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Picosecond geminate recombination kinetics for electrons generated by multiphoton ionization of liquid water
become power dependent when the irradiance of the excitation light is greater theh3BW/cn? (the

terawatt regime). To elucidate the mechanism of this power dependence, tri- 400 nm photon ionization of
water has been studied using punpgrobe laser spectroscopy on the pico- and femtosecond time scales. We
suggest that the observed kinetic transformations are caused by a rapid temperature jump in the sample. Such
a jump is inherent to multiphoton ionization in the terawatt regime, when the absorption of the pump light
along the optical path becomes very nonuniform. The heating of water is substantial ((€)detause the
3-photon quantum vyield of the ionization is relatively low, ca. 0.42, and a large fraction of the excitation
energy is released into the solvent bulk as heat. Evidence of the temperature jump is the observation of a red
shift in the absorption spectrum of (thermalized) electron and by characteristic “flattening” of the thermalization
dynamics in the near-IR The temperature jump in the terawatt regime might be ubiquitous in multiphoton
ionization of molecular liquids. The implications of these observations for femtosecond pulse radiolysis of
water are discussed.

1. Introduction Interestingly, the transformation of a narrow electron distribu-
) o o o o tion (that manifests itself through rapid geminate kinetics and

Multiphoton ionization of liquid water exhibits two distinct oy survival probability for the electron) into a broad electron
energetic regimes that are determined by the total excitation gjstribution (that manifests itself through slow geminate kinetics
energy: When this total energy is below a certain threshold and greater survival probability) can be brought about simply
value (ca. 9.5 eV), the spatial distribution of the ejected py changing the irradiance of the pump light.° Such changes
photoelectrons ¢g") around their parent holes is narrow (ca. 1 have been observed by several ultrafast spectroscopy groups,
nmin W|dth) and the gemina’[e recombination of these electrons including this |aboratory_ In particu|ar, Crowell and Bartels
is relatively fast. Above this threshold energy, the distribution gemonstrated that rapid geminate kinetics of hydrated electrons
increases to-23 nm (ca. 12.4 eV) and the geminate recombina- opserved in three 400 nm photon ionization of water becomes
tion kinetics becomes relatively slow? It is believed thatthe  sjower and the fraction of escaped electrons increases when the
photoelectron ejected in the high-energy ionization process isijrradiance of the 400 nm light is in the terawatt range (1 TW/
promoted directly into the conduction band of the liquid, cn? = 10'W/m?). The same trend was observed in the similar
whereas in the low-energy photoionization, an autoionization terawatt regime by Schwartz et’aand Eisenthal et &lWhat
process occurs, because the energy is insufficient to access thigauses such a dramatic transformation?
band directly:* This process should involve a proton transfer  crowell and Bartels suggested that this changeover is caused
in concert with the loss of the electron; the latter is sometimes by the absorption of one or more 400 nm photons by a light-
regarded as an electron transfer to a “pre-existing trap” in the apsorbing species generated within the duration of the short
bulk Wa.tel"‘.l_6 The width of the initial electron distribution is excitation pu|se (Wthh, in their experimentS, was ps
then defined by the availability of suitable electron tr&ps. fwhm).12 In the following, this mechanism (which may be
Several models for this low-energy photoprocess have beenregarded as the condensed-phase analogue of the above threshold
suggested (see refs 1 and 3 for more detail); the important pointionization in the gas phase) is referred to as the-13
is that in all of these models, such a photoprocess is viewed mechanism. The suggestion was made that the species in
entirely differently from the high-energy ionization. question is a prethermalized or thermalized (solvated) electron
generated in the course of photoionization. Subsequent studies
* To whom correspondence should be addressed. Phone: 630-252-8089by Barbara and co-workefs seemed to support such a
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the possible mechanisms for the+3” photoprocess is the  water in the terawatt reginfel” For this 266 nm ionization, the
absorption within the duration of the ionizing pulse of a 400 2-photon quantum yield is also relatively low, ca. 0%52lt is

nm photon by the electrons generated in the photoionization possible that the temperature jump is a general feature of
process; the electron gains sufficient energy to penetrate deeplymultiphoton ionization of molecular liquids in the terawatt
into the conduction band of the solvent, reaching the same regime.

extended states that are accessed in the course of high-energy To save space, the Appendix and Figures 1S to 8S are given
water ionization. This “3-1" mechanism naturally explains why  in the Supporting Information.

the resulting electron distribution is broad.

While such a mechanism seems plausible for picosecond2. Experimental Section

photoionization of water, it is less clear how such a mechanism 5 1 | Jqqr SpectroscopyTransient absorbance (TA) mea-
can account for the changeover in the kinetic behavior observedg ;e ments reported below were obtained with use & kHz

for shorter, femtosecond pulses. The thermalization of the Ti:sapphire setup, the details of which are given in ref 18a. A
electron takes a relatively long time (up to 2 ps), whereas the diode-pumped Nd:YVO laser was used to pump a Kerr lens

prethermalized electron is a poor light absorber in the blue. In 1,5 qe_locked Ti:sapphire laser operating at 80 MHz (Spectra
fact, the spectral manifestation of the thermalization/solvation Physics Tsunami). The 45 fs fwhm pulses from the oscillator

process is a rapid blue shift of the absorption band of the electron,are stretched to 80 ps in a single grating stretcher. Single pulses

initially centered in the near-IR to the visiblé;™® the initial \ere then selected at 1 kHz with a Pockels cell. The 2 nJ pulses
absorl??g‘ff of prethermalized electron at 400 nm is negli- were amplified to 4 mJ in a home-built two-stage multipass
gible3% Even fully thermalized, hydrated electron has j.sapphire amplifier. The amplified pulses were passed through

relatively low absorptivity at 400 nm (the molar absorptivity is 5 grating compressor that yielded Gaussian probe pulses of 60
ca. 2600 Mt cm™1).1¢ Since the photoexcitation of the electron s yhm and 3 mJ centered at 800 nm. The pulse-to-pulse
competes with that of the solvent itself, and absorption of 400 gtapility was typically 3%.

