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Abstract: Comparative characteristics of spontaneous and stimulated Raman scattering in
Pb(MoOy)1_x(WOy)x single crystals (x = 0, 0.5, 0.8, and 1.0) including both the high (v1) and low
(v) frequency internal anionic group vibrations have been investigated. It was found that among
these crystals, Pb(M0O4)g2(WO4)o.g is the most suitable for multi-wavelength Raman laser in several
Raman modes simultaneously. This is caused by the optimal relative Mo/W content corresponding
to the most efficient coherent combination of the (MoOy)?~ and (WO,)?~ vibrations enhancing the
output radiation characteristics of the synchronously pumped Pb(M0O4)g2(WO4)p s Raman laser.
Oscillation of up to twelve, closely spaced SRS components in a range of 1128-1360 nm and the
strongest pulse shortening down to 1.16 ps in comparison with not only PbMoO4 and PbWO, but
also with all the earlier investigated nominally pure scheelite-like tungstate and molybdate crystals
has been achieved.

Keywords: Raman laser; synchronous pumping; multi-wavelengths generation; pulse shortening;
PbMoO, and PbWOy crystals and solid solutions

1. Introduction

Interest in scheelite-type PbMoO,4 and PbWOy crystals first appeared in the 1960s
after work was published considering them to be promising optical materials for acousto-
optics [1]. Later, these crystals were recognized as very efficient for many applications due
to their unique properties. PboMoOy—in acousto-optical modulators, deflectors and phase
shifters [2]; PbWO4—in electromagnetic detectors in high-energy accelerators used for high-
energy physics research at CERN [3]; PbMoO, and PbWO,;—in a scintillation (cryogenic)
detector for rare event and dark matter searches [4]. In addition, PbMoO,4 and PbWQ,
are prospective active materials for Raman lasers including the crystals self-activated by
rare earth laser ions [5-10]. In the Raman laser applications the most intense v; Raman
mode of these crystals was used for the laser radiation frequency shifts in stimulated
Raman scattering (SRS). This Raman mode corresponds to totally symmetric stretching
vibration of the (MoOy)?~ or (WOy)?>~ tetrahedron anionic groups with the frequency of
vy =870 or 905 cm !, respectively [11]. Using high-Q optical cavity for the Raman-active
crystal can help to obtain SRS conversion in crystals not only on the most intense v; Raman
mode but also on lower intense Raman modes [12-15]. It is also necessary to note that in
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scheelite-type crystals the anionic group bending vibration v; is a coherent combination of
two twisting (Ag + Bg) and one scissoring Raman mode having a one-mode behavior. The
V3 line is significantly wider than the v; line [16]. This allowed to achieve radiation pulse
shortening down to the inverse width of the widest v, line in transient SRS with combined
(v1 + v2) frequency shifts in the scheelite-type crystal series under synchronous pumping
by repetitive picosecond laser pulses [17-19].

Study of solid solutions of related functional crystals with variable composition is
of interest due to the possibility of fine control of structure and, in turn, physical param-
eters of the material and its functionality. The initial aim of mixing the PbMoO, and
PbWO; crystals was to combine reasonable mechanical properties of PbMoO, with bet-
ter optical transmission of PbWQO,at short wavelengths [20]. A remarkable property of
Pb(MoO4)1-x(WOy)x solid solutions is that they crystallize as single crystals in the entire
compositional range [20-23]. This property is important for optical applications especially
in optoelectronics [2]. Investigation of Raman spectra of Pb(M0O4);_x(WO4)x mixed crys-
tals showed that they have two-modes behaviour for the high-frequency (v1) stretching
vibrations of the anionic groups (corresponding to the molybdate and tungstate anionic
groups) but one-mode behaviour for the low-frequency (v;) bending vibrations of the
anionic groups [21]. Therefore, optimization of the Pb(M0O4);_x(WO4)x composition can
help to equalize contributions of the high-frequency v; modes corresponding to molybdate
and tungstate structures for efficient closely spaced double wavelength SRS generation.
Additionally, it can help to artificially construct the widest and highest v; line as a coherent
combination of the (MoO4)?~ and (WO4)?~ anionic group bending Raman modes similarly
to the natural Ag + B mode combination in the bending v, Raman line for radiation pulse
shortening in (vi + vp)-shifted SRS under synchronous picosecond pumping. The first
observation of SRS in the Pb(MoO4)1_x(WO4)x mixed crystal at x = 0.5 was carried out in
work [24]. It was found that single-pass SRS conversion took place with the high-frequency
shifts of v; = 870 and 905 cm™ ! from the A, = 1064 nm pump wave into the first-order
Stokes SRS doublet at Ag = (\p ! — v1) ~! = 1173 and 1178 nm, but higher order SRS
conversion was inefficient due to stronger splitting of the SRS radiation components.

