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Highly transient stimulated Raman scattering on high- and low-frequency
phonon resonances of a Sry¢Ba) MoO, crystal
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An investigation of stimulated Raman scattering (SRS) in a crystal of a Srg9Bag.1MoO4 cationic solid solution
under subpicosecond laser pumping with pulse energy of 20 uJ and duration 0.25—6 ps with a controllable chirp is
presented. Highly transient SRS with combined (high- and low-frequency) shifts and a small wavelength spacing not
only in Stokes, but also anti-Stokes spectral region is observed due to increasing the integral scattering cross section
for the secondary low-frequency Raman mode than for the primary high-frequency Raman mode in comparison
with an initial StMoOy crystal. Under optimum conditions, the first-order Stokes output pulse energy has reached
2.1 and 2.2 uJ with a supercontinuum part of 9% and 30% for high- and low-frequency shifts respectively. Analysis
of spectral and temporal structure of output SRS radiation showed stronger influence of competitive nonlinear
phenomena of self- and cross-phase modulation on SRS with the low-frequency shift. With negative chirping of the
pump pulse, a sharp compression of the pulse of the first-order Stokes component with a low-frequency shift (up
to 2.77 times) occurred with an abnormal shift of its spectral line to the short-wave region in comparison with the

first Stokes component with the high-frequency shift.
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Introduction

At present, new methods of multicolor two- or three-
photon laser excitation of fluorophores or photosensitizers
introduced into living tissues are being actively developed to
increase the localization and efficiency of laser application
in various biomedical diagnostic and treatment tasks [1,2].
This creates the need to develop multiwavelength sources
of ultrashort radiation pulses with wavelengths lying in
the first (650—950 nm), second (1000—1350nm) or third
(1600—1870 nm) therapeutic window of transparency of
biological tissues [3]. The use of ultrashort pulse sim-
ulated Raman scattering (SRS) lasers, in which SRS
radiation with a wavelength of 1240nm was generated
in addition to pumping laser radiation with a wavelength
of 1050nm, has previously shown an increase in the
depth and contrast of multiphoton microscopy of living
tissues [4,5] due to the simultaneous excitation of sev-
eral multicolored fluorophores. A significant increase of
the number of spectral components of laser radiation
in the second (1000—1350nm) therapeutic window of
transparency of biological tissues has been previously
realized at SRS in scheelite-like crystals of MeMoO4
and MeWO, (Me is a divalent metal) due to the pres-
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ence of not only primary but also secondary phonon
resonance, and the creation of anionic solid solutions
Me(MoOy4)1_x(WO4)x (X is the adjustable relative content)
on their basis made it possible to further enrich the
spectrum of the generated SRS radiation due to the
control of the characteristics of the combined phonon
resonances [6-9].

This article is devoted to the study of the characteristics
of SRS radiation generated in a new cationic solid solution
crystal Srg9Bag1MoQO4, in which the integral scattering
cross section for the secondary low-frequency vibrational
mode is increased relative to that for the primary high-
frequency vibrational mode in comparison with the original
SrMoQOy4 crystal.  This provided multicomponent SRS
generation with a small wavelength spacing at a combined
(high-frequency and low-frequency) frequency shift not only
in the Stokes but also in the anti-Stokes region of the
spectrum in the highly transient SRS regime, in which
the duration of the pump pulse is commensurate with or
shorter than the phase relaxation time of phonon resonances,
which is realized by pumping with a subpicosecond ytter-
bium laser (1030 nm) with adjustable chirping of radiation
pulses.
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Figure 1. Polarized Raman spectra of a single crystal
Sro.9Bag.1MoO4 at E || ¢ (top) and E L ¢ (bottom).

Description of material and experimental
methodology

A crystal of strontium-barium molybdate in the propor-
tion 9:1 of optical quality was grown at the Research Center
for Laser Mate rials and Technology, Prokhorov General
Physics Institute of the Russian Academy of Sciences by
the Czochralski method from a platinum crucible in air
in the direction [100]. Fig. 1 shows its polarized Raman
spectra recorded during the propagation of excitation light
polarized parallel (E || ¢) and perpendicular (E L ¢) to
the optical axis of the crystal. Both modes experienced
noticeable broadening in comparison with the original
SrMoOy crystal: Avs from 2.6cm™! to 6.5cm™! (in both
scattering geometries), and Avp from 10.5 to 123 cm™!
at E|l ¢ and to 164cm~! at E L ¢, which in principle
should have a positive effect on the competitiveness of
the secondary vibrational mode in the highly transient SRS
regime. However, under the condition E L ¢, the relative
intensity of vp-mode is much lower (Ip/ls =0.17) than
that of E || ¢ (Ip/ls = 0.48). Then assuming the steady-
state Raman gain with pumping wavelength of 1, ~ 1 um
for the high-frequency mode Qs to be 2.24cm/GW
(in Avp(Srp9Bag.1MoO4)/Avp(SrtMo00,) times smaller than
for StMoOy [9]), we obtain gp = gslp/ls = 1.9 cm/GW at
E || ¢ and only 0.37cm/GW at E L ¢. Therefore, even with
a larger increase of the width of the secondary vibrational
mode, the value of gpAvp, which is responsible for the
SRS amplification in the highly transient regime, remains
quite low (6.06 GW~!) in the scattering geometry E L .
A noticeably better result is obtained under the condition
E | c. When reducing gs to 2.24cm/GW and keeping
gsAvs at the same level (146GW™!) compared to the
original strontium molybdate crystal, we obtain g, and
gpAv, higher (1.9cm/GW and 23.4GW™!, respectively),

which makes the low-frequency mode in the cationic solid
solution under the condition E || ¢ more competitive and
increases the chances of multiwavelength SRS genera-
tion.

