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KINETICS OF GENERATION, RELAXATION, ANDACCUMULATION OF ELECTRONIC EXCITATIONS UNDERTWO-PHOTON INTERBAND PICOSECOND ABSORPTIONIN TUNGSTATE AND MOLIBDATE CRYSTALSV. I. Lukanin, A. Ya. Karasik *Prokhorov General Physis Institute, Russian Aademy of Sienes119991, Mosow, RussiaReeived August 6, 2012Under two-photon 523:5 nm interband pioseond laser exitation, we measured the kinetis of indued absorp-tion in PbWO4, ZnWO4, and PbMoO4 rystals with 532 to 633 nm ontinuous probe radiation. We obtainedreal-time information about the dynamis of the generation, relaxation, and aumulations of eletroni exita-tions over a wide time range (from pioseonds to hundreds of seonds) and the 77�300 K temperature range.For the studied rystals, exponential temperature-independent growth of the indued absorption (IA) with 60 nsrise time re�ets the dynamis of the generation of eletroni exitation. The kinetis of the IA exponentialgrowth with temperature-dependent 3:5�11�s time onstants re�et the dynamis of energy migration betweenneighboring tungstate (molibdate) ions to traps for the studied rystals. The multiexponential relaxation ab-sorption kinetis strongly depend on temperature, and the relaxation deay time of indued absorption inreasedfrom tens to hundreds of ms to seonds under rystal ooling from 300 K to 77 K. We found that the inreasein the laser pump repetition rate (0�10 Hz) leads to the aumulation of eletroni exitations. Control of therepetition rate and the number of exitations allowed us to hange the relaxation time of the indued absorptionby more than two orders of magnitude. Due to aumulation of exitations at 77 K, the absorption relaxationtime an exeed 100 s for PbWO4 and PbMoO4 rystals. In the initially transparent rystals, two-photoninterband absorption (2PA) leads to rystals opaity at the 523 and 633 nm wavelengths. (An inverse optialtransmission of the rystals exeeds 50�55 at a 50�100 GW/m2 pump intensity.) Measured at � 1 mW proberadiation of 532 and 633 nm wavelengths, the indued absorption values are omparable with those obtainedunder two-photon absorption at � 5 kW pump power. An optial 2PA shutter for the visible spetral range isproposed with a variable shutting time from hundreds of miroseonds to tens of seonds.DOI: 10.7868/S00444510130800261. INTRODUCTIONProesses onerning the generation and relaxationof eletroni exitations in inorgani [1℄ and organi [2℄media are of partiular interest. Methods of laser spe-trosopy are widely used for investigations of basiproperties of materials and interation of light withmatter. In this respet, the nonlinear two-photon ab-sorption (2PA) tehnique attrats attention due to anumber of unique properties. The 2PA tehnique is ap-pliable to ontrolling the energy, time, spetral, andspatial parameters of laser radiation [3℄. In addition,*E-mail: karasik�lst.gpi.ru

the 2PA tehnique allows inreasing the spatial reso-lution in laser mirostruturing of materials and mi-rosopy. The list of 2PA appliations an be signi�-antly extended [2℄.Two-photon nonlinear spetrosopy an providenew information that is inaessible by traditional one-photon spetrosopy [4; 5℄. The use of the 2PA teh-nique is advantageous, in partiular, for exitation ofeletroni states in the ondution band of materials.For one-photon exitation in a nontransparent spetralrange of the ondution band, large nonradiative lossesdo not allow obtaining bulk homogeneous exitation ofa sample [6℄. In the ase of interband 2PA, the energyof one of the exitation photons an orrespond to thetranspareny region of the material. In this ase, sele-tive laser exitation of levels under 2PA an allow di-235