In the present work, we have focused on multiwavelength combined shift SRS gen-
eration and the strongest pulse shortening. We have carried out a comparative study of
synchronously pumped SRS in Pb(Mo0QOy)1_x(WOy)y single crystals with various content
ratio of x = 0, 0.5, 0.8, and 1.0. The optimum content ratio (x = 0.8) has been found for
generation of the highest number (up to 12) of closely spaced wavelengths and the strongest
pulse shortening (down to 1.16 ps) which is stronger than in nominally pure PbMoO, and
PbWOy crystals (1.33 and 1.27 ps). The lasers generating at two or more wavelengths
simultaneously are widely used in atmospheric detection, lidar system, and terahertz wave
generation [25-27].

2. Raman Crystals Characterization

PbMoOQO,4 and PbWOy crystals are different from other scheelite-type crystals (alkali-
earth tungstate and molybdate crystals) by a comparatively large degree of covalence of
the bond between the cation (Pb**) and oxygen due to a comparatively large mass and
electronegativity of the Pb?* cation. This leads to an influence on the internal vibrations
of anionic groups reducing the effective mass of the oscillating Mo-O or W-O pair in the
anionic group [11]. We assumed that this effect is different for the molybdate and tungstate
crystals, and therefore it would be interesting to control this effect in the mixed crystal.

For comparative investigation we used four samples: the a-cut PbMoO, (Nanjing
Metalaser Photonics Co., Ltd., Nanjing, China) and PbWO, (Crytur, Ltd., Turnov, Czech
Republic) crystal samples with equal lengths of 25 mm; the a-cut Pb(M0O4)o 5(WO4)o5 and
Pb(M004)2(WO4)p.s samples (State Scientific Institution “Institute for Single Crystals” of
National Academy of Sciences of Ukraine, Kharkiv, Ukraine) with equal length of 14 mm.
As for the mixed-crystals growth, dried initial components PbO (99.99%), WO3 (99.99%),
and MoOj3 (99.99%) were taken in the stoichiometric ratio and carefully mixed for synthesis
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of PbWO, + PbMoO, compounds, respectively. To produce PoWO, + PbMoO,4 compounds,
a solid-state synthesis was carried out for 6 h at 700 °C and 650 °C, respectively. Formation
of the compounds took place according to the following reaction:

PbO + WO3— PbWOy, PbO + MoOs;— PbMoOy )

The growth of PbWO, + PbMoOj single crystals was carried out by the Czochralski
method with a seed in argon atmosphere from Pt crucibles by means of “Kristall 3M” setup
with inductive heating and an automated control diameter system of growing crystal along
the crystallographic axis [001]. The pulling changed within 1-3 mm/h and the rotational
speed was varied in the range of 15-20 rpm. Grown PbWO, + PbMoOjy crystals were used
as a charge for growth of solid solution single crystals. It was done for better purification
of solid solution single crystals. Y and Nb were added into initial mixture to prevent
formation of color centers. The procedure and parameters of solid solution crystal growth
were the same as for PbWO, + PbMoOy crystals. To minimize thermo-elastic stresses,
the solid solution single crystals were annealed in air after the growth. The grown solid
solution single crystals were transparent and free of color centers, impurity phases, crystal
cracking and gas bubble inclusions. Typical dimensions of grown solid solution crystals
were up to 30 mm in diameter and up to 70 mm in length. Dimensions of the investigated
samples were 10 x 10 x 15 mm?. All tested samples were anti-reflection coated in the
spectral range from 1000 to 1400 nm.