nm light by water is very efficient in the terawatt regime, it The amplified beam was split into two parts. One beam was
seems unlikely that a large fraction of photoelectrons can be ,geq to generate the probe pulses while the other was used to
excited within the duration of a short excitation pulse. The generate the 400 nm (second harmonic) pump pulses by
estimates given in the Appendix (see the Supporting Informa- frequency doubling in a thin BBO crystal. The pulse endigy
tion), using the photophysical parameters determined in sectionys 400 nm light was determined with a calibrated thermopile
3.1 of the present Work_, confirm these suspicions: even in the peater (Ophir Optronics model 2A-SH). The probe pulse was
most favorable scenario, too few electrons would be photo- gerived from the same Ti:sapphire laser beam and delayed in
excited by 400 nm photons, and the observed transition from tine as much as 500 ps, using a 3-pass 25 mm delay line. For
one kinetic regime to another could not occur. Thus, the only yinetic measurements, 15@00 points acquired on a quasi-
way to explain the observed kinetics changeover by using the |ogarithmic grid were typically used. If not stated otherwise,
“3+1" mechanism is to postulate that some other species, the probe pulse was 800 nm. To obtain probe light of wavelength
perhaps a short-lived excited state of water, absorbs the extraj other than 800 nm, a white light supercontinuum was
400 nm photon. However, this explanation is presently not generated by focusing the 800 nm ligit@ 1 mmthick sapphire
supported by our data since no light-absorbing state with the gisk; the probe light was selected using 10 nm fwhm interference
postulated properties has been observed on the subpicosecongters.
time scale (section 3.2). Either this 400 nm light-absorbing  The pump and probe beams were perpendicularly polarized,
species has an extremely short lifetime (and then it cannot absorlyocysed to round spots, and overlapped in the samplé.at 5
a sufficiently large number of 400 nm photons to make the The spot sizes were determined by scanning the beam with a
“34+1" mechanism efficient) or such a species (e.g., the excited 10 ym pinhole or by imaging on a CCD array. The maximum
state) does not exist. In the latter case, it becomes unclear whafjyence of the 400 nm photons was 0.4 Jicit the high end
species is responsible for the+3" photoexcitation. of this pulse energy range, dielectric breakdown of water was
In this article, the terawatt regime of 400 nm photoionization observed. The dielectric breakdown is defined as the formation
of water is reinvestigated on the femto- and picosecond time of an electror-ion plasma that is produced by high 400 nm
scales. We argue that the changeover in the kinetic profiles irradiance. The onset of dielectric breakdown is readily observed
observed in the terawatt regime is caused by a rapid temperatureby the abrupt onset of scattering of the probe laser biéast
jump, which is inherent to multiphoton ionization in the terawatt very high irradiance levels (around 10 TW/&mcomplete
regime. The heating of water is substantial (tens of degreesdisintegration (steaming, sparking, etc.) of the water jet was
Centigrade) because the 3-photon quantum yield of the ioniza-observed.
tion is relatively low, ca. 0.42, and a large fraction of the Fast Si photodiodes were used to measure the transmitted
excitation energy is released into the solvent bulk as heat. Inand the reference probe and pump light for every laser shot.
this terawatt regime, the absorption of light is extremely Testing these photodiodes against the thermopile detector as a
nonuniform (for excitation light irradiance 1 TW/cn?, most function of 400 nm light irradiance showed perfect linearity of
of the 400 nm photons are absorbed in a:40 thick layer the photoresponse over the entire power range. The photodiode
near the surface; see section 3.1), and the local density of thesignals were amplified and sampled with use of home-built
ionization and heat-release events is very high. Above a certainelectronics and a 16-bit A/D converter. A mechanical chopper
critical concentration (achieved at ca. 1 TWArthe released locked at 50% repetition rate of the laser was used to block the
heat rapidly £5 ps) reaches the geminate pair, and the geminate pump pulses on alternative shots. The standard deviation for a
recombination thereby occurs in hot water. Evidence of the pump—probe measurement was typically L®D, and the
temperature jump is the observation of a red shift in the spectrum“noise” was dominated by the variation of the pump intensity
of (thermalized) electron and by characteristic “flattening” of and flow instabilities in the liquid jet.
the thermalization dynamics in the near-IR. The latter effect In some kinetic measurements, the radius of the pump beam
has also been observed in two 266 nm photon ionization of was 2-3 times smaller than the radius of the probe beam
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(usually, the pump beam envelops the probe beam at thelJ, is the (peak) pump irradiance (so that the pulse engyrgsy
sample). This “reverse” geometry was used to reduce the given byl, = 7%2J,p,%7p). Note that the radiug, defined by
sensitivity of the TA signal to imperfections in the 400 nm beam eq 1 is+/2 times smaller than the dtadius for the electric
and to minimize the long-term walk-off of the two beams field amplitude. The absorption of the pump light by the sample
relative to each other as the delay stage is moved. Naturally,is given by the equation

the TA signal obtained with the “reverse” beam geometry is

much smaller than that obtained with the “normal” beam Al(zr)oz= —p,1(zr;t)" 2
geometry (pump beam enveloping the probe beam at the
sample), and its power dependence is different. and the formation rate of the product (i.e., the electron) generated

The transmission of 400 nm ligfip, the peak pump irradiance by simultaneous absorption ofphotons with a quantum yield
Jp (see eq 1 below) and photoinduced absorbaxo®; at the of ¢n is given by
probe wavelength were determined from these measurements.
To obtain the power dependencies,~BD series of (£5) x ac(zr;t) &n 0l(zr;t)
10° pulses were averaged; the vertical and horizontal bars given 5% n_ 5z (3)
in the plots correspond to 95% confidence limits using Pearson
analysis. The pump power was continually monitored, and shotswherec(r,zt) is the concentration of the photoproduct. We will
in which the absolute deviation of the pulse eneliggxceeded assume that this photoproduct does not absorb the pump light
1-3% of the mean value were rejected; the same protocol wasduring the laser excitation of water and does not decay in the
used to obtain the TA kinetics. The typical rejection rate was time interval before detection. From eq 3 we obtain that the
10—-50%, depending on the pump power. optical density of the photoproduct by the end of the photo-
It is important to emphasize that white light continuum excitation pulse is given by
generation in the water jet was not observed throughout the
explored power range<2 TW/cn?). We also did not observe B rf" dz dzrit=+w) = ¢ ,/nf+°o dt[1(0r;t) — I(L,r;1)]
(in the specified power range) self-focusing or self-defocusing prJo e 4)
of the transmitted 400 and 800 nm beams emerging from the
jet as their images were telescoped on a screen. These nonlineawhere L is the sample thickness ang}; is the absorption
effects were too small to substantially change the beam focusingcoefficient of the product at the probe wavelength. kor 1,

across the thin (7@m) water jet. eq 2 has the solution
The pulse widths of the pump and probe pulses were
determined by harmonic generation in a thin BBO crystal. I(zr;t) =100, )/(1 + B,z(n — IO HYeD  (5)

