the hypothesis of the inhomogeneous nature
with the one obtained from the photon echo experiment. This of the line broadening in the absorption of an electron in a fluid.
leaves no room for doubts about the homogeneous nature ofBoth picosecon¥¥ and femtosecorfd transient pumgp-probe
spectral broadening of the hydrated electron absorption band.spectra revealed no presence of hole-burning behavior. Our

Having established that the absorption spectrum of the recent attempts to imprint a spectral hole in the hydrated-electron
hydrated electron is homogeneously broadened, we address thabsorption line employing a 15-fs excitation pulse centered
results of MD simulations from which the conclusion of around 800 nm and a broadband 5-fs readout pulse likewise
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resulted in a uniform and immediate bleaching of the whole 1.0
absorption contolf? suggesting that the latter is overwhelmingly )
homogeneously broadened. The lack of asymmetry in the two-
pulse photon echo signal (Figure 8b) is another strong evidence
in favor of overwhelming homogeneous broadening. Besides,
in the TG experiments we observed no quantum beats which
are usually associated with the coherent excitation of several
transitions (vide infra).

Therefore, based on the current and previously accumulated

Intensit
2 y
(9]

experimental data we conclude that the absorption spectrum of 0.0 gadt

the hydrated electron is predominantly homogeneously broad- ) . 1 1 -
ened. An important question now should be raised about the -50 0 50 100 150 200
physical origin of a very rapid dephasing associated with a very Delay t23 [fs]

broad absorption band. Indeed, hardly any nuclear motion on

such a short time scale should be expected. However, the
electronic dephasing is not necessarily the consequence of the 1 g
rapid fluctuation of local structures, nor does it mean that a
large amount of energy has to be dissipated by the bath within
a few femtoseconds. It is well known that the difference in the
frequencies of (harmonic) ground and excited-state potentials
influences electronic dephasing through the so-called quadratic
electron-phonon coupling?-1%4This mechanism also has been
shown to lead to prevalently homogeneous broadening of
absorption lined% Since multiphonon interactions are involved

Intensit
A y
(¥}

in nonlinear electrorphonon coupling, the latter explains large 0.0 .

breadths of absorption spectra in the case of a relatively modest ) R R A T

width of the spectral density of the solutsolvent fluctuation§® -50 0 50 100 150 200
To conclude this section, we suggest that the absorption band Delay [fs]

of equilibrated hydrated electrons is primaripmogeneously Figure 10. Transient grating signals obtained from the hydrated
broadened with the correspondmg dephgsmg fine 1.6 fs. electron in HO (a) and their difference (b). Solid dots and open circles
The asymmetry of the spectrum is explained by the frequently iy (a) represent experimental data measured with the parallel and
neglected dependence of the optical absorption cross sectiorperpendicular polarization of excitation pulses, respectively. Solid
on frequency. A mechanism responsible for the extraordinary curves in (a) depict the fits calculated as described in section 4.4. The
width of the absorption spectrum is most probably the quadratic signal difference is shown in (b) by filled diamonds while solid curve

electron-phonon coupling due to appreciable difference in the 9ives the two-pulse echo signal from Figure 8b for comparison. Note
steepness of the ground- and excited-state potentials that the nonzero difference is confined in the region where the pulses