V. I. Lukanin, A. Ya. Karasik ÆÝÒÔ, òîì 144, âûï. 2 (8), 2013ret examination of luminesene and absorption fromthe interior of a bulk sample. The di�erene betweenthe seletion rules for one- and two-photon exitationproesses provides additional apabilities. The mea-surement of the 2PA oe�ients and ross setions areof independent interest.The optial properties of oxide tungstate and molib-date rystals are of urrent interest beause of the use ofthese rystals in sintillation detetor of ionizing radia-tion [1℄, in addition to their promising use as nonlinearoptial materials, e. g., as shifters of a laser radiationfrequeny via stimulated Raman sattering (SRS) [7; 8℄.Appliations of the rystals require knowledge of thesintillation response rate. As a rule, this rate is mea-sured using methods of the one-photon �oresene spe-trosopy. However, a searh of new methods for inves-tigations of the dynamis of generation and relaxationof eletroni exitations is important. In [9℄, we demon-strated a method to analyze the dynamis of interband2PA in tungstate rystals exited by a sequene of pi-oseond laser pulses of variable intensity while underontinuous probe radiation. We measured the 2PA o-e�ients for several tungstates and molibdates and an-alyzed the ompetition between 2PA and SRS [10; 11℄.In this paper, we investigate the real-time kinetisof the generation and relaxation of eletroni exita-tions under interband pioseond 2PA and indued ab-sorption (IA) from exited levels in PbWO4 (PWO),PbMoO4 (PMO), and ZnWO4 (ZWO) rystals. Theuse of 532 to 633 nm ontinuous probe radiation allowsobtaining real-time information about the dynamis ofthe generation, relaxation, and aumulations of ele-troni exitations over a wide time range (from piose-onds to hundreds of seonds) and the 77�300 K temper-ature range. We demonstrate an e�et of aumulationof exitations by varying the laser pumping rate andthe sample temperature. We show a possibility of anoptial shutter reation with a variable shutting timefrom hundreds of miroseonds to tens of seonds.2. EXPERIMENTAL METHODS AND RESULTSThe experimental setup shown in [10℄ was mod-i�ed for this work. The rystals were exited by523.5 nm trains of transform-limited 20 ps pulses ofthe seond harmoni of a passively mode-loked andQ-swithed Nd:YLiF4 laser [12℄. The edge of the ab-sorption band varied from 330 nm in (PWO) to 400 nmin (PMO) [10℄. The pump photon energy, h�, orre-sponds to the transpareny region of the rystals andthe ondition h� < Eg < 2h� = 4:74 eV is satis�ed

for the two-photon interband absorption. The linearlypolarized single-mode laser 523.5 nm radiation was fo-used on the 0.5�3 m long rystal under study to aspot with a beam waist radius of about 26�m by alens with a foal length of 112 mm. (The Gaussianbeam pro�le of the pump laser radiation was measuredwith a silion CCD amera.) Radiation before and af-ter the rystal was direted onto fast Ge or Si photodi-odes. The signals were analyzed with a Tektronix DPO4104 digital osillosope with an ampli�ation band of1 GHz, whih determined the time resolution of thereording system. For diret measurement of IA kinet-is, � 1 mW of a ontinuous wave (w) probe, at either632.8 nm from a He�Ne laser or 532 nm from a fre-queny doubled Nd laser, was introdued to the rystalollinearly to the pioseond pumping radiation. Theoutput probe radiation after a rystal and di�rationgrating was direted to the Si (Ge) photodiode or toa photomultiplier tube (PMT-136) with the resolutiontime � 7 ns. As a rule, an osillosope trae was mea-sured in one laser burst. Beause of this, we were ableto substantially derease the e�et of a geometrial fa-tor on the measurement auray as ompared to theuse of single pulse for the exitation followed by signalaumulation and averaging with many laser bursts.Figure 1a shows the dependene of the output pulseintensity I on the input pulse intensity I0 for one of thetwo orthogonal linear diretions of the 523.5 nm exi-tation polarization with respet to the rystallographiaxes of an 18 mm long ZWO rystal. This dependenewas obtained by measuring the amplitudes of the or-responding pulses of the train (Fig. 2a) in osillosopetraes reorded at the input and output of the rystal.Here, the arrow diretions indiate a sequential inreaseor derease in the pulse intensity when passing fromthe �rst to the seond half of a train. The essentialinrease in the input value I0 was limited by optialbreakdown in the rystal. (For the ZWO and PWOrystals, damage was observed at I0 > 100 GW/m2,and for PMO, at I0 < 10 GW/m2.) Figure 1b showsthe ratio of the radiation intensities at the input andoutput of the rystal, 1=T = I0=I , as a funtion ofI0. Using the linear part of the inverse transmis-sion (1=T ) dependene in the initial stage, we deter-mined the 2PA oe�ients [10; 11℄. The 2PA oe�-ient measured for ZWO is equal to � = 1:1 m/GW.