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ULTRAFAST FORMATION OF HYDRATED ELECTRONS IN WATERAT HIGH CONCENTRATION: EXPERIMENTAL EVIDENCEOF THE FREE ELECTRONP. Palianov a*, P. Martin b**, F. Quéré b, S. Pommeret aInstitute of High Current Eletronis, Siberin Branh, Russian Aademy of Sienes634055, Tomsk, RussiabServie des Photons, Atomes et MoléulesServie Interdisiplinaire sur les Systèmes Moléulaires et les Matériaux, UMR 3299 CNRSCommissariat à l'Energie Atomique et aux Energies Alternatives, DSM/IRAMIS, CEA/Salay,91191 Gif sur Yvette, FraneReeived Otober 14, 2013Using a time-resolved optial interferometri tehnique, we investigate the ultrafast primary events following theinteration of an ultrashort laser pulse with pure water in the TW/m2 regime. Beause our method is sensitiveto the quasi-instantaneous eletron energy level position, we demonstrate that in ontrast to the well-knownlow-intensity regime, where the free eletrons are instantaneously aptured by pre-existing traps, in this newregime of exitation, free eletrons are learly observed, exhibiting a substantial ontribution in the near IR. Thedelayed loalization is attributed to the saturation of pre-existing avities in the liquid by the large number ofthe exited eletron states reated.DOI: 10.7868/S0044451014030185The solvated eletron appears in a variety of polarliquids and is reated as soon as an eletron is injetedinto the solvent. This hemial speies has been tho-roughly studied experimentally and theoretially [1�4℄beause it is reognized to take part in a very largelass of aqueous hemial reations. The solvated ele-tron has been partiularly studied in water beause ofits key role in biology, hemistry, and physis. It an begenerated by several di�erent mehanisms, e. g., radiol-ysis, eletrohemial, or optial exitation. The equili-brated solvated eletrons, whose ground state survivesfor some hundreds of nanoseonds [5℄, resides in an ap-proximatively spherial solvent avity made with sixwater moleules with one of their OH bond pointing to-ward the avity enter [6, 7℄, as was reently on�rmedby Car Parinello moleular dynamis studies [8, 9℄. Itsspetral properties, �rst reported in the early 1960s, ex-hibit a broad asymmetri absorption band entred at1.75 eV [10℄, whih has been intensively studied sine*E-mail: palianov�yandex.ru**E-mail: philippe.martin�ea.fr

its disovery [11℄. The ground state of this spherialtrap has an s-like harater and a set of three nearlydegenerate p-like exited states [6; 7; 12℄ orrespond toits �rst exited state.To gain a better understanding of the nature ofthe eletron�water interations, two types of experi-ment have mainly been realized up to now: i) time-resolving the transient absorption in pure liquid waterfrom the injetion of eletrons in the ondution bandup to the full solvation [13�15℄ and ii) measuring the ab-sorption on the equilibrated solvated eletron [16, 17℄.We note that all these experiments have been done us-ing the same ultrafast time-resolved visible�infrared ab-sorption spetrosopy tehniques at �low� pump powerdensities (a few GW/m2). The infrared absorptionspetrum [18℄ and the Raman spetrum [19℄ of the hy-drated eletron have been measured, whih is in favorof the �rst-priniple moleular dynamis [8, 9℄.In this paper, we larify the very early stages ofthe formation of the solvated eletron by using anothertehnique allowing a diret and simultaneous measure-ment of the variation of the real and the imaginarypart (absorption) of the refrative index with a tem-559



P. Palianov, P. Martin, F. Quéré, S. Pommeret ÆÝÒÔ, òîì 145, âûï. 3, 2014poral resolution better than 50 fs. The main advan-tage of this interferometri-based tehniques, is that itpermits following the instantaneous position of the en-ergy level of the eletron in real time [20℄. Contrary tomost of the previous studies, the present one has beenperformed at very high pump power, produing an ex-tremely high onentration of hydrated eletrons (up tothe molar regime) [21; 22℄. In a sense, what we mimi isloser to what ours in dense traks of radiation hem-istry [1℄. The experimental setup has already been de-sribed in detail [20; 23℄ and we only brie�y reall thepriniple of the measurements. The probe system on-sists of two idential pulses separated by a �xed timedelay and ollinearly propagating. One (the referenepulse) rosses the sample before the pump pulse andthe other (the probe