) ) overlap in time.
4.2. Transient Grating SpectroscopyThe early part of TG

transients of the hydrated electron is shown in Figure 10a for ith approximately the same width as the total spectrum and
parallel polarizations of the excitation pulse pair and the probe nearly identical central frequencies. As a result, no quantum
pu|Se. The Signal haS a Shal’p peak around Zero WhICh iS fo”OWedbeatS can be Observed under these Circumstances_
by a prominent recurrence a0 fs. Subsequently, the signal Next we focus on the origin of the narrow peak around zero
decays on an-200 fs time scale. and the subsequent recurrence in the TG signal. In the earlier
Although the 5-fs pulses have enough spectral bandwidth to papers on experiments with a 15-fs time resolub®t, we
excite more than one of thp-states at once, there is no suggested that a similar shape of TG transients was caused by
indication of quantum beats that are associated with the presencdibrational motions of water molecules in the first solvation shell.
of several vibronic transitiorf$. From the calculated spliting ~ Upon excitation a coherent wave packet is created that
between the differens—p subband$2324 one expects the  undergoes underdamped oscillatory motion on the excited-state
quantum beats with at10-fs period. This raises the question potential surface. The return of the wave packet to the inner
about the exact meaning of the thrpestates found in the  turning point gives rise to the recurrence in time-resolved optical
guantum molecular dynamics simulations. The separate bandssignals. The signal amplitude negg= 0 is indeed higher than
arise from the following procedure: in each snapshot corre- that of the recurrence due to two main reasons: the damping
sponding to one time step in the simulation (1 fs), the three of the wave packet and additional coupling between interaction
p-states were ordered by energy and the spectrum is subsepulses near zero delay known as coherent artf&éf’ The
quently decomposed into contributions from each of the three latter is a manifestation of extra contributions to the TG signal
transitions. This procedure does not incorporate the importantoriginating from irregular time ordering of the excitation pulses.
factor of the time scale at which the energy of each of the For example, around zero delays the second Eisescattered
p-states changes in time. As was shown above, the electronicfrom the grating imprinted by pulsé§ andEjs ,thus leading to
dephasing for thes—p transition is exceptionally fast, giving the increased signal.
rise to an extremely broad homogeneous absorption line-shape. However, if the polarization of the excitation pulse pair and
This means that eve-p transition rapidly samples all possible  the probe pulse is orthogonal (Figure 10a, solid dots), the peak
energy differences within the absorption spectrum. Therefore, around zero vanishes. The second intriguing feature of the
we cannot assign to the latter three separate bands with each ofransient is that its amplitude is precisely equal to the one
them corresponding to a separatep transition. As a matter obtained with the collinear polarizations. This is highlighted in
of fact, the total spectrum consists of the sum of three bands Figure 10b, where the difference between the two signals is
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Figure 12. Transient grating signals obtained from the hydrated

Delay t [fS] electron in RO. Solid dots and open circles show TG signals measured
12 with the parallel and perpendicular polarization, respectively. Solid

Figure 11. Two pulse photon echo signals from hydrated electrons in curves depict the fits calculated as described in section 4.4.

Hz0. Solid dots and open c!rcles show _the _signals obtained, respectively,

with parallel and perpendicular polarizations of the laser pulses. To zero-orderi/2 plate (Karl Lambrecht) was introduced in one

ensure identical pulse intensities and focusing conditions, these R . .
measurements were performed with 15-fs laser pulses. Note thatOf the spectrometer arms. Note that this is hardly possible in

virtually no signal is detected in the case of perpendicular polarizations. the case of 5-fs pulses since i plate cannot equally rotate
the polarization of spectral components in the 62200 nm

shown. For comparison, we also depicted the two-pulse photon'@nge. The results of the experiments are presented in Figure
echo signal from Figure 8b. Obviously, the nonzero part of the 1'1. The.5|gnal in the case of perpendicular polarlzat|0n§ (solid
difference between the TG signals with parallel and orthogonal Circles) is suppressed by a factor-e80 compared to the signal
polarizations is confined to the region of the pulse overlap. Note With parallel polarizations (open circles). This proves our
that this is highly uncommon because usually the signal obtained conclusion that the efficiency of the excitation of the hydrated
with parallel polarizations is stronger than the one obtained with €lectron with two pulses having orthogonal polarizations, is
orthogonal polarizations because of polarization anisott&py.  extremely low.
That is, only after some time, that the amplitudes of the two ~ Based on the data obtained in polarization-dependent photon
signals become equal as a consequence of rotational diffusionecho and TG spectroscopy, we reach a conclusion that the signal
processes which randomize the preferential orientation of dipole &t short delays is substantially weaker than that-&0 fs.
moments induced by the first pulse(s). Therefore, there is no recurrence but ratheekayed response