Figure 1 demonstrates polarized spontaneous Raman spectra of Pb(MoO4)1_x(WO4)x
with x =0, 0.5, 0.8, and 1.0 for parallel (E | | c¢) and perpendicular (E_Lc) vector polarization
relative to the optical crystal axis. The spectra are normalized to the most intense Raman
line of each crystal (at E L c¢). The spectra were measured using a back-scattering scheme
SPEX-Ramalog 1403 spectrometer (Horiba, Kyoto, Japan) excited by a 510.6-nm copper
vapor laser with the spectral resolution of 0.5 cm~! and scanning step of 0.2 cm~!. It can be
seen in Figure 1a,d that in the nominally pure (x = 0 and 1.0) PbMoO,4 and PbWO; crystals
the difference of the bending v, Raman mode frequencies is low (v, = 318 and 327 cm ™},
respectively) and comparable with their linewidth. In contrast to this, the stretching v,
Raman mode frequencies of PbMoO, and PbWO; are significantly distant (v; = 870 and
905 cm 1, respectively). In both crystals, the high-frequency v; Raman line is the most
intense and it has approximately 1.33 times higher intensity at E L cthanatE | | c. On
the contrary, the low-frequency v, Raman line has higher intensity at E | | cthanatE L ¢
in both crystals. We should note that in PbWQOj the v; line has lower intensity relative to
the vj line in comparison with one in PbMoOj (especially at E L c). Figure 1b,c present
the spectra of the mixed Pb(M0O4)1_x(WO4) crystal (for content of x = 0.5 and 0.8). The
closely spaced bending v, Raman modes of the molybdate and tungstate structures are
coherently combined in one v, vibrational line having one-mode behaviour [21] with the
central frequency increasing from v, = 321 cm ™! up to v, = 323 cm ! with increasing the
tungstate content. Despite the fact that the stretching v; Raman lines have here (Figure 1b,c)
the two-mode behaviour [21], we found that in the mixed crystals the molybdate (v; =
870 cm~!) and tungstate (v = 905 cm~!) stretching Raman modes interact with each other
like the bending Raman modes.

Firstly, this is indicated by the widening of all the Raman modes. The v; lines are
widened from Av; = 6.0 and 4.1 cm™! in PbMoOy (v = 870 cm™ ') and PbWO, (v; =
905 cm™1), respectively, up to Avy = 7.2 cm™! for the 870 cm ! line and Av; = 5.5 cm ™! for
the 905 cm ™! line in both mixed (x = 0.5 and 0.8) crystals. The v; line is widened from Avp
=7.4and 7.7 cm~! in PbMoOy (v, = 318 cm™ 1) and PbWOy (v, = 327 cm ™), respectively,
up to Av, =9.7 cm latE | | cand Av, =10.6 cm ™! at E L ¢ for the combined v, line in
both mixed (x = 0.5 and 0.8) crystals. Secondly, this is indicated by the change of intensities
oflinesat E | | cand E_L ¢ when moving from one crystal to another.
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Figure 1. Polarized spontaneous Raman spectra of Pb(MoO4)1_x(WOy)x at (a) x =0, (b) x=0.5, (c) x =
0.8, (d) x = 1.0 for parallel (E | | ¢) and perpendicular (E L c) orientation of the radiation polarization
vector relative to the crystal optical axis.

Figure 1b shows that in the mixed Pb(M0QO4)o5(WO4)g 5 crystal with the equal molyb-
date and tungstate content, the molybdate v; line has higher intensity and therefore stronger
(MoO,)?~ vibration influences weaker (WO,)?~ vibration. This results in an increase in
the 905 cm ™! line intensity at E | | c up to that at E L c in contrast to those in the nomi-
nally pure PbWOy crystal (Figure 1d) where it is 1.33 times lower atE | | cthanatE L c.
The combined v; line intensity in Pb(M0QO4)05(WO4)o 5 (Figure 1b) also increases more at
E | | cthanatE L cin comparison with PbMoO, (Figure 1a). We believe that the interaction
of vibrations of the (MoO4)?~ and (WO,)?~ anionic groups occurs through the Pb?* cation
having a high degree of covalent bond with oxygen. This covalent bond is directed mainly
along the crystal optical axis, therefore the E | | ¢ orientation is suitable for more intensive
Raman scattering in the mixed crystal. On other hand, the high-frequency Raman line has
higher intensity at E L ¢ in the nominally pure PbMoO4 and PbWO; crystals.
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Taking into account the stronger (MoOy)?~ vibration, the tungstate content ratio
was increased up to x = 0.8 to equalize the contributions of the molybdate and tungstate
components to Raman scattering in the mixed Pb(M0O4,)p2(WO4)p s crystal. Figure 1c
shows that in this crystal, intensities of the v; = 905 cm ! and v, = 323 cm ™! Raman lines
have increased only slightly at E L ¢, but they have increased much moreat E | | cand
became comparable with the molybdate v; = 870 cm ~! Raman line intensity. Also note
that even the molybdate v, = 870 cm~'line intensity has slightly increased at E | | c in
comparison with the previous case (Figure 1b, x = 0.5). In can be explained by coherent
interaction of the equalized (MoO,4)?~ and (WO4)?~ vibrations through the covalent bond
of the Pb?* cation with oxygen directed mainly along the crystal optical axis.

