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Abstract: We propose and study the conditions of zero-dispersion phase matching for parametric
Raman interactions in birefringent crystals differing by anisotropy of zero-dispersion wavelength and
allowing for the spectral tuning of the zero-dispersion phase-matching condition. We choose a highly
birefringent crystal of calcite having a wide zero-dispersion anisotropy range for the demonstration
of new effects of laser pulse shortening in parametric Raman lasers with spectrally tunable zero-
dispersion phase matching. We demonstrate the anti-Stokes (1168 nm) and multi-Stokes (1629 nm)
picosecond pulse shortening and self-separation of single 80-ps ultra-short pulse from the zero-
dispersion phase-matched parametric Raman lasers that are based on the calcite crystal without
using any electro-optical device.

Keywords: stimulated Raman scattering; Raman-active crystal; parametric Raman interaction; zero-
dispersion phase matching

1. Introduction

Crystals are the most common active media for nonlinear optics, because of not
only their high nonlinearity and easy operation, but also the possibilities to maintain
phase matching conditions of three- or four-photon nonlinear interactions due to the
crystal birefringence (let us call it the birefringence phase matching) [1]. The only cubically
nonlinear effects of two-photon stimulated inelastic scattering, including stimulated Raman
scattering (SRS), do not require the maintenance of the phase matching condition for
frequency conversion. However, even the SRS process, when it becomes multi-order, can
be caused by four-photon parametric Raman interactions requiring the maintenance of the
phase matching condition, which is limited by refractive index dispersion. Earlier, such
axial parametric Raman generation of higher order SRS components has been obtained in
gases having low dispersion [2]. Recently, such parametric Raman interactions in crystals
allowed for the realization of strong shortening of generated radiation pulses under the
conditions of the birefringence phase matching [3-6]. One more interesting possibility
is using nanocrystals for which the phase matching condition is negligible for nonlinear
optics [7-9].

Another great feature of solids is that the spectral dependence of the refractive index
(as given by the Sellmeier equation) has the inflection point that corresponds to the zero-
dispersion wavelength [10]. The simplest approach for maintaining the four-photon-mixing
phase-matching condition is to use the excitation wavelength that is close to the zero-
dispersion wavelength of the nonlinear solid-state medium. It allows for the realization
of collinear phase matching (let us call it the zero-dispersion phase matching) for equally
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polarized waves without the walk-off problem in contrast to the birefringence phase
matching in crystals. The zero-dispersion phase matching is known from nonlinear optics of
optical fibers [11]. For example, a 1.319-um Nd:YAG laser was used for phase-matched four-
photon mixing in a quartz glass fiber having a zero-dispersion wavelength of approximately
1.3 um [12].

In the present work, we propose using the conditions of the zero-dispersion phase
matching for parametric Raman interactions in birefringent crystals that differ by anisotropy
of zero-dispersion wavelength and allowing for the spectral tuning of the zero-dispersion
phase-matching condition. We demonstrate possibilities of nanosecond-to-picosecond
light pulse shortening and single ultra-short light pulse generation at intracavity anti-
Stokes and multi-Stokes parametric Raman interactions in calcite at the zero-dispersion
phase matching.

2. Method of Laser Pulse Shortening via Parametric Raman Conversion

The method of pulse shortening via parametric Raman conversion was proposed and
studied in [3,4]. The second Stokes pulse was generated in the birefringent Nd:SrMoOy laser
crystal via phase-matched parametric self-Raman laser interaction in the short temporal
region of overlap of the depleted pump laser pulse and the first Stokes pulse generated
by SRS self-conversion in the same laser crystal. It was explained by the fulfillment of the
birefringence phase matching condition for orthogonally polarized four-photon mixing of
single photons of the pump and second Stokes components with two photons of the first
Stokes component. The second Stokes wavelength was defined as A, = (244 -1 _ 2" H,
where A is the pump wavelength, A1 = (Ag~! — vg)~! is the first Stokes SRS wavelength,
and v is the Raman frequency (in cm 1) of the active crystal. It was also found that
the strong pulse shortening effect only occurred if the pumping process was intracavity
differing by strong and spatially uniform depletion of pumping. As a result, the shortened
pulse duration was close to the stage of depletion of pumping At ~ 4.4/grly,c [4], where gr
is the Raman gain of the active crystal, I, is the intensity of intracavity pumping, and c is
the speed of light.