Alternatively, the rise time of the TA signal from free photo-
carriers generated by 400 nm light in a Jh thick film of Combining egs 15, the transmission of the pump ligfi

amorphous Si:H alloy (8 atom % H) was determir&d. through the sample is given by
2.2. Materials and the Flow SystemThe experiments were
carried out with a homemade high-speed (10 m/s) jet with a T,= (2/\/;Jppp21-p) fo‘” drr ff“’ dt I(L,r:t) (6)

stainless steel 92m nozzle. In some experiments, a better-

quality jet with a 70um sapphire nozzle (V. Kyburz AG) was  gnd the photoinduced chang€Ty, in the transmissiorTy, of
used. To obtain the kinetics in the low-irradiance limit, the the probe light is given by

kinetic measurements were carried out with (i) a homemade

560 um thick high-speed jet or {iia 5 mmoptical path cell —AT, =

with suprasil windows (in the latter case, the pump beam was 2w 2 BB e

focused in the center of the cell to avoid damage to the —2f0 drr ex;{——z— ef_w dt [1(0,r;t) — I(L,r;t)]

windows). Pure He- or Nsaturated water with dc conductivity Ppr pr n

<2 nS/cm was circulated by a gear pump in an all 316 stainless )

steel and Teflon flow system. The experiments above the room

temperature were carried out as explained in ref 18a. wherel(L,r;t) is given by eq 5 forz = L and py is the 1&
radius of the Gaussian probe beam. The photoinduced change

3. Results and Discussion AOD in the decadic optical density of the sample (i.e., the

TA signal) is related to the quantity given by eq 7 ApD =

—log(1+ AT/ Tyr). Using egs 6 and 7, the absorption coefficient

Bn and the quantum yielg, can be determined for the known

parametersy, tp, andpyr from the dependencies &OD and

Tp vs Jp (Figure 1). Forppr << pp, only the beam of light with

r ~ 0 can be considered, and the averaging over the polar

coordinate in eq 7 is unnecessary. In such a case, the function

C(2 = c(zr=0;t=+) gives the concentration profile of the

reaction product along the path of the probe light (Figure'2a).

2 2 2 2 The higher the pump irradiance, the steeper is this profile. By
I(zr;t) = J, exp(-rp,” — t7z,") 1) using these concentration profiles, the decay kinetics of the

electron due to cross recombination in the bulk can be simulated

of the axially symmetric, plane-wave Gaussian laser pulse (Figure 2b and section 3.4).

propagating in the directionthrough the medium with-photon In Figure 1, a typical dependence of the TA signal from the

absorption coefficient3, (here z = 0 corresponds to the electron forA = 800 nm probe light (trace i) and 400 nm light

incidence at the sample). In eq d, andt,, are the 1¢ beam transmittance of the pump laser pulse (trace ii) vs the incident

radius and pulse width of the Gaussian pulse, respectively, andpump irradiance is shown by symbols. The TA signal of the

3.1. Power Dependence of Pump Transmission and
Product Yield. We first consider an idealized photosystem in
which the absorbance of the pump light by the photoproduct(s)
is negligible (see ref 17a for the derivation of equations). A
more complex situation in which the photoproduct (e.g., the
electron) also absorbs the pump light is considered in the
Appendix (see the Supporting Information). Uétr;t) be the
time-dependent light intensity
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Figure 1. (i) Transmittancerl, of the 400 nm pump light (to the left,
open squares), and (ii) TA sign&lODgq (Obtained usingt = 800
nm, 60 fs fwhm probe light) from the photoelectrogy e at the delay 10 4
time of t = 5 ps (to the right, open circles) in three 400 nm photon
laser excitations of the room temperature water flowing in a high-speed
optical pathL = 70um liquid jet. These two simultaneously determined
quantities are plotted against the (peak) photon irradialjaef the
incident 400 nm light. The vertical bars indicate 95% confidence limits.
The beam parameters giig= 126um, 7, = 120 fs, andop, = 24 um.
Solid lines are quantities, and AODgoo Simulated by using egs 6 and

7 given in section 3.1, using the optimum fit parameigys= 0.415

for the 3-photon quantum yield of photoionization ghd= 267 cn¥/

TW? for the absorption coefficient of water; a molar absorptivity of
18500 ML cmiL for e~ has been assumed. The dashed line (i) drawn (i) T
through the data points in the terawatt regime indicates the region where

the electron absorbance increases linearly with the light irradiance (and 1
the tentative “3-1" photoexcitation might have occurred).

6

average [e ], mM
5

2 2 8

(hydrated) electron along the path of 800 nm light traversing 10ps 100ps 1ns
the L = 70 um thick water jet was determined at the delay delay time
time of 5 ps, when the thermalization dynamics is over and the Figure 2. (a) Concentration profilesC(z) of the photoelectrons
geminate recombination of the electron is still negligible (section generated by 400 nm laser pulse along the axis of the 400 nm beam.
3.4). For this measurement, the pump pulse was 189 fs fwhm The electron concentrations, in units of 2Gnol/dnT3 (mM), at the
(rp = 120 fs) and the ¥ 'radii of the pump and probe beams fndr?f a rad'ES_ S%r_n (eg]5 l),f S’hSO 4fgofwhm|_, 4:100((1;71 %lélsg_)aieoplottgd

— — ; or three peak irradiancel of the nm light: (i) 1.56, (ii) 1.0, an
Wiref;’? .:%Gﬂm afndptpr fzfgz;g (feqjg’sreSplecﬁgleg' Th% (iii) 0.5 TW/cm?. (Trace iii is to the right, traces i and ii are to the
.re ractive indexn, of water ot 1. or . .nm 9 ,0 aine left.) These concentration profiles are plotted against the penetration
in ref 20 was useq to calculgte the reflectivity of the jet surface, depthz of the 400 nm light for a 9Gm thick water jet. These traces
R=0.0214 (multiple reflections were neglected), and the pump were simulated by using the photophysical parameters given in the
irradiance used in eq 1 was corrected by a factor of-(R). caption to Figure 1. The concentrations of the electrons at the jet surface
The decadic molar absorptivity of 18 500 #Mcm for the (\_/vherez= 0) and the mean concentrations across_t_hejet are respectively
hydrated electron was usé8iThe solid lines in Figure 1 are () 90 and 15.5 mM, (ii) 23.5 and 7.5 mM, and (iii) 2.9 and 1.8 mM.