3. Experimental Setup

Figure 2 shows the experimental setup. It is similar to that used in the previous
works [17-19] using other Raman-active crystals. The Raman laser with an external ring cav-
ity based on each Raman-active crystal under study was synchronously pumped by repeti-
tively pumped, 36-ps, 150-MHz, 330-n] Nd:GdVO; laser at a wavelength of Ag = 1063 nm
operating in quasi-continuous regime with the 500us. The pumping was single-pass due
to high transmission of both concave mirrors (PM and CM) of the Raman laser cavity.
The half-wave plate allowed pumping of the Raman-active crystal at either E | | c or
E L c. The lens FL focused the pump beam into an approximately 30 x 35 um? spot in the
Raman-active crystal in order to achieve the best possible mode matching with the Raman
laser cavity mode. We used two output couplers (OC1 and OC2, both flat mirrors) with
reflectivity distributions shown in Table 1 for efficient single first-order SRS (using OC1)
and for multi-wavelength multi-order combined shift SRS (using OC2). The condition of
synchronous pumping was adjusted by flat mirror FM on the precise translation stage.

b "

>
PUMPING LASER /1
RAMAN

o
M2 FL pM.  CRVSTAL gy
Figure 2. Experimental setup of synchronously pumped Raman laser.

Table 1. Reflectivities of two output couplers at the oscillated SRS wavelengths.

0oC1 ocC
R [%] @ 1128/1132 nm (v1 — V3 shifted SRS component) 98.4/98.0 99.7/99.7
R [%] @ 1171/1176 nm (v; shifted Stokes SRS component) 87.0/88.0 99.5/99.4
R [%] @ 1217/1222 nm (v1 + V3 shifted SRS component) 86.5/84.0 89.8/83.5
R [%] @ 1250 nm (v +V1 — V; shifted SRS component) 39.8 33.8
R [%] @ 1266/1272 nm (V] +Vy + V; shifted SRS component) 44.2/53.5 50.7/53.4
R [%] @ 1303/1316 nm (v1 +V; shifted SRS component) 69.6/66.4 17.5/28.5
R [%] @ 1360 nm (v1 +Vj + V; shifted SRS component) 11.0 16.7
R [%] @ 1128/1132 nm (v] — V3 shifted SRS component) 98.4/98.0 99.7/99.7

The individual generated SRS components were separated by a set of calibrated long-
pass filters (Thorlabs, Newton, NJ, USA). The output average power was measured by
a power meter (Standa 11PMK 15SH5, Vilnius, Lithuania) and output pulse energy was
calculated from the knowledge of repetition rate and duty cycle, respectively. For measur-
ing of pulse duration, a laboratory designed non-collinear second harmonics generation
autocorrelator based on a LilOj crystal with temporal resolution of 23 fs was used. The mea-
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at FWHM.

4. SRS in PbMo00O4 and PbWO,

As in our previous works [17-19], SRS oscillation was achieved after precise synchro-
nization of the Raman laser cavity length with the repetition rate of the pump laser. The
synchronization must be tuned for each pumping orientation (E | | cand E L c) because
of high birefringence of the investigated crystals [19]. Figure 3 shows the obtained output
radiation spectra and the output beam profiles in the synchronously pumped Raman lasers
based on the nominally pure PbMoO4 and PbWOj crystals for the case of the highest pump
pulse energy of 330 nJ.
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Figure 3. Output radiation spectra of the synchronously pumped PbMoO, with OC1 (a) and OC2 (b),
PbWO, Raman lasers with OC1 (c) and OC2 (d).

We can see that using the OC1 output coupler resulted in generation of only one
Stokes component at the wavelength of 1171 or 1176 nm with the high-frequency Raman
shift of vi = 870 or 905 cm ™! for PbMoO, or PbWO,, respectively. In the case of the setup
with the OC2, the additional Stokes component at the wavelength of 1217 or 1222 nm with
the combined frequency shift of vi + v, = 870 + 318 or 905 + 327 cm ™! was oscillated for
PbMoO, or PbWOy, respectively. The beam profiles measured by a CCD camera were
close to the fundamental transversal mode and showed astigmatism due to the nonzero-
angle of incidence on concave mirrors used inside the Raman laser cavity. The beam
profile dimensions for the (v1 + v;)-shifted SRS components were larger due to the beam
diffraction divergence increase with the wavelength.