pulse) after it. The referene andprobe pulses are sent into a spetrometer, and the per-turbed region in the sample is imaged at the entraneslit.The modi�ation of the refrative index �n induesa phase shift �� for the probe pulse, whih is propor-tional to the length L over whih the pump and probebeams overlap. The phase shift is given by��(t) = 2�L� Re(�n(t));where � is the probe beam wavelength and �n(t) == n(t) � n0 is the instantaneous hange of the refra-tive index that results from the pump-indued exita-tion (n0 is the unperturbed refrative index). By usingthe ontrast of the fringes, we obtain the hange in theabsorption oe�ient, i. e., in the imaginary part of therefrative index. This an be written expliitly asA = 1� exp ��2L! Im(n(t))� :Both quantities (the phase shift and absorption) are ob-tained by a Fourier analysis of the interferene imageat the output of the spetrometer. The laser with thetitanium-doped sapphire (Ti-Sa) deliver 60-fs pulseswith energies up to 100 mJ. We use a part of the laserbeam with fundamental wavelength (800 nm, 1.55 eVphotons) as a probe and the pump beam after the fre-queny doubling (395 nm) is spatially �ltered, to pro-due a soft Gaussian pro�le. Typially, we used pulseenergies in the 0.4 mJ range aommodating shot-to-shot �utuations of about 10%.The pump and probe arrangement is shown inFig. 1. The water being ontained in a quartz ell,the main di�ulty was to avoid some possible spuri-ous ontributions from the ell itself. Of ourse, it hasbeen heked that without water in the ell, no fringe
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Fig. 1. Shemati view of the pump and probe ar-rangement. The intensity in the middle of the ell is4 � 1012 W/m2, the intensity at the surfae of the ellis 109 W/m2distortion was visible on the CCD amera. We used avery short foal lens (10 m) adjusting the foal pointin the enter of the ell, where the intensity was loseto 4 � 1012 W/m2, whereas the intensity at the surfaeof the ell was lower than 109 W/m2. This intensityin water was set slightly bellow the �lamentation orwhite light generation regime. In pratie, the windowwhere the signal is unambiguously distinguishable fromthe quartz ell and below the breakdown of water wasvery thin, impeding experiments of varying the pumpintensity over large ranges.The temporal behavior of the phase shift �� andthe orresponding absorption ln(I0=It), where I0(It) isthe intensity of the probe beam passing through un-perturbed (perturbed) water, are shown, after a spa-tial integration along the slit of the spetrometer, inFig. 2. We present all shots without disrimination oraveraging. The relative spreading of the data pointsorresponds to exat error bars. This spreading o-urs, beause several shots at higher intensities due toshot-to-shot energy �utuations, indue the breakdownof water, produing spurious phase shifts in the inter-ferene pattern. In these graphs, the zero delay or-560
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Fig. 2. (a) Phase shift and (b ) absorption of the probe pulse as funtions of delay time in pure water. The inident pulse in-tensity is 2:2 TW/m2 and the probe pulse wavelength is 1:57 eV. Cirles orrespond to the single-shot experiment; full thiklines to the simulation based on the Drude�Lorentz model; dashed lines to the free-eletron ontribution; dash-and-dot-linesto the trapped eletron ontributionresponds to the maximum overlap between the probeand the pump envelop pulses. In Fig. 2a, we �rst ob-serve a positive phase shift (for negative delay times),immediately followed by a negative one (for small pos-itive delay times). After roughly 400 fs, the phase shiftbeomes positive and slowly inreases to a steady-statevalue within the time window under onsideration. Thebehavior of absorption (Fig. 2b ) is less ompliated: we�rst observe a very abrupt inrease right after the pumppulse, followed by a relaxation on the same time saleas the inrease in the phase observed in Fig. 2a. Wenote that the maximum absorption is reahed approx-imately 400 fs after the pump pulse. A similiar behav-ior was already observed for the transient absorptionat high pump power densities with a pump wavelengthof 400 nm [22℄ or 266 nm [21℄.To interpret our results, we use the Drude�Lorentzmodel. This is basialy a two-level system in whih, inorder to preserve the �band struture� and retain thevalidity of the model, the ondition is imposed thatthe number of exited eletrons be small ompared tothe total number of eletrons available in the liquid(3:3 � 1022 m�3). As we see in what follows, this re-quirement is perfetly satis�ed. The Drude�Lorentzmodel an be written as�n(t) = n2Ip(t) + e22n0"0 �Nfree(t)(!2 � i!=�free)m� ++ N trap(t)(!2trap(t)� !2 � i!W solv=~)me ; (1)