The SRS experiment was carried out with pumping with
ytterbium femtosecond fiber laser ANTAUS-10W-20u/1M
(AVESTA Ltd, Russia) with a wavelength of 1030 nm,
the radiation of which was focused into the center of
a 6.5cm long Srpo9BagMoOs SRS-active element with
antireflection coatings on the plane-parallel ends. When a
focusing lens with f =8cm was used, the beam radius
in the waist zone at the level of e 2 was 40um. The
energy in the pumping pulses following with a frequency
of 20Hz was maintained at the level of 20uJ, and their
duration was varied from a minimum 79 = 0.25ps to a
maximum 7, = 6 ps using the laser pulse chirping system
integrated in the pumping laser. The polarization of the
input radiation was controlled using a half-wave plate.
The spectrum of the output SRS radiation was recorded
with Ocean Optics USB4000 spectrometer operating in
the range from 650 to 1150nm and having a spectral
resolution of 0.5nm. The pulse energy values were recorded
with an Ophir power and energy meter with a PE9-C
pyroelectric sensor, and their duration was estimated using a
scanning autocorrelator IRA-VISIR (AVESTA Ltd., Russia).
The recorded autocorrelation curves were approximated
by a Gaussian curve with a width at half maximum of
the peak 7ac corresponding to the true pulse duration
Toutse = 0.7077c. To study the characteristics of an
individual component, the SRS radiation was first spatially
separated using a reflective diffraction grating with a period
of 600mm~! and reflectance of 67% in the first diffraction
order.

Experimental results and discussion

Fig. 2 shows the spectra of anti-Stokes and Stokes
components of the SRS radiation for the studied cationic
solid solution of Srg9Bag 1 MoO4 with pumping laser pulse
durations of 7, = 0.25, 1, 3 and 6 ps obtained with negative
and positive chirping. It can be seen from Fig. 2
that on the supercontinuum pedestal, which is higher at
shortening of 7p, multiwavelength SRS generation occurs
in both the Stokes (1066, 1104, and 1134nm) and anti
Stokes (871, 889, 916, 944, 965, and 997 nm) regions
of the spectrum. The identification of the frequency
shifts for each component of the SRS radiation is also
shown in Fig. 2. It should be noted that, compared to
the original SrMoQy crystal [8], the new SryoBag1MoO4
crystal exhibits the generation of an additional band around
the wavelength of 1100nm, which evolves into a SRS
component at Apy = [A," — (Vb + vp)] "' = 1104nm  with
Tp = 3 ps excitation. This can be explained by the increase
of the value of gpAvp and the decrease of the threshold
intensity of nonlinear phase capture for the parametric
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Figure 2. SRS radiation spectra of the anti-Stokes (top) and
Stokes (bottom) regions for the single crystal Sro9Bag.;MoO4 with
pump pulse durations of 0.25, 1, 3, and 6 ps obtained by negative
(solid lines) and positive (dashed lines) chirping.

Raman interaction on the low-frequency vibrational mode
due to the increase of gp [10].