The dependencies of the output SRS pulse energy on the input pulse energy in the
synchronously pumped PbMoO, and PbWO, Raman lasers with the OC1 and OC2 output
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couplers in the case of perfect synchronous pumping (taken as zero detuning of the cavity
length) are presented in Figure 4. It can be seen from Figure 4a,c that using the OC1
output coupler led to efficient generation of the single v;-shifted Stokes component with
linear growth of energy output. In general, the SRS generation with higher slope efficiency
and lower threshold was achieved for E L c. The increase in the oscillation threshold for
E | | cis caused by the decrease in the Raman gain because the losses were almost constant.
It can be assumed that a ratio of the oscillation thresholds at EL ¢/E | | ¢ (103 nJ/128 nJ for
PbMoOy and 121 nJ /139 n] for PbWQ,) is close to a ratio of intensities of the v; Raman
modesatE | | ¢/E L c for each crystal (see Figure 1a,d). It is also necessary to pay attention
to the observed effect of increasing slope efficiency of oscillation from 25.7% to 44.7% for
PbMoQO, and from 20.0% to 33.8% for PbWO, with the change of the pumping orientation
from E | | cto E L c that is accompanied by increase in the Raman gain with no change
of losses. Earlier, similar effect was observed in many synchronously pumped Raman
lasers based on GdVOy [28], StWOy4 [18,29], and PbMoOy [19] active crystals via a change
of the single-pass Raman gain by a change of the crystal length or pumping orientation.
A possible explanation of the effect may be the action of synchronous pumping as it was
proposed in work [19].
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— 120 - | ‘ — 50 : ‘
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Figure 4. The output SRS pulse energy versus the input pump pulse energy in the synchronously
pumped Raman laser based on (a) PbMoOy4 with OC1, (b) PbMoOy4 with OC2, (c¢) PbWO,4 with OC1,
and (d) PbWO, with OC2.

It can be seen in Figure 4b,d that in the case of PbMoO, (PbWOy) using the OC2
output coupler resulted in more efficient oscillation of the 1217 (1222) nm second Stokes
component with the v + v, combined frequency shift. The lower efficiency of the 1171



Crystals 2022,

12,148

8 of 14

367
@32

ON [
NN
n 00

= 20

—_

PULSE DURA
N B O DO

0

(1176) nm v;-shifted first Stokes component was caused by high reflection of OC2 at the
1171 (1176) nm wavelength (see Table 1).

The SRS generation at 1217 (1222) nm with lower threshold was achieved under
E L c pumping (111 nJ at E L c against 137 nJ at E | | ¢ for PbMoOy and 136 nJ atE L ¢
against 142 nJ at E | | ¢ for PbWQ,). Moreover, the slope efficiencies were higher (18.1%
atE | cagainst 14.8% at E | | ¢ for PbMoOy4 and 11.1% at E L c against 9.6% at E | | ¢ for
PbWOy;). These output parameters were measured despite the v, line is more intensive
in the polarized spontaneous Raman spectra at E | | ¢ than at E L ¢ for both PbMoOy,
and PbWO; (see Figure 1a,d). Earlier in [19], similar effect was observed for the two
times longer PbMoQO; active element. This phenomenon can be explained by more intense
intracavity pumping of the second cascade SRS by the vi-shifted first Stokes component
that oscillated more efficiently at E L c.

Figure 5 demonstrates the output radiation characteristics of the PbMoO, and PbWO,
Raman lasers with the OC2 output coupler as a function of the cavity length detuning at the
optimum E L c orientation for the highest pump pulse energy of 330 nJ. The dependencies
are similar to those of many active media in the synchronously pumped Raman laser
with the combined frequency shift tested before [17-19,28,29]. The case of cavity length
detuning with the lowest SRS threshold is marked as zero detuning. In particular, the (v4
+ vp)-shifted Stokes pulses had shortened duration amounting 7 ps at zero detuning and
even shorter at positive detuning of the cavity length. The shortest pulse duration was
measured to be 1.33 (1.41) psand 1.22 (1.27) psat E L c (E | | ¢) for PbMoOy4 and PbWOy,
respectively, at +50 um cavity length detuning. The values are comparable with an inverse
half-width of the v, Raman line amounting 1/(m-c-:Avy) = 1.43 ps and 1.38 ps for PbMoO;,
and PbWOQy, respectively.
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Figure 5. Output pulse energy and pulse duration versus the Raman laser cavity length detuning
with OC2 for the synchronously pumped (a) PbMoO,4 and (b) PbWO,4 Raman lasers at the optimum
E L c orientation.