(For orthogonal linear diretions of the exitation po-larization, � = 0:7 m/GW.) For PWO and PMO,� = 2:0�0.8 m/GW and � = 2:4�0.9 m/GW, respe-tively. The rystals are promising for their use as lim-iters of laser intensity. Due to 2PA, the output inten-sity for ZWO is limited at the level � 1:85 GW/m2236
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Fig. 1. a) Radiation intensity at the output (I) vs. the532:5 nm exitation intensity at the input (I0) of an18 mm long ZnWoO4 rystal, b) the inverse transmis-sion 1=T = I0=I vs. I0 for linear diretions of the exi-tation polarization with respet to the rystallographiaxis, E k C2. The arrows assoiated with irles indi-ate the diretion of a sequential inrease in the inten-sity I0 of the exitation pulses in the �rst half of thetrain, and the arrows assoiated with triangles indiatea sequential derease in the intensity of the exitationpulses in the seond half of the train(Fig. 1a). (From a alulation, the I0-independent lim-iting intensity is Imax = 1=�L = 1:9 GW/m2.) Fora 30 mm long PWO and a 6 mm long PMO, the laserpulse intensity is strongly limited due to 2PA at therespetive level � 2�3 GW/m2 and 0.7�1 GW/m2.As the intensity of the pump pulses from the seondhalf of the train dereased, the inverse transmission ex-hibited hysteresis for all rystals. Under 2PA with two523.5 nm photons, a rystal simultaneously absorbs athird 523.5 nm probe photon from an exited state toanother state. Beause the exitation time of the latterexeeds the pump train duration of � 200 ns, hystere-
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Fig. 2. a,b) Osillosope trae of a 523:5 nm pump-ing pulse train and kinetis growth, ) relaxation ofindued absorption measured at 300 K in a PbMoO4rystal under �pr = 532 nm ontinuous wave proberadiation
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V. I. Lukanin, A. Ya. Karasik ÆÝÒÔ, òîì 144, âûï. 2 (8), 2013sis is seen in Fig. 1. Using pioseond pulsed pumping,we were unable to analyze the kinetis of IA from theexited levels over a wide time range. To aomplishthis and investigate the omplete dynamis of the exi-tation and relaxation proess, we used ontinuous waveprobe radiation.Figures 2a and 3a show trains of laser pumping at523.5 nm. Measured at 300 K, the IA (inverse trans-mission) kinetis are shown for a probe wavelengthof 532 nm in PMO (Fig. 2) and a probe wavelengthof 633 nm in PWO (Fig. 3). The kinetis for theprobe wavelengths �pr = 633 and 532 nm were simi-lar for eah rystal. All the kinetis exhibited a fastexponential stage of inrease in the absorption with a� 60 ns rise time (Figs. 2a and 3a). An absorptionderease stage followed the exponential inrease in ab-sorption for PMO (Fig. 2b) and PWO (Fig. 3b). Thisstage was absent for the ZWO rystal. The time du-ration of this stage, �l, depended on the pumping in-tensity I0. For PMO, I0 was limited to a maximum of� 7 GW/m2 by rystal damage and at this intensity,�l was � 560 ns. For PWO, as I0 inreased from 10to 100 GW/m2, �l inreased from 0:6 �s to several�s. After the absorption derease stage, exponentialabsorption growth ourred in PMO (Fig. 2b) with therise time �r2 = 8:5�11:5 �s (�pr = 532 nm) and 9�10 �s(�pr = 633 nm). For ZWO, the rise time of the or-responding absorption was �r2 = 3:5�4 and 3 �s forthe green and red probe wavelengths, respetively. (Asatter in �r2 values for both probe wavelengths o-urred due to the linearly polarized exitation of thetwo optial axes of the rystals.) The absorption risein this stage for PWO is not pronouned (Fig. 3b). Af-ter maximization of the absorption, a multiexponentialrelaxation was found