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Under two-photon 523.5 nm interband picosecond laser excitation, we measured the kinetics of induced absorp-
tion in PbWOy4, ZnWOy4, and PbMoOy crystals with 532 to 633 nm continuous probe radiation. We obtained
real-time information about the dynamics of the generation, relaxation, and accumulations of electronic excita-
tions over a wide time range (from picoseconds to hundreds of seconds) and the 77-300 K temperature range.
For the studied crystals, exponential temperature-independent growth of the induced absorption (IA) with 60 ns
rise time reflects the dynamics of the generation of electronic excitation. The kinetics of the IA exponential
growth with temperature-dependent 3.5-11us time constants reflect the dynamics of energy migration between
neighboring tungstate (molibdate) ions to traps for the studied crystals. The multiexponential relaxation ab-
sorption kinetics strongly depend on temperature, and the relaxation decay time of induced absorption increased
from tens to hundreds of ms to seconds under crystal cooling from 300 K to 77 K. We found that the increase
in the laser pump repetition rate (0-10 Hz) leads to the accumulation of electronic excitations. Control of the
repetition rate and the number of excitations allowed us to change the relaxation time of the induced absorption
by more than two orders of magnitude. Due to accumulation of excitations at 77 K, the absorption relaxation
time can exceed 100 s for PbWO4 and PbMoOy4 crystals. In the initially transparent crystals, two-photon
interband absorption (2PA) leads to crystals opacity at the 523 and 633 nm wavelengths. (An inverse optical
transmission of the crystals exceeds 50-55 at a 50-100 GW/cm? pump intensity.) Measured at ~ 1 mW probe
radiation of 532 and 633 nm wavelengths, the induced absorption values are comparable with those obtained
under two-photon absorption at ~ 5 kW pump power. An optical 2PA shutter for the visible spectral range is
proposed with a variable shutting time from hundreds of microseconds to tens of seconds.
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1. INTRODUCTION

Processes concerning the generation and relaxation
of electronic excitations in inorganic [1] and organic [2]
media are of particular interest. Methods of laser spec-
troscopy are widely used for investigations of basic
properties of materials and interaction of light with
matter. In this respect, the nonlinear two-photon ab-
sorption (2PA) technique attracts attention due to a
number of unique properties. The 2PA technique is ap-
plicable to controlling the energy, time, spectral, and
spatial parameters of laser radiation [3]. In addition,
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the 2PA technique allows increasing the spatial reso-
lution in laser microstructuring of materials and mi-
croscopy. The list of 2PA applications can be signifi-
cantly extended [2].

Two-photon nonlinear spectroscopy can provide
new information that is inaccessible by traditional one-
photon spectroscopy [4,5]. The use of the 2PA tech-
nique is advantageous, in particular, for excitation of
electronic states in the conduction band of materials.
For one-photon excitation in a nontransparent spectral
range of the conduction band, large nonradiative losses
do not allow obtaining bulk homogeneous excitation of
a sample [6]. In the case of interband 2PA, the energy
of one of the excitation photons can correspond to the
transparency region of the material. In this case, selec-
tive laser excitation of levels under 2PA can allow di-
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rect examination of luminescence and absorption from
the interior of a bulk sample. The difference between
the selection rules for one- and two-photon excitation
processes provides additional capabilities. The mea-
surement, of the 2PA coefficients and cross sections are
of independent interest.

The optical properties of oxide tungstate and molib-
date crystals are of current interest because of the use of
these crystals in scintillation detector of ionizing radia-
tion [1], in addition to their promising use as nonlinear
optical materials, e.g., as shifters of a laser radiation
frequency via stimulated Raman scattering (SRS) [7, 8].
Applications of the crystals require knowledge of the
scintillation response rate. As a rule, this rate is mea-
sured using methods of the one-photon florescence spec-
troscopy. However, a search of new methods for inves-
tigations of the dynamics of generation and relaxation
of electronic excitations is important. In [9], we demon-
strated a method to analyze the dynamics of interband
2PA in tungstate crystals excited by a sequence of pi-
cosecond laser pulses of variable intensity while under
continuous probe radiation. We measured the 2PA co-
efficients for several tungstates and molibdates and an-
alyzed the competition between 2PA and SRS [10, 11].