5. SRS in Pb(M004)0'5(WO4)0'5 and Pb(M004)0'2(W04)0_8

Figure 6 demonstrates the obtained output radiation spectra and the output beam pro-
files in the synchronously pumped Raman lasers based on the mixed Pb(Mo0QO4)o5(WO4)o 5
and Pb(MoO4)2(WOy)g s crystals. The beam profiles are close to the fundamental transver-
sal mode as for the nominally pure crystals.
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Figure 6. Output radiation spectra of the synchronously pumped Raman lasers based on
(a) Pb(M004)95(WOy)p5 with OC1, (b) Pb(M00O4)g5(WO4)p5 with OC2, (c) Pb(M00O4)g2(WO4)o.s
with OCl, and (d) Pb(MOO4)Q'2(WO4)0_8 with OC2.

It can be seen from Figure 6a,c that using the OC1 resulted again in oscillation of only
v1-shifted first Stokes component but with the wavelength doublet of 1171/1176 nm corre-
sponding to both the high-frequency stretching Raman modes of v{ = 870 and 905 cm ! of
the molybdate and tungstate contents, respectively. Note that the tungstate SRS component
at 1176 nm has lower intensity than the molybdate SRS component at 1171 nm in the
doublet, but using Pb(M0O4)p2(WO4)p.s made this situation better for the tungstate SRS
component.

Figure 6b,d show the spectra observed with the OC2. The second Stokes component
at the wavelength doublet of 1217/1222 nm with the bending mode v, frequency shift
from the vq-shifted first Stokes doublet also oscillated in both mixed crystals. Using the
optimum pumping orientation allowed to additionally obtain the (v + v1)- and (v —
vp)-shifted second-order SRS components and even the third-order Stokes components
with the combined frequency shifts of v{ + v, + v, and v1 + vq + v,. The optimum pumping
orientation was different for these mixed crystals. For Pb(M0Oy)p5(WO4)g5 it was E L
¢, i.e., the same as for the nominally pure PbMoO, and PbWO; crystals. However, for
Pb(Mo00O4)02(WO4)og the E | | c orientation turned out to be better for multi-wavelength
operation. Also, three cascades of SRS in the 14-mm long mixed crystals are different from
two cascades of SRS in the 25-mm long nominally pure crystals. This can be explained
by the fact that parametric Raman coupling provides more efficient multi-cascade SRS
in shorter crystals than in longer crystals [18]. This is confirmed by the presence of the
v;-shifted anti-Stokes components in the second (v1 — v2) and third (v1 + v{ — vp) cascades
of SRS in the mixed crystals. Also note that in Pb(M0O4)y2(WO4) s a larger part of the
third-cascade SRS wavelengths are doublets in contrast to Pb(Mo0O4)5(WO4)p 5 where are
mostly singlets corresponding to the dominant molybdate content (see the wavelengths
identification in Figure 6 and Table 1).
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Figure 7 shows output pulse energy of v{-shifted 1171/1176 nm and (v; + v;)-shifted
1217 /1222 nm SRS components in the mixed crystals as a function of the input pulse energy.
These are the same SRS components as in the nominally pure crystals in Figure 4. The
oscillation character in the case of Pb(M00QOy)p5(WQO4)o5 with the OC1 was similar to the
nominally pure crystals (Figure 4a,c): at E L c the first Stokes oscillation threshold was
lower (130 nJ against 168 n]) and slope efficiency was higher (18.6% against 14.7%) than
at E | | c. However, again, for Pb(Mo0O4)02(WO4)os, the situation using the OC1 was
different (Figure 7c): at E L ¢ the first Stokes oscillation threshold was higher (157 n] against
145 n]) and slope efficiency was lower (17.5% against 21.1%) than at E | | c. We can also see
that slope efficiencies for the Pb(M0QO4)o5(WO4)g 5 and Pb(Mo0O4)p2(WO4)o s crystals were
lower than for the PbMoO, and PbWOj crystals. These characteristics can be explained by
shorter length of the mixed crystals (14 mm against 25 mm) from the point of view of the
above-mentioned effect of higher slope efficiency at higher single-pass Raman gain.
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Figure 7. The output SRS pulse energy versus the input pump pulse energy in the synchronously
pumped Raman laser based on (a) Pb(M0O4)o 5(WO4)p5 with OC1, (b) Pb(M0O4)p5(WO4)g5 with
OCZ, (C) Pb(MOO4)O_2(WO4)0.8 with OCl, and (d) Pb(MOO4)0_2(WO4)0_8 with OC2.