where e is the eletron harge, me is its mass, m� itsredued mass in the ondution band, "0 is the vauumpermittivity, 1=�free is the ollision rate of the exitedfree eletrons, W solv is the width of the optial absorp-tion spetra of solvated eletrons, n0 is the refrative in-dex, n2 is the nonlinear refrative index, !trap(t) is theabsorption frequeny of the trapped eletron, Nfree(t)is the number of free eletrons, and Ntrap is the numberof trapped eletrons.The �rst term in Eq. (1) represents the Kerr ef-fet. It is proportional to the (Gaussian) pumplaser intensity Ip(t) and ontributes positively to thephase shift beause the nonlinear index n2 is pos-itive (it was estimated in [24℄ to be in the range(0.5�1:0) � 10�15 m2/W). This is observed in all diele-tri materials and lasts as long as the pump and theprobe pulses overlap in the sample. The real part ofthe seond term (the �free eletron� or �plasma� term),whih is proportional to the density Nfree(t) of freeeletrons reated by the pump pulse, is always negative.The real part of the last term stands for the trapping(followed by solvation) of the eletrons, N trap(t). Itssign is determined by the relative values of !trap and !.For example, in the ase of shallow traps (!solv < !),its ontribution is negative. This means that the phaseshift measurement alone is insu�ient to distinguishbetween the eletrons in the ondution band and theeletrons in shallow traps. On the ontrary, if the ab-sorption bands assoiated with the trapped state or-respond to wavelengths shorter than the probe wave-length (!solv > !), the trapping of eletrons (solvation)12 ÆÝÒÔ, âûï. 3 561



P. Palianov, P. Martin, F. Quéré, S. Pommeret ÆÝÒÔ, òîì 145, âûï. 3, 2014Table. Parameters used in the simulationParameter Value Fittedn0 1.5 NoN0, m�3 3:3 � 1022 Noa�free, fs 1.85 Nob!1hyd, eV 1.72 No [10℄W solv , eV 0.34 No�3, m6�s2 2:8 � 10�81 No [22℄� 0.42 No [22℄!0trap, eV 1.52 Yes�solv , fs 450 Yes� trap, fs 230 Yesm�=me 0.18 Yesn2, m2=W 6:2 � 10�16 YesaCalulated assuming that eah water moleule an be io-nized one.bAssumed to be equal to the one of fused silia [20℄.The Wr value in Table 1 in Ref. [10℄.gives rise to a positive phase shift.In this model, e�free ! e�trap is the hydration pro-ess, i. e., one the eletron is trapped, it digs its ownhole; it is introdued by the time dependene of thetrap absorption !trap(t) that takes the hydration pro-ess e�trap ! e�hyd into aount, and we assume that theeletron trap depth is a funtion of time:!trap(t) = !0trap + (!1hyd � !0trap)�� [1� exp(�t=�solv)℄ ; (2)where !0trap and !1hyd are the respetive absorptionmaxima of the trapped eletron and the fully hydratedeletron.To produe the eletron, we onsider a 3rd-ordermultiphotoni absorption proess [22℄ followed by atrapping proess. The rate equations are then givenby dNfreedt = �3N0�3I3p � Nfree� trap ;dN trapdt = Nfree� trap ; (3)where N0 is the total initial eletron density of water,�3 is the 3rd-order multiphoton ross setion, and � isthe water ionization quantum yield.The parameters for whih the best �t is obtainedfor the phase shift (Fig. 2a) and absorption (Fig. 2b)

are summarized in Table. We emphasize that the setof parameters known from the literature (marked with�No� in Table) imposes very restriting onstraints onthe other parameters (marked with �Yes�) and on thefuntional forms as well. Any small deviation of a pa-rameter strongly deviates the �t from the �error bars�.We estimate the range of validity of our inferred pa-rameters better than 5%, well in the range of expetedvalues in Ref. [25℄.Taking the solvation time �solv to be 450 fs, we �ndthat, without any doubt, our results support not onlythe idea of a noninstantaneous solvation proess (as-sumed to be a ontinuous shift in the present study) butalso, for the �rst time, the importane of the free ele-tron in the spetrosopi data. The passage throughthe resonane (when the trap position is equal to thelaser wavelength) ours after about 400 fs and explainsthe origin of the observed bump in the absorption ki-netis. Both the phase shift and absorption