Y 9 The higher the light irradiance, the shorter the effective path of the

least-squares fits to eqgs 6 and 7 assuming a 3-photon phOto'excitation light. (b) Evolution of the mean electron concentration for

processtf = 3), which gave the optimum parametggs= 267 the same photosystem, assuming cross recombination in the water bulk
+ 4 c?/TW2 (i.e., 2.7x 1072 m3W?) and¢z = 0.415+ 0.006 with a bimolecular rate constaktof 3 x 101° M1 s~ (assuming no
(these error limits specify the standard deviation for a particular geminate recombination). TracesiV correspond to pump irradiances

fit of the dependencies shown in Figure 1). The absorption of 0.2, 0.5, 1.0, and 1.56 TW/cinrespectively. The solid lines are
coefficients obtained in this study is considerably lower than Obtained by averaging the decay kineticgz) of the electron over

900 cn¥TW?2 given by Naskrecki et ak2 who used a thicker, the corresponding concentration profile(z,t) = [C(2)/(1 + ktC(z))0]

. . . . The dashed lines correspond to a hypothetical system in which the
1 cm optical path sample and low-irradiance 400 nm lighd.0 electrons are generated homogeneously across the jet, with the initial

TW/CmZ)_ for water photoexcitation. Such disagreements are concentration equal to the mean concentration obtained by averaging
fairly typical for measurements of photophysical parameters for over the profiles given in part a, i.e., f@E(zt) 0= [C(Q) (1 + kiT@)D.

multiphoton excitatior}’2 As the irradiance of 400 nm light increases, spatial inhomogeneity of
As seen from the linear section of the plot&©Dggo Vs J, the electron production has progressively greater effect on the electron
given in Figure 1, the power lawAODggo [ J;3, holds toJ, < decay by cross recombination.

0.3 TW/cn?. Above this irradiance, the TA curve bends down; axis for J, = 1.6 TW/cn? is shown in Figure 2a, trace i.
in the same range, the transmission of 400 nm light rapidly Compare this profile with the concentration profiles simulated
decreases with increase in the irradiance. The bending over offor lower irradianceJ, = 1 TW/cn? (Figure 2a, trace ii) and
the photoinduced absorption is due to the nonuniformity of the J, = 0.5 TWi/cn? (Figure 2a, trace iii). It is seen that in the
400 nm light absorption by the jet; the typical (simulated) terawatt regime, most of the 400 nm light is absorbed in a thin
concentration profil€(2) of the photoelectrons along the beam 10um layer near the jet surface. This shortening of the effective
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optical path of the probe light is the reason for slowing down RETT| PRI SR T 1T IR IR R TTT] PP
(seenin Figure 1) of the increase in th®Dggo with increasing i ( a )
Iy
[
[

Jp. When a straight line is drawn on this double logarithmic

plot through the data points for which > 0.5 TW/cn? (trace ] " (i)

iii in Figure 1), the slope of this line is close to unity, and this | Wi 1 1,

behavior initially led us to believe that 431" photoexcitation 0.1 | I ity | | i,
is vigorous in this terawatt regime. A detailed model for this A "
“3+1" photoprocess is given in the Appendix and Figures 1S, '

o
o
o
e

N -
2S, and 3S in the Supporting Information. As seen from Figure : | (i)
2S therein, the suggested absorption of 400 nm photons by < p.01 ' |||| M“"HIIHI”IIHIHIIM ] g
photoproducts (e.g., electrons) is not needed to explain the power I || !
dependencies shown in Figure 1, insofar as the inhomogeneous | (i)

light absorption alone explains the observed trend. Furthermore, H"[ I

as shown in the Appendix, when the occurrence of the13 0.001 | WW [[“mﬂlw ‘ | ||||||”||||I|“
photoexcitation is postulated, the fit quality in Figure 1 does ’

not improve. R e p e L L ek L m e

While the general behavior shown in Figure 1 was reproduc- 1 10 100
ible, the power dependencies of the TA fiy > 1 TW/cn?
varied somewhat when the excitation conditions and beam 1 —_ (i)
geometries were changed between the runs (see several series 10 i — (i)
of the TA measurements plotted together in Figure 4S). As £ . ¥ —— (i)
shown below, in this terawatt regime, the heat release and 5
thermal lensing by the photoexcited sample are significant and k)
cause irreproducibility. g 54

8

3.2. Thermalization Dynamics and the Electron Spectrum
in the Terawatt Regime. As mentioned in the Introduction,
one of the most striking kinetic transformations that occur in
the terawatt regime is the change of short-term electron
dynamics { < 10 ps) occurring during the thermalization, —————
relaxation, and hydration of the electron. The typical evolution 0 1 2 3 4 5
of 2 = 1.2um kinetics as a function of pump irradiance is shown time, ps

In Figure 3a (on a double logarithmic scale) and Figure 3b (on Figure 3. Pump-probe TA kinetics of photoelectrons (observed. at

a Iin(_ear sce_lle, after normalization &t= 5 ps). As the pump = 1.2um) generated in three 400 nm photon excitations of water (same
iradiance increases from 0.4 to 2.1 TWFithe relative beam geometry as that specified in Figure 2a). The 400 nm light

amplitude of the initial “spike” decreases almost 3 times. This irradianceJ, is (i) 0.4 (open squares), (ii) 1.23 (open triangles), and
“spike” is from a short-lived precursor of the hydrated electron (iii) 2.1 TW/cn? (open circles). In part a, the kinetic traces are given
whose absorption spectrum in the near-IR undergoes a rapidon & double logarithmic plot. Note the relative decrease in the initial
blue shift in the first 2 ps after photogeneratidni>2in Figure “spike” with increasing pump irradiance and the occurrence of second-