We can say that similar four-photon mixing can take place for arbitrary three neigh-
boring SRS components, i.e., the parametrically generated wavelength can be defined as

Ajgr = (@A =A™ (1)
where j is the SRS component number (j = 0 is the fundamental pump laser wave, j > 0 are
the Stokes components, and j < 0 are the anti-Stokes components). This process of collinear
interaction will occur at the maintenance of the generalized phase matching condition [13]

ij = k]',1 + k]‘+1 ()

where k; = 27n;/ A} is the wavenumber of the jth SRS component and 7; is the refractive
index for the jth SRS component. Note that the wavelengths that appear to the right of the
equal sign in Equation (1) can be considered as the pump and Stokes components of the
two-photon SRS process of jth order that should be the intracavity SRS process to obtain
strong pulse shortening at the parametrically generated wavelength A1

Figure 1 demonstrates the pulse shortening mechanism via parametric Raman conver-
sion for the cases of Q-switched and mode-locked pump lasers.

Figure 1 shows that the anti-Stokes or second Stokes pulse is parametrically generated
in the short temporal region, where all of the radiation components overlap, because
it is the four-photon process. The names of the light components in Figure 1 can be
considered from the point of view of the jth order SRS process according to Equation (1),
and the parametrically generated component can be a higher order SRS component from
the fundamental pump laser wave (j = 0). In the case of the nanosecond pump pulse
(Figure 1a) that isgenerated by a Q-switched laser, the parametrically generated pulse has
a duration that is close to the pump pulse depletion stage having duration in a range of
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picoseconds. This mechanism that was proposed and initially studied in [3,4] has recently
been confirmed by space-dependent mathematical modeling in [14].
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Figure 1. The pulse shortening mechanism via parametric Raman conversion for the cases of (a)
Q-switched and (b) mode-locked pump lasers.

In the case of a Q-switched and mode-locked laser operation (Figure 1b), we can also
obtain self-separation of a single ultra-short light pulse from the ultra-short pulse train of
the mode-locked laser without any electro-optical device.

3. Method of Tunable Zero-Dispersion Phase Matching for Parametric Raman
Interaction in Crystals

Refractive index dispersion is the main issue of fulfillment of the phase matching
condition (2) and, therefore, we have nj—1 >N >N (for normal dispersion), leading to
the jth order parametric Raman process wave mismatch [13]

Ak]' = k]‘,1 + kj+1 - Zk]' = (7’1]‘,1 + i1 — 2”]‘)2”)‘]‘_1 + (Ifl]',1 — n]'H)Zm/R 3)

It is necessary to note that the form of Equation (3) is close to the difference ap-
proximation of the second derivative of the wavenumber on the jth radiation component
frequency: Ak; = k(w; + wg) + k(w; — wgr) — 2k(w;) ~ szde/dwjz, where w; =2mc/Aj and
wpg = 27mvgce [15]. It means that Ak]- ~ 0, when d2k/ dwjz =0 corresponding to Aj & Ag, where
A4 is the zero-dispersion wavelength. The remarkable property of such zero-dispersion
phase matching is that it is noncritical to angular mismatch, as it was analyzed in [6].

Let us choose a typical crystalline material for our consideration. We have chosen
calcite (CaCO3)—a well-known highly birefringent natural crystal having Raman activ-
ity with the Raman frequency of vg = 1086 cm™~! and Raman gain gg of 2 cm/GW and
0.3 cm/GW at 1.06-pm and 1.3-um pumping, respectively [5]. The first crystalline paramet-
ric Raman converter was based namely on this crystal [16], generating anti-Stokes cones at
non-collinear phase matching, but it is not interesting for applications. The birefringence
phase matching for axial parametric Raman interaction has also been maintained, at first,
namely in calcite [17]. Recently, this crystal was used for high-beam-quality anti-Stokes
parametric Raman generation in an optical cavity at the birefringence phase matching [5].
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The Sellmeier equations for the dispersion curves of a negative uniaxial calcite crystal
in the range of A = 0.2-2.2 um are presented in [18]:

2 _ 0.855912 0.839112 0.0009A2 0.684512
ng =1+ 700588 T A2—01412 T A2—01972 T A2—7.0052/ @)
n2 =14 L0856A% . 00988\ ., 0.317\%
e A2-0.078972 " A2—0.1422 ' A2-11.4682°

Figure 2 shows the dependences of the ordinary wave refractive index n, and the
ordinary wave mismatch Ak; on the jth component wavelength A; that was calculated from
Equations (3) and (4) for calcite.
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Figure 2. The calculated dependences of the ordinary wave refractive index n, and the ordinary
wave mismatch Ak; on the wavelength A; for calcite.