Clearly, the situation in the case of the hydrated electron is in the TG signal. The TG data for the orthogonal polarizations
entirely different. As we have shown in section 4.1, the clearly indicate that the delayed response cannot be explained
absorption spectrum of the hydrated electron is primarily by underdamped wave packet dynamics. In that case, the signal
homogeneously broadened. The underlying mechanism is thatvould alwaysbe the largest s = O due to inevitable damping
the charge distribution in the ground state rapidly samples many Of coherent motions.
configurations with different orientations. The time scale at ~ The mechanism we suggest to explain the delayed response
which the sampling takes place is shorter than the duration of is that the transition dipole moment of the hydrated electron
5-fs excitation pulses. The hydrated electron experiences aincreases as a function of time after the initial excitation. Since
variety of possible orientations of the neighboring water the amplitude of the TG signal depends on the transition dipole
moleculesduring the excitation process. Therefore, the orienta- moment (consult egs 9 and 17), the signal increases before
tions of the excitedp-state are completely randomized by the falling due to irreversible energy relaxation. The rise in the
time the excitation is completed. As a result, no anisotropy can transition dipole moment should be directly connected to the
be observed after the excitation pulse pair ends. strong coupling between the hydrated electron and water

We conclude that, in the case of the aqueous electron, themolecules that begin to readjust their positions after the
transient anisotropy disappears in less than 5 fs. The importantexcitation to minimize the total free energy of the system. The
consequence is that when the polarizations of the pump pulsesiependence of the transition dipole moment on nuclear degrees
and the probe pulse are perpendicular, the coherent couplingof freedom is known in molecular spectroscopy as the non-
between them is extremely ineffective. Therefore, if the Condon effect?
contributions with irregular time ordering (as, for instance, =~ We next determine the microscopic motions of water
Ei-Es-E2) are omitted, the total number of permutations is molecules underlying the non-Condon effect. For this, we
decreased by a factor of®2Hence, the TG signal neéss = 0 performed the TG experiment on the electron solvated in heavy
for perpendicular polarizations is expected to be approximately water (Figure 12a). The TG signals are quite similar to those
one-fourth of the signal with parallel polarizations. This is value for normal water (Figure 10a), but the maximum is delayed to
is very close to the one observed in the experiment (Figure 10a).longer times 60 fs). However, if the time scale of the;O

To verify this finding, we performed a two-photon echo TG data is compressed b)ﬁ the TG signal becomes virtually
spectroscopy with parallel and perpendicular polarizations of indistinguishable from that for ¥ (Figure 13). The difference
two pulses. In this experiment, the time ordering is essentially in time scale can be explained by the fact that the moments of
identical to the irregular time ordering around zero delay in the inertia of HO and BO differ precisely by a factor of 2. This
TG scan. The use of 15-fs pulses directly from the cavity- immediately leads us to the conclusion that the maximum in
dumped laser allowed us to easily control the polarizations while the TG signals is caused by anerdampedibrational motion
maintaining constant energy of the pulses. For this purpose, aof the water molecules. The specific dependence on deuteration
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isotopic effect.

rules out translations because the total mass of a water molecule
changes only by a factor of 18/20. Another mechanism for the (C) .
V2 dependence proposed by Barnett et*as free rotational
diffusion of water molecules surrounding the electron. However, e
this explanation is not very likely. Rotations of molecules in a ' °~
liquid can hardly be called free, especially in the case of a -
strongly hydrogen-bonding liquid like water. Furthermore, there e
is no signature of free rotations in the Raman spectrum of (
water110

4.3. Early-Time Dynamics: The Microscopic Picture.The
microscopic picture underlying the early-time dynamics of the (d) .
hydrated electron that has emerged from our experiments is -
schematically presented in Figure 14. In this cartoon, only four
of the approximately six water molecules in the first solvation \ /\/\
shell around the electron are depicted for the sake of simplicity. ’ ¥
The blue contour in the left panel shows the charge distribution : '
(i.e., squared modulus of the wave function) of the hydrated ==
electron. We assumed that the latter is confined in a harmonic ( 50 fs
potential formed by the neighboring water molecules (right '
panel). The use_of, for ex‘?‘mp'e’ square-shaped pote_ntlal doeﬁzigure 14. Artist's impression of the early-time dynamics of the
not alter the main conclusions. The relevant mean size of the hydrated electron. Left panel: configuration of the charge distribution
electron cloud in the grounfhlstate was matched to value  of the electron (blue contour plot) and surrounding water molecules.
reported by the group of Rossky (1.9 F)while the distances  Right panel: the potential-energy well in which the electron is confined

between the electron and the water molecules were taken from(red curve) and the wave functions in the groungl and excited<e|
ref 20. states. The wave function of the currently occupied level is pink-shaded.