In this paper, we investigate the real-time kinetics
of the generation and relaxation of electronic excita-
tions under interband picosecond 2PA and induced ab-
sorption (TA) from excited levels in PbWO, (PWO),
PbMoO, (PMO), and ZnWO,4 (ZWO) crystals. The
use of 532 to 633 nm continuous probe radiation allows
obtaining real-time information about the dynamics of
the generation, relaxation, and accumulations of elec-
tronic excitations over a wide time range (from picosec-
onds to hundreds of seconds) and the 77-300 K temper-
ature range. We demonstrate an effect of accumulation
of excitations by varying the laser pumping rate and
the sample temperature. We show a possibility of an
optical shutter creation with a variable shutting time
from hundreds of microseconds to tens of seconds.

2. EXPERIMENTAL METHODS AND RESULTS

The experimental setup shown in [10] was mod-
ified for this work. The crystals were excited by
523.5 nm trains of transform-limited 20 ps pulses of
the second harmonic of a passively mode-locked and
Q-switched Nd:YLiF, laser [12]. The edge of the ab-
sorption band varied from 330 nm in (PWO) to 400 nm
in (PMO) [10]. The pump photon energy, hv, corre-
sponds to the transparency region of the crystals and
the condition hv < Eg < 2hv = 4.74 €V is satisfied
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for the two-photon interband absorption. The linearly
polarized single-mode laser 523.5 nm radiation was fo-
cused on the 0.5-3 cm long crystal under study to a
spot with a beam waist radius of about 26pum by a
lens with a focal length of 112 mm. (The Gaussian
beam profile of the pump laser radiation was measured
with a silicon CCD camera.) Radiation before and af-
ter the crystal was directed onto fast Ge or Si photodi-
odes. The signals were analyzed with a Tektronix DPO
4104 digital oscilloscope with an amplification band of
1 GHz, which determined the time resolution of the
recording system. For direct measurement of IA kinet-
ics, ~ 1 mW of a continuous wave (cw) probe, at either
632.8 nm from a He—Ne laser or 532 nm from a fre-
quency doubled Nd laser, was introduced to the crystal
collinearly to the picosecond pumping radiation. The
output probe radiation after a crystal and diffraction
grating was directed to the Si (Ge) photodiode or to
a photomultiplier tube (PMT-136) with the resolution
time ~ 7 ns. As a rule, an oscilloscope trace was mea-
sured in one laser burst. Because of this, we were able
to substantially decrease the effect of a geometrical fac-
tor on the measurement accuracy as compared to the
use of single pulse for the excitation followed by signal
accumulation and averaging with many laser bursts.

Figure 1a shows the dependence of the output pulse
intensity I on the input pulse intensity Iy for one of the
two orthogonal linear directions of the 523.5 nm exci-
tation polarization with respect to the crystallographic
axes of an 18 mm long ZWO crystal. This dependence
was obtained by measuring the amplitudes of the cor-
responding pulses of the train (Fig. 2a) in oscilloscope
traces recorded at the input and output of the crystal.
Here, the arrow directions indicate a sequential increase
or decrease in the pulse intensity when passing from
the first to the second half of a train. The essential
increase in the input value I, was limited by optical
breakdown in the crystal. (For the ZWO and PWO
crystals, damage was observed at Iy > 100 GW /cm?,
and for PMO, at Iy < 10 GW/cm?.) Figure 1b shows
the ratio of the radiation intensities at the input and
output of the crystal, 1/T = Iy/I, as a function of
Iy. Using the linear part of the inverse transmis-
sion (1/T) dependence in the initial stage, we deter-
mined the 2PA coefficients [10,11]. The 2PA coeffi-
cient measured for ZWO is equal to § = 1.1 cm/GW.
(For orthogonal linear directions of the excitation po-
larization, 8 = 0.7 ecm/GW.) For PWO and PMO,
B =2.0-0.8 cm/GW and 3 = 2.4-0.9 cm/GW, respec-
tively. The crystals 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 /cm?
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Fig.1. o) Radiation intensity at the output (I) vs. the
532.5 nm excitation intensity at the input (Ip) of an
18 mm long ZnWoOy crystal, b) the inverse transmis-
sion 1/T = Iy/I vs. Iy for linear directions of the exci-
tation polarization with respect to the crystallographic
axis, E || C>. The arrows associated with circles indi-
cate the direction of a sequential increase in the inten-
sity Ip of the excitation pulses in the first half of the
train, and the arrows associated with triangles indicate
a sequential decrease in the intensity of the excitation
pulses in the second half of the train