. — AP . order decay in trace iii. In part b, the kinetic traces normalized=at
4, the ratio of the = 10 ps and the “spike” absorbance signals 5 ps are shown. As the 400 nm irradiance increases, the ratio of the

for 2 = 1.2um are plotted vs the 400 nm light irradiance. For —'s ps signal to the maximum signal in the “spike” increases three
the pump irradiance<l TWi/cn?, the ratio of these two  times.
absorbance signals changes little as a function of the laser power.
However, above 1 TW/cfthere is a rapid increase in the ratio  tial, since the position of the maximum of the absorption band
with the laser power, indicating considerable flattening of the corresponds to a bulk temperature of 8D The origin of this
thermalization kinetics in the terawatt regime (which is also temperature increase and the red shift of the “thermalized”
apparent from Figure 3b). The remarkable feature of Figure 4 spectrum (Figure 5b) is discussed in the next section. Below,
is the abruptness of the transition between the low-irradiance we give a qualitative explanation of how the temperature jump
and high-irradiance regimes. accounts for the observed changes in the thermalization kinetics
The relative decrease in the amplitude of the “spike” with as observed by pumgprobe TA spectroscopy:
increasing pump power becomes lower at shorter wavelength  When the localized, prethermalized electron is generated by
of the probe light. FoAd = 1.05 and 1.Jum kinetics, the effect photoionization of water, it has1 eV excess energy and
is smaller (Figure 5S); foii < 800 nm, no change of the consequently its spectrum is not too sensitive to the temperature
thermalization kinetics with the pump irradiance is observed of the medium. From the standpoint of laser spectroscopy, the
(Figure 6S). While the thermalization stage is over in 5 ps, the thermalization process can be viewed as a systematic blue shift
electron spectra obtained in the terawatt regidpe= 1.9 TW/ of the absorption band of this electron in the visible and near-
cn¥) att = 50 ps are still red-shifted with respect to the electron IR.11715.21 Unlike the spectrum of the initial, prethermalized
spectra of hydrated electrons in room temperature water (Figurespecies, the spectrum of the thermalized electron strongly
5a). As known from nanosecond pulse radiolysis stutfiég?3 depends on the water temperature, systematically shifting to the
the latter spectra undergo systematic red shift with increasing red with increasing temperatut?223Thus, in hot water the
water temperature (see the Supporting Information for the blue shift of the electron band during the thermalization/
explicit temperature dependencies of the spectral parameters)hydration process becomes progressively smaller with increasing
From these data, it is possible to estimate the solvent temperaturégemperature. Since the “spike” in the TA kinetics observed to
corresponding to the red shift observed in Figure 5a. The the red of 800 nm is due to this spectral shift, this “spike” (after
surprising answer is that this temperature jump is very substan-normalization by thé = 5 ps absorbance) becomes relatively
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Figure 4. The irradiance dependencies of the TA signals=( 1.2

um) for the photosystem shown in Figure 3. Open squares and open
circles (to the left) indicate the TA signals from the photoelectron at 0
=5 ps and at the “spike” maximum, respectively. (The pointslfor

1.5 TW/cnt are not shown.) The vertical bars give 95% coné‘idence 400 600 800 1000 1200
limits for these data points. The filled circles (to the right) give the wavelength, nm

ratio of these two absorbance signals. The smooth line drawn through
these latter points is a guide for the eye. The dashed straight lines
correspond to the power law increase in the TA signal amplitude; their
slopes are close to 3.

absorbance, arb.u.

Figure 5. (a) Trace i gives the experimental TA spectrum of the
photoelectron observed 50 ps after three 400 nm photon excitations of
water in a 9Qum thick jet (op = 73 um, ppr = 22 um, 7, = 176 fs) at

a pump irradiance of 1.9 TW/cnThis spectrum was obtained by

. . . . .. selecting probe pulses from the white light supercontinuum, using
smaller in amplitude as the temperature increases. This point iSparrowband interference filters; focusing of these different light

exemplified by Figure 6 in which thermalization dynamics of components at the sample varied slightly across the absorption spectrum.
electrons observed at= 1 um and normalized &at= 5 ps are For the multiphoton ionization, the TA signal is very sensitive to the
given as a function of water temperature: 28, 57, and®5 pump and probe beam overlap, and the amplitude of the points close

(for 3-photon ionization of water with 0.2 TW/ém00 nm to 800 nm (for which the probe beam was more focused) is somewhat

: .. . _ - . greater than that in the wings of the TA spectrum. Even with this (hard
light). Similar changes in the near-IR kinetics as a f_unctlon of to avoid) distortion of the TA spectrum in mind, it is apparent that the
water temperature have been observed by Unterreiner and cOgpectrum is red-shifted relative to the absorption spectrum of thermal-

workers!* These changes look remarkably similar to those ized electron in room temperature water (trace ii). Trace iii corresponds
observed for room temperature water in the terawatt regime. to the spectrum of thermalized electron in 8D water. (b) The solid
The fact that the time profiles of thermalization kinetics observed line is trace ii reproduced from the plot above; the dashed line is the
for 4 < 800 nm (Figure 6S) do not change with the laser power average spectrum of (thermalized) electrons that was obtained with use
does not contradict this picture: First, these kinetics change ©f the concentration profile trace i shown in Figure 2a and te e
little in hot water (see ref 14). Second, our recent studies of gggﬁgﬁ n; 3p?£?r;%t:é232?;|)gwen in the Supporting Information (see
electron thermalization in 200 nm biphotonic ionization of water ' '

suggest that the time profile of the kinetics observed at conditions given in the caption to Figure 2. In Figure 2a, trace

i i 1 \ . : ,
450-700 nm changes little with the wavelengitf! Due to i, the concentration profile of electrons simulated by usjag