Before excitation, the electron finds itself in tidike ground The delay time after the initial excitation is shown in the right bottom
' corner of the right panel. The thickness of the arrow corresponds to

state in equilibrium with surrounding water molecules (Figure o magnitude of the transition dipole moment,
14a, left panel). Upon excitation, the electron makes a transition

to the excitedp-state wave function that is elongated in @ 5o yeadjusting their orientations, the ground-state wave func-
EﬁgggIzrred\'::f;gﬁég,'%ﬁf ngtté’rlﬁwféﬁiﬁ?gs' ﬁ:vceer:geti?nxgttgtrlggc ‘;ion i_s eIongating in the same direction as the exci_ted-state wave
and, therefore, they still preserve their compact geometry. unction (Flgur_e 14, right pgnel). Therefore, the dipole moment
However, as time progresses, the water molecules in the first.Of the electronip s transitionueq becomes larger due to the
solvation’shell are being push,ed away by the expanded Chargéncreasegl overlap between the prob§b|l|ty densities of the groun.d
S . and excited states. For instance, in the case of a harmonic
distribution of the electron (Figure 14c, left panel). We have . " . . .
already concluded from the TG experiments that the underlying F’Ote”“"?" the transition dipole moment Increases inversely
microscopic processes at this stage are the librations of Waterpropornonal to the sguare root of the O§C|Ilat|on frequengy
molecules schematically shown by curved arrows in Figure 14c. 0 1/y/@o. The amplitude of the TG signal depends on the
This reorientational motion makes the potential energy well in fourth power of the transition dipole moment that changes in
which the electron is confined shallower as shown in Figure time. Hence a very moderate extension of the electron cloud
14c, right panel. Subsequently, the charge distribution of the l€ads to a substantial increase of the TG signal, as was observed

electron expands even further (Figure 14d), and so on. experimentally (Figure 10 and 12).
Expansion of the cavity occupied by the electron has a  The position of the maximum in the TG signal gives us an
profound effect on the wave function of tbeoccupiedyround- estimate for the time scale of the expansion of the first solvation

state as well. As the water molecules in the first solvation shell shell: ~50 fs. The frequencies that correspond to this time
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characterized byl,. Adapting the model of an overdamped

|e> . Excited-state ! !
. "'\f"\.vavepacket vibration® M(t) then can be expressed as
& A t
: T M(t) = ex i te,>T, (24)
./ Hot- €
’ground-statc
DN/ N NG /' wavepacket To obtain the spectral shape of the ground- and excited-state
WV Hole (a) (b) (©) contributions we now Fourier transforiRy(ty,tz,ts) andRex(ts,t2,t3).
pom—" The resulting third-order susceptibility for the ground-state
alvent coordinale

) ) ) ) contribution to the nonlinear signal is given by eq 17 while the
Figure 15. Schematlt_: representation _of the wave packet dynamics on 73contribution of the populated excited state is expressed by
the ground- and excited-state potentials. (a) Ground-state bleaching.

(b) Excited-state wave packet movement, corresponding to the red- 4

shifting in time of the stimulated emission spectrum. (c) Wave packet I3 _uegN
propagation on the hot ground state, causing the blue shifting in time XeRt23,weg— '\ =", mwe gt Q) = —i—, x
of the induced absorption spectrum. Solid vertical arrows indicate the A
excitation process. 1 [ 1 1 o
71 H n 1 71 H ! 71 H n
T, —i(0"—w )|.T2 —i(weg—) Ty (0" —wg)

coincide reasonably well with librational band of water which
spans the range-300-900 cnt?, and which also scales with 1
V2 upon deuteratio#t? The decay following the maximum in T1+i(w —Aw[l _ eXF(—ij)] _ Q)
the signal is most probably caused by relaxation down to the 2 €0

ground state at the 125-fs time sc&l@ he stimulated emission

is rapidly diminished due to the decreasing population on the Analogous to the wave packet in the excited state, one can

excited state, while at the same time the equlibrating ground jncjyde into consideration the wave packet sliding down the
state gives rise to induced absorption. (hot) ground state.