Recently, the comparative measurement procedure using the oscillation threshold data
in the same conditions was developed to define the Raman gain for PbMoO; at 1063 nm,
which was measured to be g = 5.0 cm/GW at E L ¢ [19]. Now we used this procedure
for the measurement of the Raman gain for all the crystals under study at both pumping
polarizations in comparison with the value measured before for PbMoQ;. The results of
the comparative measurement are shown in Table 2 (see [19] for details). For PbMoOy and
PbWOQy, the refractive index data were taken from [19,30]; for both the mixed crystals they
were taken as the average values for PbMoO, and PbWO4.
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Table 2. Measurement results of Raman gain for the crystals under study at the E L ¢ (E | | ¢)
pumping orientation, where L is the crystal length, Leﬁc is the effective length of Raman interaction
considering at beam focusing [19], Ey, is the threshold pump pulse energy, g is the Raman gain
calculated as in [19].

Crystal PbMoOy PbWO, Pb(M004)95(WO4)p5 Pb(M004)92(WO4)os
L [cm] 2.5 2.5 14 14
Ly [em] 139 (135)  1.34(1.32) 1.04 (1.03) 1.04 (1.03)
Ey, [0]] 103 (128) 121 (139) 130 (168) 157 (145)
EpLog [n-cm] 143 (173) 162 (184) 135 (173) 163 (149)
¢ [em/GW] 5.0 (4.1) 44 (39) 53 (4.1) 44 (4.8)

We can see that for Pb(M00O4)5(WO4)g 5 the Raman gain at both the pumping ori-
entations is close to that for PbMoO; (the difference is not higher than the measurement
error). On the contrary, for Pb(M0O4)02(WO4)os at E L ¢, the Raman gain is close to that
for PbWOy at E L c. But for Pb(M0O4)02(WO4)og at E | | ¢, the Raman gain is anomalously
high in comparison with all other crystals at E | | ¢ and especially for Pb(M0O4)02(WO4)o 8
at E L c. It can be explained by the most efficient coherent interaction of equalized vibra-
tions of the molybdate and tungstate anionic groups due to their optimum relative content.
As one can see from Figure 7b, using the OC2 for Pb(Mo0O4)y5(WO4) 5 the oscillation
was similar as for PbMoO, and PbWO; (Figure 4b,d), in particular, the E L ¢ pumping
orientation was better for the (v; + vy)-shifted output too. We achieved (v; + v;)-shifted
Stokes component at 1217 /1222 nm with slope efficiency of 9.1% and 8.0% at oscillation
threshold of Ey;, =140 and 171 nJ for E L cand E | | ¢, respectively. Nevertheless, oscillation
of the v1-shifted 1171/1176 nm SRS component has lower efficiency (<1.5%), with a lower
oscillation threshold of Ey, = 107 and 133 nJ for E L cand E | | ¢, respectively, due to the
high-Q cavity at 1171/1176 nm. It is necessary to note that for the 1217/1222 nm output,
the product Ey;-Leg = 146 (176) nJ-cem at E L ¢ (E | | ¢) was comparable with Ey-Leg =
154 (185) nJ-cm at E L ¢ (E | | ¢) for PbMoOj4. On the other hand, it is distinctly lower
than Ey;-Ley = 182 (187) nJ-cm at E L ¢ (E | | ¢) for PbPWOy (Leg was taken from Table 2).
Therefore, it can be said that SRS in the mixed Pb(M00O4)g5(WO4)o 5 crystal using OC2 as
well as using OCI1 (see Ey;-Leg in Table 2) was mostly initiated by the stronger (MoQOy)?~
vibrations. Participation of the (WO4)?>~ vibrations was more appreciable at E | | ¢ as
can be seen from the SRS spectra (Figure 6a,b). This can be explained by better coupling
between the (MoOy4)?>~ and (WO,)?~ vibrations through the partly covalent bond with the
Pb?* cation directed along the crystal optical axis.