to our (Figs. 2 and 3). Theexponential deay onstants at the kinetis tail are var-ied for �pr = 532 and 633 nm: 120�180 ms (PMO),110�230 ms (PWO), and 220�370 ms (ZWO).We ompared the absorption e�ienies of 2PA andIA from the exited state. Beause of 2PA in PMO, themeasured inverse transmission value 1=T was found tobe 2.1�2.9 for the exitation intensity I0 = 1 GW/m2(with the peak pulse power P = 5:3 kW). Measured at� 1 mW w probe radiation of 532 and 633 nm wave-lengths, the values 1=T � 2:0�2.5 are omparable withthose obtained under 2PA at a 5.3 kW power. (We donot give the exat 1=T values for the probe wavelengths�pr beause pro�les of the pump and probe beams werenot ideally mathed along the total interation length.)The observed IA from exited eletroni levels by2PA is apparently onneted with the exitation ofrystal defet (trap) levels. Exitation of the energy
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Fig. 3. a,b) Osillosope trae of a 523:5 nm pumpingpulse train and kinetis growth, ) relaxation of induedabsorption measured at 300 K in a PbWO4 rystal un-der �pr = 633 nm ontinuous wave probe radiationlevels of traps was found in the luminesene study oftungstate and molybdate rystals by one-photon UVexitation [5; 6; 13�16℄. It was shown in these worksthat at low temperatures, a blue (� 420 nm, PWO) and238



ÆÝÒÔ, òîì 144, âûï. 2 (8), 2013 Kinetis of generation, relaxation, and aumulation : : :green (� 520 nm, PMO) luminesene orrespondedto the exitation of WO2�4 and MoO2�4 moleular ions,while the longer wavelength luminesene (up to red forPMO) was onneted with the exitation of the rystalsdefets. The exitation luminesene spetra for theserystals extended to more than 5 eV [5; 6; 14; 15℄. Thetwo-photon 4.74 eV exitation energy in our ase leadsto the exitation of the WO2�4 and MoO2�4 moleularions.A onspiuous IA inrease (Figs. 2a and 3a) wasfound to arise with a 30�50 ns time delay relativeto the initial pulses of a train having the intensityI0 = 0:05�5 GW/m2. For this intensity range, 2PAleads to a linear dependene of the inverse transmissionon I0. For I0 > 2�5 GW/m2, IA leads to a depar-ture from the linear 1=T dependene and to hysteresis(Fig. 1). But when ontinuous wave probe radiationis used, we an onlude that after 2PA and exita-tion of the moleular WO2�4 (MoO2�4 ) ion levels, thenumber of diretly exited traps is negligible. The in-diret exitation of trap levels is possible due to non-radiative energy migration from the moleular WO2�4(MoO2�4 ) ions. The energy transfer between the mole-ular WO2�4 ions was studied in [17; 18℄ for the CaWO4rystal. In [18℄, the authors presented a model basedon a Frenkel exiton in the WO2�4 omplex with a sub-sequent resonant energy transfer between neighboringtungstate ions to traps. After the two-photon exita-tion of the ion and its relaxation to the lowest vibra-tional level of that state by vibrational relaxation on ashort time sale (ps or less), energy migration to thetraps ours in the relaxed exited state. We thereforesuggest that the kinetis in Figs. 2 and 3 re�et thedynamis of energy migration from exited ions to thetraps. The relatively large absorption relaxation timesare determined by the radiative and nonradiative re-laxation from the trap levels to the ground state.Figures 4 and 5 show the IA kinetis measured atthe rystals ooling from 300 K to 77 K. We note thatthe harateristi absorption derease stage at 300 K(Figs. 2b and 3b) is absent at 77 K. Similarly to whatwas found at 300 K, the IA inrease, whih is on-neted to the proess of generating eletroni exita-tion, is seen in the fast nanoseond time sale (Figs. 4aand 5a). For all the rystals studied, in the �rst stage,the indued absorption is exponential with a � 60 nsrise time that is independent of the temperature from77 to 300 K. We note that the front of the envelope ofthe pumping pioseond pulse train (Figs. 2a and 3a)also inreases exponentially. We suggest that the rateof generation of eletroni exitations is related to thetime derivative of the pioseond pump train envelope.