4.4. Theoretical Model. To put the microscopic picture of
the solvation of the hydrated electron developed in the previous
section on a more quantitative ground, we next introduce a . ; . . )
simple model based on wave packet dynamics on the groundOf t_he tra_1n5|en_t dipole moment magnitude as a function of t_|m_e,
and the excited states (Figure 15). In this picture, we assumeWhich gives rise to the non-Condon effect. Therefore, it is
that prior to the photoexcitation the ground state of the hydrated 25SUmed that the change of the transition dipole moment strength
electron is equilibrated. The excitation pulse pair creates a hole 0ccurs on the same time scale as the motion of the excited-
in the ground state distribution (Figure 15a) and a wave packet state wave pac_ket. This change d(_)es not |nf|uenc_e the magnitude
in the excited state (Figure 15b). This gives rise to a bleach of ©f the absorption bleach band since the latter is caused by a
the ground-state absorption and to a stimulated emission fromStatic hole in the ground state. On the other hand, the magnitude
the excited state. Assuming that no population relaxation takes©f the spectral contribution, caused by the traveling wave
place yet on the duration of the applied laser pulses and thePackets, is dependent on the changing strength of the transition
optical transition is primarily homogeneously broadened, both dipole moment. Thereforeseq in eq 25 should be considered
the bleach and the stimulated emission contours have ap-as a function of time, i.e.,
proximately the same spectral shape as the steady-state absorp-
tion band. . Hegt) = 1Py (1) (26)

Immediately after the excitation, the contours of the bleach
and the stimulated emission are exactly identical. Subsequently,whereﬂo is the initial dipole moment and the non-Condon

the doyvnhlll movement of_ the wave packet on the excned_ state parameterExc(t), is a slowly changing function compared with
potential takes place, which reflects the gradual expansion ofthe pulse duration

the water cavity. Because the energy gap between the two .
potentials decreases as the wave packet moves on the excited After about 200 fs, the excited-state wave packet reaches the

state surface, the stimulated emission band becomes increasinglj£9i0n where the potentials of the ground and the excited states

red-shifted with respect to the ground-state bleach whose spectrafT0ss** In this region, the wave packet ‘leaks” from one
position remains fixed (Figure 15a,b). potential surface to another. However, the crossing occurs to a

The expression for the observed TG signal can be easily Mmodified (hot) ground state that has to “cool” before reaching
calculated in the slow diffusion limf&11'Based on the finding ~ the equilibrated steady state. Therefore, the hot ground state
of predominanﬂy homogeneous dephasing in section 4]_, WeWaVe paCket giVeS rise to an induced absorption band that shifts
assume the nonlinear response function of the ground statefrom the red to the blue and eventually cancels the ground-
Ryr(ta,t2,3), in the form given by eq 15. The nonlinear response State bleach (Figure 15c). In the model, this crossing process is

function associated with the populated excited state is then giventaken into account by assuming that the excited-state stimulated
byl1l emission vanishes at the same rate as the hot ground-state

absorption builds up.
Reltitats) = Rylty b ty) expliAmty[1 — M(tg)]} (23) We next calculate the TG signal according to the formalism
developed in section 2.1. If the population relaxation tifaés
whereAw is the Stokes shift, i.e., the spectral shift of absorption long compared to the pulse duration, in eq 17 and eq 25 one
(fluorescence) due to energy reorganization, 8@ is the can assum&™" 0 o(w'—w'"). Then, integrating eq 9 over
electronic band gap correlation functi6hHere we assumed  frequency Q and making use of eqs 7, 17, and 25, and
that M(t) changes slowly on the time of electronic dephasing, accounting for the hot-ground-state contribution, we arrive at

(25)

(S

As described in the previous section, the expansion of the
solvent cavity forced by the photoexcitation leads to the increase
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Sraltiz = 09 01" [1(D]ogQ) + 06(@) =
Ohotfgr(Q)lde (27)

(a)

Here, 1(Q2) is the spectrum of excitation pulses and the
contributions from the ground, excited, and hot ground state
potentials are respectively written as