this weak dependence of the time profile on the water temper- 5,5 ohtained in section 3.1 is plotted vs the penetration depth
atqre and the wavelength, a red shift of a few tens of nanometers, of 400 nm,J, = 1.6 TW/cn? light. At the surface of the jet,
is inconsequential. the electron concentration is ca. 90 mM, while the concentration
3.3. The Temperature Jump.In this section, the origin of  averaged over the 90m thick jet is ca. 6 times lower. The
the temperature jump observed in the terawatt regime is deposition of the light energy into water follows the same
discussed. We emphasize that this temperature jump is notprofile, i.e., the concentration of electrons is maximum exactly
related to the “local” increase in temperature during electron where most energy is deposited. If all of this absorbed energy
thermalization. The latter has been postulated by Madserf&t al. were used to ionize the solvent, relatively little heat from the
and Keiding et af°> to account for subpicosecond relaxation of  electron thermalization would be deposited into water (which
the electron, by rapid heat transfer to its surroundings. As seenwould account, by a conservative estimate, for the release of 1
from the previous section, in the terawatt regime, the water stayseV of heat per ionization event). However, as shown in section
hot well after this relaxation stage is completed and the electron 3.1, the quantum vyielgs of 3-photon ionization is only 0.42.
is in thermal equilibrium with its environment. In other words, Assuming that water molecules that do not ionize dump the
the temperature jump observed in this regime is a bulk, excess energy into the bath, we obtain that®% eV of the
macroscopic effect. total absorbed energy (equal to 9.3 eV) ends up as heat (the
We suggest that the temperature jump is a natural conse-exact estimate depends on how the energy released in the
guence of the photophysics of 400 nm ionization. To demon- electron thermalization and-HOH dissociation is counted). At
strate this point, we consider a particular set of excitation the surface, the density of the energy absorbed by water is ca.
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term dynamics. Again, the photophysics of three 400 nm photon
excitations are such that the critical density of these events is
achieved in the same regime where the temperature jump is
substantial. For example, the electron concentration at the
surface of the jet in Figure 2a, trace i, is so high that the average
distance between the excitation events is ca. 1.6 nm; on this
scale, thermal equilibration of the solvent would take only 3 ps.

In the estimates for the instantaneous temperature jump given
above, H-OH bond dissociation of photoexcited water mol-
ecules was neglected. The branching ratio between water
ionization and bond dissociation in three 400 nm photon
excitations of water is not known. In two 266 nm photonic
excitations of water, Thomsen et 4l.estimated that the
branching ratio between the dissociation and ionization is
0 1 2 3 a4 5 0.55:1. Note that rapid recombination of caged H and OH
radicals deposits the heat back into the solvent.

. T . 3.4. Geminate Kinetics and the Escape ProbabilitySince

Figure 6. Thermalization kinetics of the electron observed with use h litude of the TA si | f the elect h

of pump—probe TA spectroscopyl(= 1 «m) for three 400 nm photon 1€ @mplitude of the TA signal from the electron changes very

excitations of water at 28 (open diamonds), 57 (open squares), and 8srapidly with 400 nm light irradiance, it is difficult to obtain

°C (open circles). The peak irradianggof the 400 nm light was fairly good quality kinetics in the low and high power regimes by

low, J, = 0.2 TW/cn?, so that the light-induced temperature jump was using the same sample. At low power, the absorption is weak

negligible. To facilitate the comparison of the time profiles, these TA gnd a relatively thick sample is needed to obtain a TA signal

kinetics are normalized at = 5 ps, at which delay time the ¢ (1_10) % 103 OD to sample the geminate kinetics with a

mgrP;?alllt?\?etlc;r:n:;tﬁ%Zelsoc;c;rr:wep!gﬁkgf(;gcer;vggg'temperature InCIreas'es’rgasonable signal-to-noise ratio. Co.nversely, at intermediate and
high pump power, only short-path high-speed jets could be used

190 J/cri which is equivalent to 46 callg. The heat capacity '© 8Void damage to the sample. _ _
Cy of water is 1 cal gt K~* and the densityy is 1 g/cn?.26 In the terawatt regime, the yield of the electrons is so high
Provided that 60% of the absorbed energy is released as heatthat cross recombination in the bulk solvent begins to occur on
the temperature of water would increase by°#8 By using the subnanosecond time scale. This effect is mainly the
the spectroscopic data of Bartels and co-workéiis,can be consequence of inhomogeneous absorption of fighin Figure _
shown that to double the 14m absorbance of the hydrated 20 (solid lines), the decay kinetics for homogeneous recombina-
electron by a temperature-induced red shift of its absorption tion of electrons averaged along the path of the probe light are
spectrum, a thermal jump of 3% would be sufficient. The  Simulated for the initial concentration profiles shown in Figure
temperature jump rapidly decreases as a function of the 2a, as a function of the pump irradiance, assuming a (bulk)
penetration depth of the 400 nm light. However, since the 'ecombination constant of 8 10 M~*s* (close to the rate
electron concentration tracks the same profile, the resulting constant of g~ + OHaq recomoblnaluonl at 25C). A slightly
spectral shift is still substantial. By using the parametrization greater rate constant of 3:8101°M~* s for cross recombina-
of the @4 spectrum as a function of temperature given by ton of &g~ in water ionized by the intense 266 nm laser was
Bartels and co-worke#3 and averaging along the path of the ~Obtained by Pommeret et & For comparison, dashed lines
beam, a sample-average spectrum in Figure 5b was obtainedin Figure 2b give the recombination kinetics obtained assuming
This spectrum is notably red shifted with respect to the homogeneous generation of the electrons along the path of 400
equilibrium &4 spectrum at 25C. nm light (the initial concentration had the same value as the
Importantly, once the heat is released, the equilibration of mean concentration for the correspondid@) profile shown

the solvent across the jet would take a long time. The heat In Figure 2a). Itis seen that the recombination kinetics are much
conductivity x, of water is 6 mW cm! K1 so that the heat ~ faster for the inhomogeneous distribution, in agreement with

diffusivity w = kw/pwCw is 1.4 x 1073 cm?/s 26 A temperature the experimental results discussed below. Thus, at the higher

gradient over 1th (the same as the concentration gradient end of the pump irl‘adiance, the kinetic profiles observed within
shown in Figure 2a) would take ca. 0.3 ms to disappear by the first 600 ps after the ionization are strongly affected by the
diffusive heat exchange. Thus, the temperature stays constanff0ss recombination; the latter cannot be fully disentangled from
on the subnanosecond time scale of our kinetic observations.the geminate recombination which occurs on the same time
Another important point is that homogenization of the heat on scale.