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1000Fig. 4. a,b) Osillosope trae of a 523:5 nm pumpingpulse train and kinetis growth, ) relaxation of induedabsorption measured at 77 K in a PbMoO4 rystal un-der �pr = 633 nm ontinuous wave probe radiationThe kinetis of the IA inrease in the miroseondtime range (Figs. 4b and 5b at 77 K and Figs. 2b and 3bat 300 K) orrespond to the proess of energy migra-tion between neighboring tungstate (molibdate) ions totraps. The rystal ooling from 300 K to 77 K leadsto an approximately two-fold derease in the IA risetime, to 3:6 �s for PMO and to 7:1 �s for PWO. We239
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Fig. 5. a,b) Osillosope trae of a 523:5 nm pumpingpulse train and kinetis growth, ) relaxation of induedabsorption measured at 77 K in a PbWO4 rystal under�pr = 633 nm ontinuous wave probe radiationnote that treating the exitation migration as a di�u-sion proess, the authors of [18℄ showed that the rateof energy transfer to the traps approahes a onstantvalue above 100 K. Under rystal ooling from 300 K to
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Fig. 6. a) Kinetis of indued absorption in the rys-tal PbWO4 measured at a 0:5 Hz laser pumping withthe repetition rate 523:5 nm (77 K, �pr = 633 nm),b) kinetis of indued absorption in the rystal PbWO4measured at 77 K after repeated laser pumping at 3 Hzand exitation aumulation. The kinetis at the in-dued absorption inrease stage is shown in the inseton an expanded time sale77 K, an essential hange in the absorption relaxationkinetis is observed (Figs. 4 and 5), with the deaytime of IA being inreased many times, from tens tohundreds of ms to seonds. A signi�ant inrease inthe IA relaxation time is obviously aused by popula-tion of the low trap levels.An inrease in the pumping repetition rate leads tothe aumulation of exitations, whih beomes appar-ent at 77 K for a 0.5 Hz rate (PWO) (Fig. 6a). Afterone of the laser pumping pulses, the IA relaxation tothe ground state is inomplete upon arrival of the nextpumping pulse. This leads to a subsequent inrease inIA. After several exitations at 3 Hz, the IA reahes240



ÆÝÒÔ, òîì 144, âûï. 2 (8), 2013 Kinetis of generation, relaxation, and aumulation : : :a pratially onstant level (Fig. 6b). Upon shuttingo� the exitation, IA relaxation ours with the deaytime �rel � 140 s for the kineti tail (for PMO in thesame onditions, �rel � 100 s). Hene, ontrol of thepumping repetition rate and the number of pumpingpulses allows hanging the IA relaxation time by morethan two orders of magnitude. Taking into aountthat the inverse optial transmission of the rystals ex-eeds 50�55 at the pump intensity � 50�100 GW/m2and the rystals at 2PA beame opaque in the visi-ble (523, 633 nm) spetral range, an optial shutteris obtained with a variable shutting time over a widetemporal range.A possibility of a reation of the population inver-sion under 2PA attrats the attention for further inves-tigations. Creation of lasers with two-quantum tran-sitions was proposed for the �rst time by Prokhorov(Nobel Prize leture, 1964) [19℄. In the studied rys-tals, after 2PA and fast multiphonon relaxation to theexited relaxed state, the population inversion ouldarise. Along with 2PA, the proess of two-step in-terband absorption with tunable pioseond laser