The most interesting results can be seen for Pb(M0QO4)g2(WO4) s from Figure 7d. At
E L c for the 1217/1222 nm output it had predictably higher oscillation threshold of
167 nJ and lower slope efficiency of 7.8% than for Pb(M0O4)o5(WO4)o5 (140 nJ and 9.1%)
because of the lower molybdenum content. Another situation was seen at E | | ¢ for
the 1217/1222 nm output where we can see the highest slope efficiency of 10.3% for
Pb(M00O4)2(WO4)0.s among both the mixed crystals with low oscillation threshold of 141
nJ close to the lowest value for Pb(M0QO4)5(WO4)o5 (140 n] at E L ¢). Similarly, as in the
previous cases, it can be explained by the optimum relative Mo/W content (20/80%) with
the best coupling between the (MoQO,)?~ and (WOy)?~ vibrations at E | | c. This time it is
not only for the v; mode but also for the v, mode. As a result, in Pb(M0O4)g2(WO4)o.g with
the OC2 and E | | ¢, the 1171/1176 nm first-order Stokes radiation efficiently converted on
the intense v; vibration doublet which was efficiently converted into the 1217/1222 nm
second-order Stokes component on the coherently combined intense v, Raman mode. The
summary of experimental results can be seen in Table 3.
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Table 3. Output characteristics of synchronously pumped Raman laser under E L ¢ (E | | ¢) pumping
for setup with OC1 and OC2. Ey means is the threshold pump pulse energy and 1 is the slope
efficiency for vi- and (vq+ vp)- shifted components.

Crystal PbM004 wa04 Pb(M004)0.5(W04)0.5 Pb(M004)0.2(W04)0_8

Setup with OC1

Eg (v1) [0] 103 (128) 121 (139) 130 (168) 157 (145)

n(vq) [%] 447 (25.7)  33.8(20.0) 28.6 (14.7) 17.5 (21.1)
Setup with OC2

Eg (v1) [0] 82 (107) 105 (112) 107 (133) 123 (116)

1 (v1) [%] 1.5 (1.1) 1.4 (1.3) 1.5 (1.3) 1.4 (1.5)
Ey (vi+v2)[n]] 111 (137) 136 (142) 140 (171) 167 (141)
M (vi+ Vo) [%] 18.1(14.8)  11.1(9.6) 9.1 (8.0) 7.8 (10.3)

Figure 8 shows the cavity length detuning curves for the mixed crystals with the
optimum pumping orientations [Pb(Mo0O4)y5(WO4)g5 at E L ¢ and Pb(M0O4)g2(WO4)o g
atE | | c] at pump pulse energy of 330 nJ and with the OC2. Again, the (v; + vp)-shifted
Stokes pulses had shortened pulse duration of 7 ps at zero detuning and shorter at positive
detuning of cavity length, but for both mixed crystals we have achieved the shortest pulse
durations at +50 pm cavity length detuning in comparison with not only PbMoO,4 and
PbWOy but also with all the investigated nominally pure scheelite-like tungstate and
molybdate crystals: 1.19 (1.44) psat E L ¢ (E | | ¢) for Pb(M00O4)05(WO4)p5 and 1.21 (1.16)
psatE L c (E || c) for Pb(MoO4)o2(WO4)os, respectively. These values at the optimum
pumping orientations are close to the inverse half-width of the widened combined v,
Raman line amounting 1/(7t-c:Av,) =1.0 (1.1) psat E L ¢ (E | | ¢). The generation of shorter
pulses at 1217/1222 nm in the mixed structure with the higher tungstate content confirms
the coupling of the pulse duration with the width of the v line, since it is wider in PbWO,
(Av, = 7.7 cm™ 1) than in PbMoOy (Avy =7.4 cm™ ).
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Figure 8. Output pulse energy and pulse duration versus the Raman laser cavity length detuning
with OC2 for the synchronously pumped Raman lasers based on (a) Pb(M0O4)5(WO4)o5 at the
optimum E L c orientation and (b) Pb(Mo0O4)p2(WO4)g s at the optimum E | | ¢ orientation.

6. Conclusions

We have presented a comparison of the characteristics of spontaneous and stimulated
Raman scattering in Pb(MoOy4)1_x(WO4)x single crystals (x = 0, 0.5, 0.8, and 1.0) including
both the high (v1) and low (v;) frequency internal anionic group vibrations. It was found
that among these crystals, Pb(M0O4)02(WO4)g g is the most promising for multi-wavelength
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SRS on several Raman modes simultaneously. Thus is caused by the optimal relative Mo/W
content corresponding to the most efficient coherent combination of the (MoO,)?~ and
(WO,)?~ vibrations enhancing the output radiation characteristics of the synchronously
pumped Pb(Mo0Oy4)2(WO4)ps Raman laser. We have achieved up to twelve oscillations
of closely spaced SRS components in a range of 1128-1360 nm and the strongest pulse
shortening down to 1.16 ps in comparison with not only PbMoO,4 and PbWQOy, but also with
all the nominally pure scheelite-like tungstate and molybdate crystals earlier investigated.
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