It is also possible to note in Fig. 2 (bottom) that
the As = (4, ' —vs)~! = 1134nm component shifts to the
short-wave (long-wave) region of the spectrum at pos-
itive (negative) chirping of the pump pulse, which is
explained by the origin of SRS ,in the tail® of the
pump pulse in the transient regime [11]. However, for
the Ap =[1,' —vp]”' =1066nm component, this trend
is violated, indicating a stronger influence of competing
nonlinear effects associated with the nonlinear refractive
index on the low-frequency-shifted SRS process. The
obtained measurements of time characteristics (Fig. 3)
for the considered components confirm this assumption.
When the pump pulse is negatively chirped, the SRS
pulses are more strongly compressed at low-frequency
shift than at high-frequency shift. Thus, while at the
wavelength of As = 1134nm the durations of SRS pulses
have a weak dependence on the chirp sign for any
pump pulse duration, at Ap = 1066 nm this dependence
becomes significant. For instance, with 7p = 4ps, pos-
itive and negative chirping yielded SRS pulse durations
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of 3.01 ps and 1.39 ps respectively — a 2.16-fold dif-
ference.  Similarly, for 7, = 6ps, the durations were
565 ps and 2.04ps — a 2.77-fold difference.  This
clearly indicates a better compensation of the positive
chirp caused by the nonlinear phenomena of self-phase
modulation of pump radiation and cross-phase modulation
of SRS radiation by the negative chirp of pump pulses
in the case of SRS with low-frequency shift in com-
parison with high-frequency shift. It should be noted
that the compression of SRS pulses observed at relatively
long pump pulses of 7, > 4ps, cannot be caused by
group velocity mismatch of the pump and SRS pulses,
since temporal walk-off length Lgym = 7p/GVM (GVM —
group velocity mismatch) significantly exceeds the length
of the SRS crystal. For example, based on the data
on the refractive index dispersion of the related crys-
tal SrMoO4 [12] we have GVM(4p, Ap) = 9fs/mm and
GVM(4p, As) = 24fs/mm, then we obtain Lgym > 444
and 167mm, respectively, at 7, > 4ps. It also cannot
be caused by the group velocity dispersion having val-
ues of GVD(4p) = 147 fs>/mm and GVD(4s) = 135 fs*/mm
(again for SrMoOs), giving very large temporal walk-
off length LGVD = TOZ/GVD of I—GVD =425 and 464 mm,
respectively (79 = 0.25ps). Moreover, a fine structure
of sub-pulses is observed for Ap-component with pump
pulse duration 7, > 4ps, which indicates the splitting of
the SRS pulse under the action of nonlinear phenomena
related to the nonlinear refractive index. The reason
for the smaller impact of these nonlinear phenomena on
the formation of the high-frequency-shifted component of
the SRS lies in the reduction of the phase mismatch
of SRS interaction due to the mutual compensation of
the self-phase modulation of the pump radiation and the
cross-phase modulation of the SRS radiation [13]. It
should also be noted that subpicosecond SRS radiation was
obtained at 0.25ps < 7, < 1ps, but the pulse durations
were close to 1ps over this entire range of 7p, and
the height of the supercontinuum pedestal was commen-
surate with the intensity of the SRS peaks, which is
attributable to the strong self-phase modulation of the
pump radiation and the cross-phase modulation of the SRS
radiation.

Fig. 4 shows the dependences of the energy in SRS
pulses on the pump pulse duration for the same two SRS
components, which are similar to those for the initial crystal
of strontium molybdate [8]. Fig. 4 also shows the fraction
of the supercontinuum pedestal in the measured energies,
as estimated based on the results of spectral measurements.
It can be seen that for both SRS components, with increas-
ing pump pulse duration, the fraction of supercontinuum
decreases and, consequently, the fraction of pure SRS
increases, with the curve for a positively chirped pump
pulse located 5—10% above the curve for a negatively
chirped pump pulse, which is most pronounced for the
component with a high-frequency shift. Fig. 4,a shows
that when increasing the pump pulse duration to 6 ps
(negative chirp), the 45 component exhibits an increase in
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Figure 3. Autocorrelation curves for the SRS components of 1, = 1066 nm and As = 1134nm with pump pulse durations of 0.25, 1, 4,

and 6 ps obtained by negative (blue lines) and positive (red lines) chirping.
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(black lines) as a function of pump pulse duration for the SRS
components: a — As = 1134nm, b — A, = 1066 nm. The energy
measurement error did not exceed 10%.

pulse energy up to 2.1uJ (SRS + supercontinuum part in
the vicinity of As) with a reduction of the supercontinuum
fraction to 9%. This can be attributed to weakened
effects of self- and cross-phase modulation [9,13]. In turn,
Fig. 4,b shows that some optimal range from 1 to 4ps
is observed for the Ap-component, which is attributable
to the competition not only with self- and cross-phase
modulation, but also with the SRS process on the high-
frequency mode [9]. It should be noted that this optimal
range exhibits not only the maximum of the pulse energy
of the Ap-component — 2.2 uJ (SRS + supercontinuum part
in the vicinity of 1), but also the local minimum of the
supercontinuum fraction of about 30%. Discussing the
energy of the SRS radiation of the anti-Stokes region of the
spectrum, it should be noted that the energy in the pulse
for the 944, 965, and 997 nm components was of the order
of 1uJ, while it was an order of magnitude lower for the
others.

Conclusion
This paper presents a study of the characteristics of the

SRS radiation generated in the crystal of the cationic solid
solution of Srp9Bag1MoO4 when a highly transient SRS is

Optics and Spectroscopy, 2025, Vol. 133, No. 3

realized. At E || ¢, the increase of parameters gp and gpAvy
to 1.9 cm/GW and 23.4 GW~!, respectively, compared to
the original StMoOy crystal, resulted in multiwavelength
SRS generation with combined frequency shifts in both
Stokes and anti-Stokes regions. Spectral and temporal
measurements also demonstrated a stronger impact of the
competing nonlinear phenomena related to the nonlinear
refractive index on the low-frequency shift component of
the SRS and the use of negative chirping of the pump pulse
made it possible to compress its radiation pulse by a factor
of more than 2times compared to positive chirping owing
to the compensation of the positive chirp attributable to self-
and cross-phase modulation.
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