the microscopic scale would be rapid. In the model discussed Figure 7, trace i, shows typical pumprobe kinetics for 800
above, the heat release and water ionization occur in differentnm absorbance from water excited by 400 nm light (0.1 TW/
excitation events, i.e., to observe the effect of the heat (the cn?) obtained by usig a 5 mmoptical path flow cell (“normal”
temperature jump) on the electron spectrum and geminatebeam geometry with, = 92 um andp, = 12.2um). The initial
recombination and thermalization dynamics, the heat released‘spike”, which has the same time profile as the response function
in an excitation event should reach the environment of the of our setup, is due to nonlinear absorbance (simultaneous
electron generated in a separate ionization event. It is the latterabsorbance of 400 and 800 nm photons). As the pump irradiance
consideration that explains why the kinetic transformations increases and more 400 nm light is absorbed by the sample,
observed in the terawatt regime are relatively abrupt: not only fewer 400 nm photons are available for this nonlinear process,
should a sufficient amount of heat be released to generate theand the relative amplitude of the “spike” decreases dramatically.
temperature jump, the density of the excitation events should The slow decay on time scales of 10 to 600 ps is due to the
be sufficiently high as well, otherwise, the heat release in geminate recombination of hydrated electrons; heat release and
spatially isolated events would have little effect on the short- cross recombination are negligible in this low-power regime.

time, ps
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Figure 7. Pump-probe TA kinetics of the electron generated by three
400 nm photon excitations of water ir) & 5 mmoptical path cell J,

= 0.125 TW/cn; open circles, to the right) and (ii) a 560m thick
liquid jet (J, = 0.2 TW/cn¥; open squares, to the left). The solid curve
is the simulation of the geminate recombination dynamics with use of
the IRT model given by Pimblott and co-workers, ref 36 (the model
parameters are given in the caption to Figure 1S in the Supporting
Information; see also ref 2) for an initiat>Gaussian electron
distribution, eq A1, with a width parametep = 1.1 nm.
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Figure 8. (a) The evolution of the TA kinetics of the electroh €

800 nm,pp = 83 um, 7, = 200 fs, pp = 232um) generated by 400 nm
photoionization of water in a 90m thick jet as a function of the pump
irradiance ford, = (i) 0.29, (ii) 0.65, (jii) 1.3, and (iv) 2.6 TW/cf
Note that the “reverse” beam geometry was used for these kinetic
measurements. (b) A comparison between the time profiles of normal-
ized kinetic traces i (open circles) and iv (solid line) from Figure 8a.

Very similar kinetics (save for the smaller amplitude of the
“spike”) were obtained for 0.2 TW/ctexcitation of water in
a 560um thick high-speed liquid jet (see trace ii in Figure 7;
pp = 85um andpp = 10 um).

Parts a and b of Figure 8 show TA kinetic tracés< 800

Crowell et al.
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Figure 9. Pump irradiance dependencies of the TA signals &t=)

10 (open squares; to the left) and (ii) 500 ps (open diamonds; to the
left) in three 400 nm photoexcitations of water in a8 thick jet @

= 800 nm,pp, = 85.4um, 7, = 200 fs,ppr = 190um; note that “reverse”
beam geometry was used). Trace iii (open circles; to the right) is the
ratio of thet = 500 10 ps absorbance signals. The solid line is a guide
to the eye.

TA signals plotted in the same figure is a measure of the fraction
of electrons that escape recombinatiort & 500 ps. As seen
from Figure 9, forJ, > 0.3 TW/cn# this ratio first increases
with the pump irradiance; then, at around 1 TW#cihbegins

to decrease. The latter changeover occurs in the same range
where rapid cross recombination is expected to occur, and the
kinetics shown in Figure 8 (see also Figure 3a, trace iii, and
Figure 7S) reveal the long-term effects of such a recombination,
which are similar to those simulated in Figure 2b. (Note that
for the TA kinetics obtained by using the “reverse” beam
geometry, cross recombination is less prominent since the
average concentration of electrons across the pump beam,which
is probed by using this geometry, is substantially lower than
that atr = 0, which is probed by using the “normal” beam
geometry.) Even those TA Kkinetics that are affected by the
homogeneous recombination on a subnanosecond time scale
show the same short-term behavior as the kinetics obtained in
the 0.3-1 TWi/cn? range (Figures 8b and 7S). In particular,
within the first 100 ps after the 400 nm photoexcitation, these
kinetics are much flatter than the kinetics shown in Figure 7.
To some degree, this flattening of the kinetic traces is due to
the changes in the thermalization dynamics. The latter can be
eliminated by comparing TA kinetics normalizedtat 10 ps,
when the (power-dependent) electron thermalization is complete.
The geminate electron decay certainly slows down (Figures 8
and 7S) and the survival probability increases (Figure 9) with
increasing irradiance of the 400 nm light. Most of this change
occurs in a narrow range of pump irradiance, between 0.5 and
1 Tw/cn?. At higher irradiance, this trend is difficult to follow
because the cross recombination interferes with the geminate
recombination. Importantly, the range in which the geminate
kinetics change with increasing i the same range in which

the thermalization kinetics also begin to change. The latter
kinetics are, actually, less sensitive to the photogenerated release
of heat because a high critical concentration of the excitation
events (achieved only fop, 3 1 TW/cn?) is needed for rapid
homogenization of the heat on the picosecond time scale, as
noted in section 3.2.

nm) obtained at higher pump irradiances. Figure 9 shows the We believe that the geminate recombination kinetics observed

TA signals att = 500 and 10 ps plotted as a function &f

in the terawatt regime are for the hydrated electrohdtwater

(these data were obtained by using the “reverse” beam geom-and explain the observed transformations by the temperature

