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Abstract A new effect of the pulse shortening of the para-
metrically generated radiation down to hundreds of pico-
second via depletion of pumping of intracavity Raman con-
version in the miniature passively Q-switched Nd:SrMoOg4
parametric self-Raman laser with the increasing energy of
the shortened pulse under pulsed pumping by a high-power
laser diode bar is demonstrated. The theoretical estima-
tion of the depletion stage duration of the convertible fun-
damental laser radiation via intracavity Raman conversion
is in agreement with the experimentally demonstrated
duration of the parametrically generated pulse. Using the
mathematical modeling of the pulse shortening quality and
quantity deterioration is disclosed, and the solution ways
are found by the optimization of the laser parameters.

1 Introduction

A new wave of interest in the compact crystalline Raman
lasers rekindled in last years. It is caused firstly by the
progress in stimulated Raman scattering (SRS) in crys-
tals under pico- and femtosecond laser pumping and sec-
ondly by the appearance of new perspective crystalline
Raman-active media [1-7]. A special attention is paid
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to all-solid-state lasers in which one active crystal serves
both as lasing and SRS-active medium. There are several
crystals with such unique properties—tungstates, molyb-
dates, and vanadates activated by rare earth ions for effec-
tive lasers with SRS self-conversion (self-Raman lasers)
[4-7]. The SRS conversion is usually achieved using a
high-Q laser cavity not only for the fundamental laser radi-
ation but also for the SRS radiation components. Using the
Q-switched regime together with the output coupler having
lower reflectivity for the SRS radiation allows to increase
the output SRS radiation pulse energy and simultaneously
decrease its duration down to 0.5-1 ns [4-6] owing to the
nonlinear (SRS) cavity dumping effect [8].

In [9], we have proposed and demonstrated a new
method of the output pulse shortening in the crystalline
parametric self-Raman laser in which the nonlinear cavity
dumping occurs for the parametrically generated frequency
components of the laser radiation. Distinctive feature of
the proposed method is that under strong depletion of the
fundamental laser radiation owing to the SRS conversion
to the first Stokes Raman component the parametrical gen-
eration of the next, second Stokes Raman component takes
place only in the temporal region where the fundamental
laser radiation pulse overlaps with the first Stokes SRS
component pulse. Therefore, the parametrically generated
second Stokes pulse is shortened according to the SRS
depletion duration. This also gives us increased stability
of the parametric Raman generation of the shortened pulse
due to higher stability of the SRS depletion stage in com-
parison with all the process of the SRS generation of the
first Stokes component.

The basic requirement on the parametric Raman genera-
tion of the second Stokes or first anti-Stokes component
is the fulfillment of the phase matching condition of four-
wave mixing involving the convertible fundamental laser
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radiation and the SRS-converted first Stokes component.
Earlier, this phase matching condition was maintained in
the non-collinear scheme using the laser pumping tilted
with respect to the external cavity parametric Raman laser
axis [10-12]. In our proposed method, we use the fulfill-
ment of collinear phase matching of four-wave mixing of
the orthogonally polarized Raman laser components in the
certain direction inside the birefringent active Raman crys-
tal [13] in the internal cavity Raman laser scheme.

In this paper, we demonstrate the effect of pulse shorten-
ing down to 300 ps of the parametrically generated radia-
tion with the increased pulse energy under higher-power
laser diode pumping of the miniature passively Q-switched
Nd:SrMoOy4 parametric self-Raman laser and carry out the
theoretical study and mathematical modeling of this effect.

2 Experimental study

Figure 1 shows the optical scheme of the diode-pumped
Nd:SrMoOy parametric self-Raman laser. The laser system
consists of the diode pump source, focusing optics, active
3-mm-long 0.7 at.% a-cut Nd:StMoO, element (absorp-
tion coefficient at the pumping wavelength of 3.5cm™!,
high-reflection coated on the input face and anti-reflection
coated on the other face), anti-reflection-coated 5-mm-
long Cr:YAG Q-switch with 80 % initial transmittance,
and concave output coupler having high reflectivity of
Ri05-1.17 > 99 % for the fundamental (/. = 1056 nm) and
first Stokes (4s = 1165nm) components, and low reflec-
tivity of Rj30 = 20 % for the second Stokes component
(As2 = 1300 nm). In order to increase the fundamental laser
radiation intensity to overcome the SRS threshold, the laser
cavity length was shortened to minimum corresponding to
the closest position of the laser optical elements inside the
cavity with the geometrical length of 1 cm (corresponding
to the cavity optical length of 1.7 cm).