are verywell reprodued. The abrupt phase hange around zerotime delay an solely be explained by instantaneouslyformed speies, i. e., the free eletron inside the ondu-tion band of water. The free eletron indues the strongnegative phase shift observed at early delay times. Thisresult seems to ontradit the �ndings on IR probe ofthe eletron hydration proess in [15℄, where an almostinstantaneous eletron attahment to a water moleulewas found; but it is not. Indeed, that study was per-formed at relatively low pump power densities (a fewGW/m2) while the present one is performed at ex-tremely high power densities (a few TW/m2).It is well known that water ontains a large num-ber of traps [26℄ that favor the eletron attahmentduring the solvation proess, as was reently demon-strated with �rst-priniple moleular dynamis [27℄. Itwas proposed that at least for low pump power densi-ties, the lifetime of the free eletron is less than 1 fs [28℄.At high pump power densities, another mehanism op-erates. It an be proposed that the density of traps isnot large enough ompared to the number of eletronsinjeted into the liquid (9:7 � 1019 m�3) and that partof free eletrons have to wait for a avity to be formedvia the �utuation of the liquid. We note that the mea-sured exitation density is well below the total eletrondensity, whih validates the use of the Drude model.In the study of the eletron trap density in wa-ter [26℄, it was proposed to lassify the traps as a fun-tion of their depth: deep traps that are favorable toeletron loalization (Etrap < �0:83 eV) and the rest,alled shallow traps. The onentration of deep trapsthey found was 0.22 mol/l (1:3 � 1020 m�3). It is in-teresting to note that the number of injeted eletrons562



ÆÝÒÔ, òîì 145, âûï. 3, 2014 Ultrafast formation of hydrated eletrons in water : : :is almost equal to the number of available traps esti-mated from lassial moleular dynamis. It is there-fore not very surprising that the observed hydrationmehanism desribed in this paper di�ers substantiallyfrom the one desribed in previous publiations. Thetrap energy �utuations proess is the result of waterdynamis (i. e., thermal �utuations in the liquid) thatruns perpetually. In [26℄, two types of dynamis re-lated to the energy trap �utuations we observed: anultrafast ontribution assoiated to libration motionsof water moleules and a slow motion (a few hundredsof femtoseonds).The timesales desribed here are muh like the onesobserved for the frequeny shift orrelation funtion ofthe OH vibrator in water (50 and 650 fs) [29�31℄. Ifwe admit that the main step of trap formation (respe-tively, disappearane) is the breaking (respetively, for-mation) of an H bond, then we an propose that bothrates are equal to the H bond lifetime, 700 fs [32℄. Ourtrapping time is somewhat smaller than but ompara-ble with the H bond lifetime and gives on�dene thatat high pump power densities, the limiting event is in-deed the number of traps available. The relatively highvalue of !0trap has to be balaned with the fat thatour �slow� trapping rate hinders part of the solvationproess, whih is not a single exponential as stated ear-lier. This indiates that when the ondution band ofwater is signi�antly populated, the eletrons are pref-erentially trapped in deep traps. This fat is relatedsomehow with the relatively small value of the reduedeletron mass in the ondution band, whih re�ets amore pronouned metalli harater of water when itsondution band is signi�antly populated.This interferometri tehnique, used for the �rsttime in liquid water, demonstrates that for high laserintensities, right after the injetion proess by anultrashort pulse, the eletrons remain free duringabout 230 fs while the loal �lattie� reats, rearangingitself to reah the well-known solvation age state afternear 450 fs. The new observation in this paper is thedelayed loalization of the aqueous ondution-bandeletrons, attributed to the saturation of pre-existingavities in the liquid by the very large number ofexited eletron states reated by the high-intensitylaser. For suh a high onentration, the time neededfor an eletron to �nd a trap inreases due to thesaturation of deep traps. The present study providesa solvation sheme that is fully relevant for radiation-indued trak eletron solvation dynamis [1℄ due tothe high loal onentration of ionization events.
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