TG Signal

Ogr(Q) = OA(Q) (28)

0ex(Q) = Fric(tyd) eXpEy o) 0a(Q +
Aw[l — expyetzd]) (29)

-
~

(b)

FNC
=
(S}

Ohot—gr(Q) = Fﬁc(tza)[l -
exp(—yct23)] OA(Q + Aw exp(—yg,t23)) (30)

-
=

whereoa(Q2) is the steady-state absorption spectrtm, is the

Stokes shiftyex andyg, are the rates at which the wave packet

moves on the excited and the ground states, respectively, and

y¢is the crossing rate from the excited state to the ground state.
The expressions given by eq-280 represent Lorentzian line

shapes described by eq 22. These constituent terms of the TG

signal are schematically depicted in Figure %Bain their

respective order. The first term is static and stands for the hole .

in the ground state (Figure 15a). The second and the third ones 0 100 200

account for the moving wave packet in the excited (Figure 15b) Delay t. [fs]

and hot ground (Figure 15c) states, respectively. The use of 23

RWAB8566 in derivation of eqs 17 and 25 leads to symmetric Figure 16. Simulated transient grating signals for perpendicular

Lorentzian contours, rather than the asymmetric extended line-polarization of excitation pulses. (a) Signal without non-Condon effect

shape given by eq 21 employed to explain the absorption (fvc = 0). (b) Transition dipole moment as a function of time with a

spectrum in section 4.1. The spectrally integrated TG signal, "0-Condon effect present. (c) The transient grating signal from (a)

. " . . . when the non-Condon effect is taken into account.

however, is insensitive to such a minute difference in the spectral

contours, which justifies the use of centrosymmetric line-shape

in our calculations. the instrument response. The following parameters are taken
The physical meaning of the movement of the Lorentzian for water: 1pex = 33 fs; 1g = 300 fs; 1fc = 125 fs;Aw =

wave paCket can be explained as follows: The difference in 0.50 PHZ;fNC = 0.5. For heavy water, all rates are decreased

curvature of the ground and excited-state potentials implies a 1, o fact0r/2 in accordance with the established fact that

strong quadratl_c electron vibration coupling that is responsible underlying microscopic dynamics are determined by librations.

for the extraordinary amount of homogenespectral broaden- The calculated TG signals for,8 and DO are depicted in

ing. On the other hand, linear electron vibration coupling _. . . . .
determines, at large, the presence oflaee packet dynamics Figures 10a and 12, respectively. Evidently, by inclusion of the
non-Condon effect we are well able to reproduce the delayed

This is due to predominantly linear change of the energy gap ) i i )
with the nuclear coordinate between the ground and excited Maximum in the TG signals, even though the rate of increase
states as a result of thdisplacemenbf their potentials with of the transition dipole moment is not an independent variable.

TG Signal

respect to each other. As can be seen from eqs 29 and 31, we ascribed a single
The time-dependent non-Condon parameter is assumed to b&€0Mmon rateyey, to the evolution of both the transition dipole
equal to moment strength and the dynamic Stokes shift. The fact that
we can fit the experimentally observed dependencies reflects
Frcltye = 14 fycll — exp=yedas)] (31) the common microscopic origin of the dynamic Stokes shift

and the non-Condon effect: the unidirectional expansion of the

wherefyc is @ measure of the strength of the non-Condon effect solvent cavity caused by librational reorientation of the water
or, in other words, the ratio of the magnitudes of the initial and molecules.
maximal dipole moments. The influence of the non-Condon
effect on the TG signal is illustrated in Figure 16. With a . . .
constant transition digole momeiitd = 0), the 'IgG signal peaks state 'SN125_ fs for HO. Careful |nspec_t|on c.)f the mgasure_d
close to zero (Figure 16a). If the non-Condon strength is chosenC trapes (Figure 10a) shows that at th's, p0|nt'there is a slight
to be 0.5, the dipole moment grows as a function of time, and Pend in the curvature. Apparently, this is a signature of the
reaches a maximum after100 fs (Figure 16b). Subsequently, interplay between stimulated emission from the excited state
|t balances the drop in the TG Signal due to population that |S be|ng dImInIShed and the |nduced hOt ground'state
relaxation, which results in a maximum that is significantly absorption that is being increased simultaneously. After this,
shifted away from zero (Figure 16c). the induced ground-state absorption shift to the blue on a time

To incorporate the fact that we are dealing with the pulses scale of 300 fs. This shows up as the slower decay in the
of finite duration, we convoluted the signal given by eq 27 with transient grating.