It can be seen from Figure 2 that the ordinary wave mismatch Ak; is positive in the
positive group velocity dispersion range (A; < A4) and it is negative in the negative group
velocity dispersion range (A; > A4). The wave mismatch Ak; amounts to a value of zero at
a wavelength A; = 1.35 pm, which is quite a bit less than the zero-dispersion wavelength
Ag =136 um.

It is necessary to note that, in highly birefringent crystals, we have not only anisotropy
of refractive index, but also anisotropy of the zero-dispersion wavelength. Figure 3 demon-
strates the possibility of tuning of the zero-dispersion wavelength for extraordinary waves
via rotation of the calcite crystal while using the dependence of extraordinary wave refrac-
tive index on the propagation angle @ [19]:

Nelg

\/ n2 sin® @ + n2 cos? ©

ne(®) = @)

where the principal values of refractive index n. and n, depend on the wavelength ac-
cording to Equation (4). Therefore, while using rotation of the calcite crystal, we can
tune the zero-dispersion wavelength from A; = 1.36 um at ©® = 0 (E L ¢, Figure 3a) up
to Ay =1.39 um at ® = 28°, corresponding to the incidence angle of 49° (Figure 3b), and
further up to Ay ~ 1.76 um at ©® = 90° (E || ¢, Figure 3c). We can summarize that we can
tune A; into A; in order to obtain zero-dispersion phase matching of parametric Raman
interaction for arbitrary A; in the zero-dispersion anisotropy range of 1.36-1.76 pm.
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Figure 3. The calculated dependences of the extraordinary wave refractive index 7¢(®) on the
wavelength for the calcite (CaCO3) crystal at the propagation angles of (a) ® = 0, (b) © = 28°,
and (¢) ©® =90°.

We believe that the zero-dispersion anisotropy range should be wide, not only for
calcite, but also for other highly birefringent crystals, for example, for positive uniaxial
YVO, and GdVOjy crystals having Raman activity [20] and also possibility of doping by
laser ions for self-Raman operation [21].

4. Intracavity Parametric Raman 1168-nm Anti-Stokes Laser with Ordinary Wave
Zero-Dispersion Phase Matching in Calcite

Firstly, we have experimentally studiedphase-matched parametric Raman anti-Stokes
generation at the zero-dispersion wavelength of A; = 1360 nm for nonlinear interaction of
ordinary waves in calcite (Figure 2). We used the calcite crystal (natural, VIS first grade,
Siberian field, Russia) withdimensions of 10 x 30 x 33 mm?>, where the optical axis (c) was
oriented along the 33-mm long side. The 10 x 30 mm? (c-cut) and 30 x 33 mm? (a-cut) faces
were optically polished. In this experiment, we used excitation through the 30 x 33 mm?
face of the crystal. The refractive index calculation from the presented Sellmeier equations
was confirmed by the test of Brewster effect in our calcite sample. We chose a Nd:YAG laser
at a wavelength of Ay = 1338 nm as the pump laser, because its wavelength is close to the
wavelength of 1350 nm (see Figure 2) of the zero-dispersion phase matching (Aky = 0) for
the zero order parametric Raman process (see Equation (2) where j = 0). Figure 4 shows the
parametric Raman laser oscillator scheme, photo, and measured output radiation spectrum.
The laser was at first demonstrated by us in [22], where it was studied at the strongest
Q-switching regime. The laser consisted of the active Nd:YAG laser crystal, nonlinear
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calcite Raman crystal, and passive V:YAG Q-switch in the plan-concave two-mirror cavity.
The laser oscillator active medium was formed by the Nd:YAG slab crystal of trapezoidal
shape with Nd3* concentration of 2.4at.%. Two 5 x 2 mm? end faces of the crystal were
angled at 68 degrees. This configuration allowed for the laser cavity beam incident at the
Brewster angle to these faces and experience total internal reflection from the laser-diode
pumped face, resulting in the horizontally-polarized laser generation. The pumping face
of 30 x 2 mm? was antireflection coated for the pumping wavelength of 808 nm. As the
pumping source, a linear single bar quasi-continuous laser diode array with the fast axis
collimation and maximum output peak power of 130 W was utilized. The pumping pulse
duration was varied in the range from 250 to 470 us and the pulse repetition rate was 10 Hz.
In order to increase the laser medium gain, the pump beam spot size at the active crystal
face was decreased in the vertical axis down to ~200 pm while using a cylindrical lens
(f =5 cm). In our initial experiment [22], the pumping beam spot was approximately 2 cm
(in the horizontal axis) x 920um (in the vertical axis). The antireflection-coated V:YAG
crystals with the initial transmittance of 74 and 66% were used in order to achieve passively
Q-switched regime. The 10-mm long a-cut calcite nonlinear crystal was placed inside the
oscillator under the Brewster angle at vertical orientation of the crystal optical axis allowing
for horizontally polarized ordinary wave mixing at E L c.