etry: pp = 85 mm ando,; = 190 mm). The ratio of these two

jump:
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The effect of increasing temperature on the geminate recom-broad initial distribution of electronhole distances, the 20 ps
bination in water has been studied by Madsen ét &vho component could not be accounted for by the geminate
followed the electron decay kinetics to= 90 ps). The main recombination. On the other hand, the relatively long lifetime
effect is to increase the survival probability of the electron, from of this component (as compared to the characteristic time of
ca. 0.55 at 10C to 0.75 at 8C°C (att = 90 ps, see Figure 4  the solvation dynamicss300 fs}2-14 excludes the involvement
in ref 24). Interestingly, while diffusion is faster in hot water, of presolvated electron. The same 20 ps component, albeit
the geminate recombination after the first 10 ps becomes slower.smaller in amplitude, was observed by Wishart e¥?at the
Madsen et al. explain these observations by the decrease in thgrobe wavelength of 1000 nm using the picosecond laser cathode
dielectric constant of water and the fact that recombination of driven linac facility (LEAFF® at the Brookhaven National
the electron, £, with the OH radical is not diffusion controlled  Laboratory (Figure 8Sa).
at the higher temperature, so that the probability that a diffusion ~ This short-term behavior might be qualitatively accounted
encounter leads to recombination of the (Qkl.g pair de- for by a temperature jump in the radiolytic sg8#° The
creases. Such pairs, by the estimate of Madsen ¢tatgount difference between the photolysis and radiolysis is that for the
for 80% of all recombination events after water photoionization; latter, heating of water is localized on the nanoscale.
the remaining 20% are from the recombination gf evith the In the near-IR, the molar absorptivity of the electron plotted
hydronium ion, HO*. Recently, Crowell et & studied the vs the local temperature passes through a maximuml80
temperature effect on the dynamics of (Of4,9 pairs generated  °C (Figure 8Sb). When the local temperature in the spur
by 200 nm light induced electron photodetachment from aqueousdecreases on the picosecond time scale, this causdedthease
hydroxide. The decay kinetics of the electron were followed in the TA in this spectral region. Assuming that the distribution
out to 600 ps, and the temperature range of 8 t©0wvas of the local temperatures follows that of the electrons (since
explored (see Figures 3 and 4 in ref 18a). The changes of thethe heat is deposited during the electron thermalization), the
long-term kinetics with increasing temperature observed for this characteristic cooling time of a spur of the siaés a%u,,.3°
closely related photosystem are remarkably similar to those For a = 2 nm, an estimate of 2880 ps is obtainettin
observed by Madsen et al. in waférthe electron escape reasonable agreement with the observed time constant for the
becomes more efficient and the diffusional “tail” of the kinetics fast component-®2The substantial temperature jump is reason-
becomes flatter. These trends are also present in the kineticsable since the average energy required to ionize waterib2
observed in the terawatt regime for 400 nm photoionization of MeV electrons (26-25 eV¥8is more than twice the optical gap
neat water. While we do not have sufficient data to demonstrate of this liquid (10-11 eV)3“ This excess energy is released as
by rigorous simulation that the heat release alone caalse$ heat during the electron thermalization, and the local temperature
the observed kinetic transformatiofighe qualitative behavior ~ immediately after the electron hydration increases substantially.
is consistent with the notion that the changes in the geminate Simple estimates suggest a temperature jump of at least@®0
kinetics are of the same origin as the concurrent changes in the’C at the center of the spét.As seen from trace ii in Figure
thermalization dynamics. 8Sb, such a temperature jump would be sufficient to account

3.5. Implications for Pulse Radiolysis of Water.In pulse for the fast component observed at 1000 nm in the experiments
radiolysis of condensed-matter systems, the excitation energy®f Wishart et ak? A simple way to verify this explanation would
of the ionizing particle is deposited very unevenly: the be to observe the electron dynamics at other probe wavelengths.
excitation/ionization events are clustered in a small volume of )

2—5 nm diameter (the so-called radiolytic spur); these spurs 4- Conclusion

are separated by vast distances (ca. 100 nm along the particle | js suggested that previously observed transformations of
track)?® It has been speculated by Eisenthal and co-wofRers geminate recombination and electron thermalization kinetics in
and other® that rapid heat deposition in spurs could change mitiphoton ionization of liquid water by 400 nm terawatt light
the kinetics observed on the picosecond time scale, before theyre caused mainly by rapid heat deposition into the bulk sample.
heat dumped into the media during electron thermalization The release of heat during the photoexcitation causes a nearly
escapes from the spur. Until recently, there was little support jhstantaneous temperature jump of several tens of degrees
for such an assertion. Howeyer, recent observations from two Centigrade. The ultimate cause of this jump is the low quantum
laboratorie"*? seem to provide such support. It appears that yield for the 3-photon ionization of water: only 42% of the
the temperature jump observed in multiphoton ionization of excitation events result in solvent ionization: the rest of the
water (see above) also occurs in water radiolysis, though theenergy absorbed by water is released as heat. Consequently,
dynamics of the two effects are quite different. the electron spectrum shifts to the red, the thermalization

Recently, Gauduel et &h.studied the electron dynamics in  dynamics of the electron observed by TA in the near-IR become
room temperature liquid ¥ using a novel technique of flatter, the geminate recombination dynamics become slower,
femtosecond pumpprobe pulse radiolysisTA spectroscopy. and the survival probability (i.e., the escape fraction) of the
The 700 fs fwhm pulse of relativistic {2L5 MeV) electrons electrons increases.
was generated by interaction of a 10 TW amplified Ti:sapphire  Our analyses suggest that the ionization of water by 400 nm
laser pulse with a supersonic heliumj&The TA signal from light remains three photons up to the irradiance at which the
hydrated electron was observed at 820 nm and followed overwater begins to break down; there is little evidence for the
the first 150 ps after the radiation-induced water ionization. occurrence of “3-1" photoionization in which the electron or
These kinetics were qualitatively different from the ones an excited water molecule generated during the ionization/
extrapolated from the pumfprobe data obtained on a longer excitation process absorbs one or more 400 nm photons. Though
time scale, in both pulse radiolydtsand multiphoton excita- our experiments do not exclude such a possibility entirely, this
tion.1:2:3.9.21.24.255pecifically, instead of smooth, sloping decay photoprocess seems to be of little importance for the excitation
curves similar to those shown in Figure 8, a fast component of water by femtosecond pulses. Furthermore, it appears that
with an exponential lifetime of ca. 20 ps was observed. Since the results can be understood, albeit qualitatively, without such
the kinetics observed far > 50 pg%3234are indicative of a a postulate, by water heating alone. It is likely that other reported
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instances of power-dependent kinetics for hydrated electron
generated by water ionization in the terawatt regime can be
explained in the same way. It is also possible that the fast (ca.
20 ps) component that was recently observed in the ultrafast
pulse radiolysis, transient absorption studies by GauduePét al.
and Wishart et aP? can be accounted for by a temperature jump
in the radiolytic spur, as suggested almost 40 years ago by
Ingalls et aP°
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