(Fig. 1a). (From a calculation, the Ip-independent lim-
iting intensity is e = 1/8L = 1.9 GW/cm?.) For
a 30 mm long PWO and a 6 mm long PMO, the laser
pulse intensity is strongly limited due to 2PA at the
respective level ~ 2-3 GW /cm? and 0.7-1 GW /cm?.
As the intensity of the pump pulses from the second
half of the train decreased, the inverse transmission ex-
hibited hysteresis for all crystals. Under 2PA with two
523.5 nm photons, a crystal simultaneously absorbs a
third 523.5 nm probe photon from an excited state to
another state. Because the excitation time of the latter
exceeds the pump train duration of ~ 200 ns, hystere-
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Fig.2. a,b) Oscilloscope trace of a 523.5 nm pump-

ing pulse train and kinetics growth, c) relaxation of

induced absorption measured at 300 K in a PbMoOy4

crystal under Ap» = 532 nm continuous wave probe
radiation
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sis is seen in Fig. 1. Using picosecond pulsed pumping,
we were unable to analyze the kinetics of TA from the
excited levels over a wide time range. To accomplish
this and investigate the complete dynamics of the exci-
tation and relaxation process, we used continuous wave
probe radiation.

Figures 2a and 3a show trains of laser pumping at
523.5 nm. Measured at 300 K, the TA (inverse trans-
mission) kinetics are shown for a probe wavelength
of 532 nm in PMO (Fig. 2) and a probe wavelength
of 633 nm in PWO (Fig. 3). The kinetics for the
probe wavelengths \,, = 633 and 532 nm were simi-
lar for each crystal. All the kinetics exhibited a fast
exponential stage of increase in the absorption with a
~ 60 ns rise time (Figs. 2a and 3a). An absorption
decrease stage followed the exponential increase in ab-
sorption for PMO (Fig. 2b) and PWO (Fig. 3b). This
stage was absent for the ZWO crystal. The time du-
ration of this stage, 77, depended on the pumping in-
tensity Iy. For PMO, Iy was limited to a maximum of
~ 7 GW /cm? by crystal damage and at this intensity,
7, was ~ 560 ns. For PWO, as I, increased from 10
to 100 GW/cm?, 7, increased from 0.6 us to several
us. After the absorption decrease stage, exponential
absorption growth occurred in PMO (Fig. 2b) with the
rise time 7,2 = 8.5-11.5 pus (Ap, = 532 nm) and 9-10 us
(Apr = 633 nm). For ZWO, the rise time of the cor-
responding absorption was 7o = 3.5-4 and 3 us for
the green and red probe wavelengths, respectively. (A
scatter in 7.0 values for both probe wavelengths oc-
curred due to the linearly polarized excitation of the
two optical axes of the crystals.) The absorption rise
in this stage for PWO is not pronounced (Fig. 3b). Af-
ter maximization of the absorption, a multiexponential
relaxation was found to occur (Figs. 2¢ and 3¢). The
exponential decay constants at the kinetics tail are var-
ied for A\p, = 532 and 633 nm: 120-180 ms (PMO),
110-230 ms (PWO), and 220-370 ms (ZWO).

We compared the absorption efficiencies of 2PA and
TA from the excited state. Because of 2PA in PMO, the
measured inverse transmission value 1/7 was found to
be 2.1-2.9 for the excitation intensity Ip = 1 GW /cm?
(with the peak pulse power P = 5.3 kW). Measured at
~ 1 mW cw probe radiation of 532 and 633 nm wave-
lengths, the values 1/T & 2.0-2.5 are comparable with
those obtained under 2PA at a 5.3 kW power. (We do
not give the exact 1/T values for the probe wavelengths
Apr because profiles of the pump and probe beams were
not ideally matched along the total interaction length.)