Optical scheme

Laser
output 2

Laser
output 1

V:YAG
Q-switch

Cylindrical lens CaCo,
Laser diode bar

g Laser radiation spectrum N
< Pump Stokes

2 Anti-Stokes 7 25

g A A “® Gradient

jé’ filter

— 1100 1200 1300 1400 1500 1600 g

Wavelength, nm

i Laser diede bar

Figure 4. The intracavity parametric Raman anti-Stokes laser system scheme, photo, and measured

radiation spectrum.

The laser cavity was formed by the concave mirror M1 (curvature radius of 150 mm)
and the flat mirror M2. Table 1 presents the cavity mirror reflectivities at the generation
wavelengths. We can see that the cavity had high quality factor for fundamental lasing
wavelength at Ap = 1338 nm and intracavity SRS conversion into the 1st Stokes component
at Ay = (Ap~! — vg)~! = 1565 nm. The mirrors M1 and M2 had reflectivities at wavelengths
of 82% and 30%, respectively, in order to obtain nonlinear cavity dumping at the anti-
Stokes wavelength of A_; = Aot = A D = (Mg + vg) ! = 1168 nm (see Table 1). The
mirrors also had high transmittance at the wavelengths of 1064 nm (unwanted Nd**-laser
transition) and 1886 nm (unwanted 2nd Stokes SRS component, Ay = (Ag~! — 2vg)~!)in
order to prevent their generation.
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Table 1. The anti-Stokes laser cavity mirror reflectivities at the radiation wavelengths.
Mirror R @ 1168 nm R @1338 nm R @1565 nm
M1 82% 99.8% 94%
M2 30% 99.8% 96%

The mirror M1 was placed on a precise translation stage. It allowed for prolonging the
cavity length up to the hemispherical cavity stability edge (the plan-concave cavity length
was close to the M1 mirror curvature radius of 150 mm) to obtain apassive self-mode locking
regime. The nonlinear calcite crystal was placed in the intracavity beam waist near the
flat mirror M2 where both the nonlinear effects of Kerr-lens mode-locking and parametric
Raman interaction in the same calcite crystal were the most efficient. We realized not only
self-mode-locked, but also passively Q-switched regime by the V:YAG saturable absorber,
in order to increase the fundamental laser intracavity radiation intensity to reach the SRS
threshold. Passive V:YAG Q-switching additionally helped us to obtain generation of the
fundamental laser radiation only at the wavelength of 1338 nm close to the zero dispersion
of the calcite crystal without lasing at the wavelength of 1319 nm (having the same emission
cross-section in the Nd:YAG crystal [21]), because of the higher initial transmittance of the
V:YAG crystal at the 1338-nm wavelength than at the 1319-nm wavelength.

We started our study from getting the stable self-mode-locking regime in the Nd:YAG/
calcite laser with the Ty = 74% V:YAG Q-switch. The diode pumping pulse duration and
peak power were 250 us and 130 W, respectively. Single Q-switched and mode-locked
pulse train was generated at the end of the pumping pulse. Subsequently, we used optically
denser V:YAG Q-switch with initial transmittance of Ty = 66%. In order to obtain lasing,
we had to prolong the diode pumping pulse duration up to 470 ps at the same peak power
of 130 W.