ex-itation an failitate the reation of population inver-sion. After two-step absorption with �rst one-photonresonant exitation, fast exitation relaxation to a rel-atively long-lived metastable level should our. Wenote that we observed an intense blue luminesene inthe studied ZWO, PWO, and PMO rystals exited by2PA at 300 K and 77 K. The above e�et of aumula-tion of the exitations should ontribute to the reationof the population inversion.3. CONCLUSIONUsing the 2PA tehnique, we investigated the dy-namis of the generation and relaxation of eletroniexitations in tungstates and molibdates rystals. Thesequene of 523.5 nm pioseond laser pulses of vari-able intensity was used for the 2PA exitation, and wemeasured the kinetis of the indued absorption fromexited levels of moleular WO2�4 (MoO2�4 ) ions of therystals with 530 and 633 nm ontinuous wave proberadiation. We eluidated that a single exponential in-rease in the indued absorption that is independent oftemperature in the range from 300 to 77 K and has a60 ns time onstant re�ets the proess of the genera-tion of eletroni exitations in the rystals. We suggestthat the kinetis of the generation of eletroni exita-tion are related to the time derivative of the piose-ond pump train envelope. The kinetis of IA exponen-tial growth with temperature-dependent 3.5�11 �s time

onstants for the studied rystals re�et the dynam-is of energy migration between neighboring tungstate(molibdate) ions to traps. The multiexponential relax-ation absorption kinetis strongly depend on temper-ature, and the relaxation deay time of IA inreasesfrom tens to hundreds of milliseonds to seonds un-der rystal ooling from 300 to 77 K. We found thatthe inrease in the pumping repetition rate leads tothe aumulation of eletroni exitations. Control ofthe repetition rate and the number of exitations al-low hanging the IA relaxation time by more than twoorders of magnitude. At 77 K, the absorption relax-ation time an exeed 100 s for PbWO4 and PbMoO4rystals.The values of the indued absorption in a PMOrystal measured at � 1 mW ontinuous wave proberadiation of 532 and 633 nm wavelengths are ompa-rable to those obtained under 2PA at 5.3 kW power.Taking into aount that 2PA leads to rystals opaityat the 523, 633 nm wavelengths, an optial 2PAshutter for the visible spetral range is proposed with avariable shutting time from hundreds of miroseondsto tens of seonds.The authors thank A. K. Senatorov for tehnialassistane and D. S. Chunaev and L. Henry for thedisussion of results. This work was supported by theRFBR (grants �� 13-02-00222, 12-02-31116).REFERENCES1. M. Nikl, Phys. Stat. Sol. (a) 178, 595 (2000).2. M. Rumi and J. W. Perry, Adv. Opt. Phot. 2, 451(2010).3. V. V. Arsenyev, V. S. Dneprovskii, D. N. Klyshko, andA. N. Penin, JETP 29, 413 (1969).4. W. Kaiser and C. G. B. Garret, Phys. Rev. Lett. 7,229 (1961).5. V. B. Mikhailik, H. Kraus, D. Wahl et al., Phys. Rev.B 69, 205110 (2004).6. J. A. Groenik and G. Blasse, J. Sol. St. Chem. 32, 9(1980).7. T. T. Basiev, P. G. Zverev, A. Ya. Karasik et al., JETP99, 934 (2004).8. P. Beker, L. Bohaty, H. J. Eihler, H. Rhee, andA. A. Kaminskii, Laser Phys. Lett. 4, 884 (2007).9. V. I. Lukanin, D. S. Chunaev, and A. Ya. Karasik,JETP Lett. 91, 548 (2010).2 ÆÝÒÔ, âûï. 2 (8) 241
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