The observed TA from excited electronic levels by
2PA is apparently connected with the excitation of
crystal defect (trap) levels. Excitation of the energy
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Fig.3. a,b) Oscilloscope trace of a 523.5 nm pumping
pulse train and kinetics growth, c) relaxation of induced
absorption measured at 300 K in a PbWOy crystal un-
der A, = 633 nm continuous wave probe radiation

levels of traps was found in the luminescence study of
tungstate and molybdate crystals by one-photon UV
excitation [5,6,13-16]. It was shown in these works
that at low temperatures, a blue (~ 420 nm, PWO) and
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green (~ 520 nm, PMO) luminescence corresponded
to the excitation of WO}~ and MoO}~ molecular ions,
while the longer wavelength luminescence (up to red for
PMO) was connected with the excitation of the crystals
defects. The excitation luminescence spectra for these
crystals extended to more than 5 eV [5,6,14,15]. The
two-photon 4.74 eV excitation energy in our case leads
to the excitation of the WO;~ and MoO3~ molecular
ions.

A conspicuous TA increase (Figs. 2a and 3a) was
found to arise with a 30-50 ns time delay relative
to the initial pulses of a train having the intensity
Iy = 0.05-5 GW/cm?. For this intensity range, 2PA
leads to a linear dependence of the inverse transmission
on Iy. For Iy > 2-5 GW/cm?, TA leads to a depar-
ture from the linear 1/T dependence and to hysteresis
(Fig. 1). But when continuous wave probe radiation
is used, we can conclude that after 2PA and excita-
tion of the molecular WO3~ (MoO3™) ion levels, the
number of directly excited traps is negligible. The in-
direct excitation of trap levels is possible due to non-
radiative energy migration from the molecular WOZ_
(MoO3?™) ions. The energy transfer between the molec-
ular WO}~ ions was studied in [17, 18] for the CaWOy,
crystal. In [18], the authors presented a model based
on a Frenkel exciton in the WO3™ complex with a sub-
sequent resonant energy transfer between neighboring
tungstate ions to traps. After the two-photon excita-
tion of the ion and its relaxation to the lowest vibra-
tional level of that state by vibrational relaxation on a
short time scale (ps or less), energy migration to the
traps occurs in the relaxed excited state. We therefore
suggest that the kinetics in Figs. 2 and 3 reflect the
dynamics of energy migration from excited ions to the
traps. The relatively large absorption relaxation times
are determined by the radiative and nonradiative re-
laxation from the trap levels to the ground state.

Figures 4 and 5 show the TA kinetics measured at
the crystals cooling from 300 K to 77 K. We note that
the characteristic absorption decrease stage at 300 K
(Figs. 2b and 3b) is absent at 77 K. Similarly to what
was found at 300 K, the TA increase, which is con-
nected to the process of generating electronic excita-
tion, is seen in the fast nanosecond time scale (Figs. 4a
and 5a). For all the crystals studied, in the first stage,
the induced absorption is exponential with a ~ 60 ns
rise time that is independent of the temperature from
77 to 300 K. We note that the front of the envelope of
the pumping picosecond pulse train (Figs. 2a and 3a)
also increases exponentially. We suggest that the rate
of generation of electronic excitations is related to the
time derivative of the picosecond pump train envelope.
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Fig.4. a,b) Oscilloscope trace of a 523.5 nm pumping
pulse train and kinetics growth, c) relaxation of induced
absorption measured at 77 K in a PbMoOy4 crystal un-
der A\, = 633 nm continuous wave probe radiation

The kinetics of the TA increase in the microsecond
time range (Figs. 4b and 5b at 77 K and Figs. 2b and 3b
at 300 K) correspond to the process of energy migra-
tion between neighboring tungstate (molibdate) ions to
traps. The crystal cooling from 300 K to 77 K leads
to an approximately two-fold decrease in the IA rise
time, to 3.6 us for PMO and to 7.1 us for PWO. We
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note that treating the excitation migration as a diffu-
sion process, the authors of [18] showed that the rate
of energy transfer to the traps approaches a constant
value above 100 K. Under crystal cooling from 300 K to
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Fig.6. a) Kinetics of induced absorption in the crys-

tal PbWO4 measured at a 0.5 Hz laser pumping with

the repetition rate 523.5 nm (77 K, A, = 633 nm),

b) kinetics of induced absorption in the crystal PbWO4

measured at 77 K after repeated laser pumping at 3 Hz

and excitation accumulation. The kinetics at the in-

duced absorption increase stage is shown in the inset
on an expanded time scale

77 K, an essential change in the absorption relaxation
kinetics is observed (Figs. 4¢ and 5¢), with the decay
time of TA being increased many times, from tens to
hundreds of ms to seconds. A significant increase in
the TA relaxation time is obviously caused by popula-
tion of the low trap levels.