Figure 5 demonstrates oscillograms of the separated output radiation spectral compo-
nents registered simultaneously while using two InGaAs PIN photodiodes EOT ET-3500
(Electro-Optics Technology, Inc., Traverse City, MI, USA) (analog bandwidth > 12.5 GHz,
rise-time < 35 ps) that were connected to the oscilloscope LeCroy-Teledyne SDA 9000 (Tele-
dyne LeCroy, Inc., Milpitas, CA, USA) (analog bandwidth 9 GHz, sampling rate 40 GS/s).
We can see that the self-mode-locked pulse train containing all of the output radiation
spectral components (see the red lines in Figure 5) had an additional peak at the envelope
trailing edge explained by the SRS radiation generation. The SRS radiation included not
only the Stokes component (A1 = 1565 nm) generated by SRS, but also the parametrically
generated anti-Stokes component (A_; = 1168 nm), which was also registered separately
(see the blue lines in Figure 5; also see the measured output radiation spectrum in Figure 4).
Because of mode selection in the optically dense Q-switch, we realized the locking of only
several longitudinal modes of the laser cavity with relatively long duration of the funda-
mental laser pulses of about 400 ps (undepleted fundamental laser radiation in Figure 5),
but intracavity SRS conversion took place with strong SRS pulse shortening.

In the case of the Q-switch with higher transmittance of Ty = 74%, the SRS radiation
pulse train contained ten pulses, as one can see from Figure 5a (see the red line in Figure 5a).
However, the anti-Stokes pulse train contained just six pulses (see the blue line in Figure 5a),
and so the anti-Stokes pulse train was shortened in comparison with the Stokes pulse train.
It can be explained by the mechanism of ultra-short pulse self-separation that is presented
in Figure 1b, but, in the experiment, the fundamental radiation depletion stage was long,
resulting in the separation of not only one, but several ultra-short pulses of the anti-Stokes
radiation. Additionally, note that the individual SRS pulses were strongly shortened in
comparison with the fundamental laser pulses. The duration of Stokes pulses was measured
to be ~160 ps (FWHM). The anti-Stokes pulses were even shorter of about 120 ps.
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Figure 5. Oscillograms of the output radiation spectral components of the intracavity parametric
Raman anti-Stokes laser with the (a) 74% and (b) 66% passive Q-switch.

It can be seen from Figure 5b that, in the case of using the Q-switch with lower
transmittance of Ty = 66%, the Q-switching regime became very strong with the generation
of significantly more intense SRS pulses in comparison with the undepleted fundamental
laser pulses, and also in comparison with the case of the 74-% Q-switch. The number of
pulses in the SRS pulse train decreased down to five (the red line in Figure 5b). Additionally,
we have really obtained self-separation of a single ultra-short anti-Stokes pulse (the blue
line in Figure 5b) with the shortest pulse duration of ~80 ps or may be even shorter, because
~80 ps is a resolution limit of the oscilloscope-photodiode system. This optimized result is
better than our initial result presented in [22], where we obtained self-separation of a few
anti-Stokes pulses with longer pulse duration (~120 ps).

We directly measured the pulse train energies of the separated (fundamental, Stokes,
anti-Stokes) radiation components behind both laser cavity mirrors. Energy was measured
while using a highly sensitive probe Coherent ]-10MB-LE (Coherent, Inc., Salem, NH, USA)
(energy range 300 nJ-600 pJ) connected to an oscilloscope.