We predict that the time constant of populating the hot ground
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5. Conclusions configuration of the neighboring water molecules. This renders
the hydrated electron a convenient probe for the local structure
of water, the most-important-for-life but still mysterious liqéid.

We have also shown that a numerical model including the non-
Condon effect due to initial librational motion of water
molecules, and subsequent population relaxation and ground-
state cooling can reproduce the essential features of the observed
signals, putting our ideas on solid ground.

Electron in polar liquids continues to be a vast experimental
and theoretical field in which many intriguing questions remain
to be answered. There are still many conflicting and not well
understood issues concerning electron equilibrdidtenergy
SRlaxation of the photoexcited electrons in fluid$>the nature
and the number of the bound localized and unbound states of
the electron trapped in the solvent cavity®etc. In the current
paper we have addressed only the earliest part of the energy
dissipation that directly follows photoexcitation. The subsequent
relaxation processes, albeit taking place on a slower time scale,
‘are no less interesting or less controversial. In particular, the
guestions about the lifetime of the bound excited state and the
involvement of the quasi-continuum states, predicted by quan-
tum molecular dynamics simulatioAshave to be addressed.

Photon echo and transient grating spectroscopy on the
hydrated electron performed with the best time resolution
available to date has provided a powerful insight in the
microscopic processes that underlie solvation dynamics.

To solve the nontrivial fundamental issues related to nonlinear
spectroscopy with optical pulses that consist of 2.5 optical
cycles, we developed a general formalism describing the
generated signal field in both the time and frequency domains.
The frequency domain representation is found to be more
powerful since it allows a consistent account of a variety of
effects, such as phase mismatch, self-steepening, dispersive pul
broadening, etc. Additionally, the use of the frequency domain
formalism removed the necessity to invoke a number of
approximations such as, for example, the slowly varying
envelope approximation. The derived formulation also avoids
the use of parameters that are ill-defined for broadband optical
pulses such as, for instance, the carrier frequency of the pulse
Equations 710 constitute the backbone of the general descrip-
tion of a third-order nonlinear experiment. Importantly, these
equations remain valid and could be directly applied even for

single-cycle pulses. N . . . i
. ew, emerging spectroscopic techniques could help clarify

We hla}{le dev;lope%a ﬁeneral proceﬁurledf%r calcullatm% the hany mysteries of this attractive and challenging system. We
spectral filter effect. Such a routine shou e employed 10 {,agee great prospects for the application of the femtosecond
optimize thg experlmental Confl.g.uratlon for any third-order a0 g spectroscopy3 By temporally and spectrally resolving
spectroscopic experiment that utilizes laser pulses shorter thanof the transient dynamics of the OH bond that has infrared
10 fs. In particular, one can design a compensating filter to absorption, one would obtain an invaluable direct insight into
account for spectral filtering effects e_md place itin front of the yhe mations of the solvent molecules as to how they respond to
I'gzt derect_o r- Nc;tablyi]a cgreful chOIQta;]oft;[he bgalr; geometryl the photoexcitation of the solvated electron. Another promising
and selection of a photodetector with the suitable spectral opnique that has been gaining its strength in the last years
sensitivity, as has been done in our experiments, can |IIum|nateO|ue to the enormous progress in femtosecond technology is
the need for a separate compensating filter. We next have ., niined femtosecond visible X-ray spectroscby:1 Recent
demonstrated that the ability to defeat the damaging role of the experiments on GaAs lattice dynamics studied by picosecond

spectral fiiter effect legitimizes a transition to the typically X-ray diffractiont!” clearly demonstrated the feasibility of this
employed for the multicycle pulse time domain formulation. approach toward physical and chemical processes
Importantly, for the weak signal applications, the absence of '

spectral filtering eliminates the o.therwise unavoidable require- Acknowledgment. One of us (DAW) gratefully acknowl-
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