An increase in the pumping repetition rate leads to
the accumulation of excitations, which becomes appar-
ent at 77 K for a 0.5 Hz rate (PWO) (Fig. 6a). After
one of the laser pumping pulses, the TA relaxation to
the ground state is incomplete upon arrival of the next
pumping pulse. This leads to a subsequent increase in
TA. After several excitations at 3 Hz, the IA reaches
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a practically constant level (Fig. 6b). Upon shutting
off the excitation, TA relaxation occurs with the decay
time 7.¢; & 140 s for the kinetic tail (for PMO in the
same conditions, 7., &~ 100 s). Hence, control of the
pumping repetition rate and the number of pumping
pulses allows changing the TA relaxation time by more
than two orders of magnitude. Taking into account
that the inverse optical transmission of the crystals ex-
ceeds 50-55 at the pump intensity ~ 50-100 GW /cm?
and the crystals at 2PA became opaque in the visi-
ble (523, 633 nm) spectral range, an optical shutter
is obtained with a variable shutting time over a wide
temporal range.

A possibility of a creation of the population inver-
sion under 2PA attracts the attention for further inves-
tigations. Creation of lasers with two-quantum tran-
sitions was proposed for the first time by Prokhorov
(Nobel Prize lecture, 1964) [19]. In the studied crys-
tals, after 2PA and fast multiphonon relaxation to the
excited relaxed state, the population inversion could
arise. Along with 2PA, the process of two-step in-
terband absorption with tunable picosecond laser ex-
citation can facilitate the creation of population inver-
sion. After two-step absorption with first one-photon
resonant excitation, fast excitation relaxation to a rel-
atively long-lived metastable level should occur. We
note that we observed an intense blue luminescence in
the studied ZWO, PWO, and PMO crystals excited by
2PA at 300 K and 77 K. The above effect of accumula-
tion of the excitations should contribute to the creation
of the population inversion.

3. CONCLUSION

Using the 2PA technique, we investigated the dy-
namics of the generation and relaxation of electronic
excitations in tungstates and molibdates crystals. The
sequence of 523.5 nm picosecond laser pulses of vari-
able intensity was used for the 2PA excitation, and we
measured the kinetics of the induced absorption from
excited levels of molecular WO}~ (MoO3 ™) ions of the
crystals with 530 and 633 nm continuous wave probe
radiation. We elucidated that a single exponential in-
crease in the induced absorption that is independent of
temperature in the range from 300 to 77 K and has a
60 ns time constant reflects the process of the genera-
tion of electronic excitations in the crystals. We suggest
that the kinetics of the generation of electronic excita-
tion are related to the time derivative of the picosec-
ond pump train envelope. The kinetics of TA exponen-
tial growth with temperature-dependent 3.5-11 pus time
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constants for the studied crystals reflect the dynam-
ics of energy migration between neighboring tungstate
(molibdate) ions to traps. The multiexponential relax-
ation absorption kinetics strongly depend on temper-
ature, and the relaxation decay time of TA increases
from tens to hundreds of milliseconds to seconds un-
der crystal cooling from 300 to 77 K. We found that
the increase in the pumping repetition rate leads to
the accumulation of electronic excitations. Control of
the repetition rate and the number of excitations al-
low changing the TA relaxation time by more than two
orders of magnitude. At 77 K, the absorption relax-
ation time can exceed 100 s for PbWQO, and PbMoQO,
crystals.

The values of the induced absorption in a PMO
crystal measured at ~ 1 mW continuous wave probe
radiation of 532 and 633 nm wavelengths are compa-
rable to those obtained under 2PA at 5.3 kW power.
Taking into account that 2PA leads to crystals opacity
at the 523, 633 nm wavelengths, an optical 2PA
shutter for the visible spectral range is proposed with a
variable shutting time from hundreds of microseconds
to tens of seconds.
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