Using the Ty = 74% V:YAG Q-switch with the diode pump pulse duration and peak power
of 250 ps and 130 W, respectively, we measured the overall (1338 nm + 1565 nm + 1168 nm)
output energy that was summed from both of the cavity mirrors that amounted to 12.5 pJ.
The separated 1565-nm Stokes output energy was 3 pJ. The 1168-nm anti-Stokes output
energy was 0.5 pJ. Accordingly, the Stokes and anti-Stokes output energies were 24%
and 4%, respectively, from the overall output radiation energy. Taking the Stokes and
anti-Stokes pulse train envelopes into account, we also estimated the energy of the most
intensive individual ultra-short pulses, which amounted 0.6 and 0.2 pJ for the Stokes and
anti-Stokes components, respectively, i.e., the anti-Stokes ultra-short pulse energy was
threetimes lower than the Stokes ultra-short pulse energy.
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Using the Ty = 66% V:YAG Q-switch with 470 ps, 130 W diode pumping, the overall
output energy amounted to 16 pJ. The 1565-nm Stokes output energy was 6 pJ. The 1168-nm
anti-Stokes radiation was generated as the single pulse with output energy of 1.8 uJ. Thus,
the Stokes and anti-Stokes output energies increased up to 38% and 11.3%, respectively,
from the overall output energy. Taking the Stokes pulse train envelope into account, we
again estimated the energy of the most intensive individual Stokes pulse, which amounted
to approximately 2.6 pJ. Therefore, the anti-Stokes pulse energy became 1.4 times lower
than the most intense Stokes pulse energy, but the peak power of the anti-Stokes pulse
exceeded the Stokes pulse peak power, because the anti-Stokes pulse duration was more
than 1.4 times shorter (<80 ps).

5. Extracavity Parametric Raman 1629-nm Third Stokes Laser with Extraordinary Wave
Zero-Dispersion Phase Matching in Calcite

As the second experiment, we experimentally investigated the phase-matched para-
metric Raman multi-Stokes generation at tuning of the zero-dispersion wavelength rotating
the calcite crystal (Figure 3). We used the same calcite sample with excitation through its
10 x 30 mm? face at a controllable angle of incidence.

This parametric Raman laser was pumped by a laboratory-designed oscillator-amplifier
Nd:YAG laser system generating at A = 1064 nm. A quasi-continuous laser-diode-pumped
oscillator was based on a 2.4 at.%-doped Nd:YAG active crystal (similarly to chapter 4)
and passively Q-switched by a Cr:YAG saturable absorber. Linearly polarized~5 ns, 1 m]
output pulses were further amplified while using a flashlamp-pumped Nd:YAG amplifier
to maximum energy level of 10 mJ. A power supply to 10 Hz limited the repetition rate.

Figure 6 shows the optical scheme of the parametric Raman laser system and the laser
system photo. The active calcite crystal was placed into the external optical cavity con-
sisting of two equal concave mirrors M1 and M2 that were positioned as close as possible
to the calcite crystal. The mirrors had a curvature radius of 500 mm for mode matching
with the pump beam being focused by the lens with a focal length of 200 mm. Table 2
presents the cavity mirror reflectivities at the radiation wavelengths of A; = (Aot —jur) L
Accordingly, the cavity had high quality for SRS oscillation of the only first Stokes com-
ponent (A = 1203 nm) at single-pass pumping, but the second Stokes SRS component
(A2 =1384 nm) can be also generated by SRS as a second cascade of conversion in the
nonlinear cavity dumping regime [3] under intracavity pumping by the 1203-nm first
Stokes SRS component. However, in this configuration, the third Stokes component at
A3 = 1629 nm cannot be generated by SRS, because of low quality of the cavity at A, 3;
therefore, the mechanism of generation at A3 can be only parametric.

Optical scheme
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Measuring
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Figure 6. The optical scheme of the extracavity parametric Raman multi-Stokes laser system and the
operating laser system photo.
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Table 2. The multi-Stokes laser cavity mirror reflectivities at the radiation wavelengths.

Mirror

R @ Ay =1064 nm R @ A; =1203 nm R @ A, =1384 nm R@ A3 =1629 nm

M1 & M2

1.2% 99.4% 20% 20%

In order to enhance the 1629-nm third Stokes parametric Raman generation, we tuned
the zero-dispersion wavelength of calcite to the value of A; = 1390 nm by increasing the
incidence angle to the calcite crystal up to 49° (Figure 3b). It allowed for fulfilling the phase
matching condition for the second order parametric Raman process, due to Aky = 0 (see
Equation (3), where j = 2) at A; = 1384 nm (quite a bit less than A; = 1390 nm) being the
second Stokes SRS component under pumping by our Nd:YAG laser at Ay = 1064 nm.

Figure 7 demonstrates the measured spectrum of radiation at the parametric Raman

laser output.

L 1" Stokes -
1.0F J,=1203 nm 2" Stokes

! A,=1384 nm
5 08F 3" Stokes
= " A,=1629 nm
B 0.6 ;
k2 | Pum
& L p
i‘é U | 1,= 1064 nm
~ 02r '

O | | | |

" | 1 L 1 f 1 I
00 1200 1300 1400 1500 1600 1700
Wavelength, nm

1000 11

Figure 7. Measured spectrum of radiation at the parametric Raman multi-Stokes laser output.

We can see that three Stokes SRS components were generated that corresponded to
the wavelengths of A; = (Ao~ — j-vg) L.

Figure 8a shows the oscillograms of the separated output radiation spectral compo-
nents registered simultaneously while using four InGaAs PIN photodetectors EOT ET-3500
that were connected to the four-channel oscilloscope Tektronix DPO 4104B-L (Tektronix,
Inc., Beaverton, OR, USA) (analog bandwidth 1 GHz, temporal resolution <1 ns). The
photodiodes measuring the second and third Stokes were connected to the oscilloscope
LeCroy-Teledyne SDA 9000 with the highest temporal resolution of ~80 ps in order to
achieve better temporal resolution, see Figure 8b. It is necessary to note that both of the
distances from the laser to the photodetectors and high-speed coaxial cable lengths were
equal (see the photo in Figure 6) and, therefore, oscillograms show a real relative temporal
position of the radiation components.

150+ @)

—
(=}
(=]

[ A
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Pump e = 4,=1629nm urlostom oy
1064 sy a2 e o
H4nm A.=1203nm ':': A
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Figure 8. Oscillograms of (a) all the output radiation spectral components and (b) two higher order Stokes components at
the highest temporal resolution; and, (c) the measured beam profile of the third Stokes component.
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It can be seen from Figure 8a that a few longitudinal modes were oscillated in the
pump laser and in the first Stokes Raman laser, and so the pulses had some modulation.
The third Stokes pulse was generated in the temporal region of overlapping pulses of
all previous radiation components. It confirms the mechanism of its generation as the
zero-dispersion phase-matched second order parametric Raman process, where the first,
second, and third Stokes components took part. A distinctive feature of this experimentally
observed process from the methodological picture in Figure 1a (in addition to increasing
the order of the participating components by one) is the position of the second Stokes
pulse at the beginning, not at the end of the first Stokes pulse with the second Stokes
pulse shortening down to ~200 ps. It can be explained by the nonlinear cavity dumping
mechanism of the second Stokes SRS generation [3] with the pulse duration being close
to the cavity photon lifetime (~100 ps at the cavity mirrors reflectivity of 20%). Another
explanation can be the partial parametric Raman conversion of the first order at not so
high wave mismatch of Ak; ~ 9 cem~! (from Equation (3) at j = 1). Hence, the second
Stokes pulse is shortened because of it, but the third Stokes pulse is the shortest (Figure 8b),
with the duration of ~80 ps or even lower. This effect was caused by the phase-matched
parametric Raman mechanism (see Figure 1a), i.e., the third Stokes pulse duration was
close to the depletion stage of the first Stokes component in the process of its intracavity
SRS conversion into the second Stokes component.

Figure 8c also demonstrates the third Stokes beam profile that is measured by a beam
profiling camera Pyrocam III (Ophir-Spiricon, Inc., North Logan, UT, USA). We can see
good beam quality, because we made mode matching between the pump spot and the first
Stokes Raman laser cavity mode that also resulted in increasing output energy. The output
energy of the single 80-ps pulse at 1629 nm exceeded 30 pJ for 4-mJ, 5-ns, 1064-nm pumping.

6. Conclusions

In conclusion, the conditions of the zero-dispersion phase matching for parametric
Raman interactions in birefringent crystals differing by the anisotropy of zero-dispersion
wavelength and allowing for the spectral tuning of the zero-dispersion phase-matching
condition have been proposed and studied for the method of laser pulse shortening by anti-
Stokes and multi-Stokes parametric Raman conversion. We have demonstrated anti-Stokes
(1168 nm) and multi-Stokes (1629 nm) picosecond pulse shortening and the self-separation
of single 80-ps ultra-short pulse from the zero-dispersion phase-matched parametric Raman
lasers that are based on the calcite crystal without using any electro-optical device.
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