Because of low output coupler reflectivity at the sec-
ond Stokes wavelength, the generation of the second
Stokes component can be only parametrical [9]. The
phase matching condition for the four-wave mixing

Focusing Nd:SrMoO4
optics +PM OC |Laser

.‘l.>| l I radiation I
0

Laser diode bar Cr:YAG Long-pass Energy meter/
A =805 nm filter  Spectrometer /
Pmax = 150 W Photodiode

Fig. 1 Nd:SrMoOy self-Raman laser system schematic. PM pumping
mirror, OC output coupler

@ Springer

( s_21 =g L. )bs_l - 1) of the convertible fundamen-

tal laser radiation (Ar) with the SRS-converted first Stokes
component (4s) and the parametrically generated second
Stokes component (4g) has to be fulfilled. As it was shown
in our previous work [9], this phase matching has a mini-
mal mismatch of Ak = 10cm™! for the a-cut Nd:SrMoO4
crystal at the ooee-type interaction (the fundamental laser
component is an ordinary wave, the first Stokes component
is both ordinary and extraordinary, and the second Stokes
component is an extraordinary wave) providing the opera-
tion around the 90°-angle phase matching insensitive to the
angular mismatch if the crystal length L is short enough for
the coherence condition [9] Ak - L < 7. And therefore we
chose the short length of the a-cut Nd:SrMoOy crystal of
L =3mm.

To increase the output energy of the Nd:SrMoQ, para-
metric self-Raman laser, we used the pulsed high-power
laser diode bar JOLD-808-QPFN (fast-axis collimation
in the vertical plane) generating the peak power of 150 W
(pulse duration 100 ps, repetition rate 10 Hz). This pump
peak power was 7 times higher than in our previous work
[9]. We also used the pump beam focusing in horizontal
plane by two cylindrical lenses (f1 = 50 and f2 = 12 mm)
into the spot of 1.3 x 29mm? (horizontally oriented
ellipse) at the Nd:SrMoQOy4 crystal face. The laser diode
output wavelength was stabilized at 805 nm close to the
Nd:SrMoOy absorption peak. The linear polarization of the
pump radiation was parallel to the optical axis of the active
Nd:SrMoOy crystal (the same as in [9]).

Concave mirrors with the curvature radii of 0.5, 1,
and 10 m, and also a plane mirror with reflectivity of
R1.05-1.17 =99 % and R;39 = 20% were used as output
couplers.

The best output characteristics were obtained using the
output coupler having the curvature radius of 10 m because
of the best spatial overlap between the pumping and fun-
damental laser beam achievable using available mirrors.
The pulse energies for the fundamental (1056 nm) laser
radiation and the first Stokes (1165 nm) Raman component
were as high as 8 and 56 pwJ , respectively. The pulse energy
for the parametrically generated second Stokes (1300 nm)
Raman component exceeded 1 J (5 times higher than in
[9]) and the pulse duration was 300 ps being approximately
10 times shorter than the first Stokes component. The sec-
ond Stokes component polarization was vertical while the
fundamental and the first Stokes waves were mainly hori-
zontally polarized (with 10 % depolarization) confirming
the second Stokes generation mechanism as parametric
four-wave mixing of orthogonally polarized waves.

Figure 2 demonstrates the oscillogram of the Nd:SrMoOj4
laser output radiation measured by three InGaAs photo-
diodes EOT ET 3500 (analog bandwidth >12.5 GHz, rise
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time <35ps) connected to a four-channel oscilloscope
LeCroy SDA 9000 (analog bandwidth 6 GHz per chan-
nel) using coaxial cables of the same length with equal dis-
tances from the laser to the photodiodes. Figure 2 shows
the second Stokes pulse is generated in the temporal region
of overlapping the fundamental laser and the first Stokes
pulses. This can be explained by four-wave mixing mech-
anism of the second Stokes generation with the strong-
est nonlinear cavity dumping pulse shortening because of
depletion of the fundamental radiation terminating the sec-
ond Stokes pulse generated by four-wave-mixing.

3 Theoretical study

The proposed pulse shortening method is based on the
application of depletion of the fundamental laser radiation
pulse due to the SRS conversion into the Stokes Raman
component. Therefore, it is necessary to start our theoreti-
cal consideration from the well-known coupled wave equa-
tions for single-pass steady-state SRS taking into account
the depletion of pumping [14]:

dr, s

_ = _gR - . IL7

dz A 1
dls (
— =gr-IL-Is,

dz

where I, and Is are the intensities of the laser (pumping)
and SRS (first Stokes) radiation, Ay, and /g are its wave-
lengths, gr is the Raman gain (in cm/W) distributed over
the interaction length Lgr. The analytical solution of (1) in
the case of undepleted pumping is also well known [14]:
Is(z) = Is(0) - exp(gr - I - z). The analytical solution tak-
ing into account the depletion of pumping was derived
too (for example, see [15]), but early it did not attract any
attention. This solution can be written as

A J
h@ =l — > Is@ ~ 1L0) - %s I3,

‘L L (2)
Is(z) = Iy - 1L.(0)
is L IO | o—epdoz 78 4 1O —gp I (0)2
43"'115(0)'6 gr-lo-z S+II§(O -e~8R1L(0) Z

where I; (0) and Is(0) are the intensities of the inter-
acting radiation components at the SRS medium input
(z=0),Ip =IL.(0) + Is(0) - As/AL. The  approximate
equality in (2) is valid when I5(0) < I (0) and corre-
sponds to the case of the SRS generation that is important
for us here. Then as a result of SRS generation with full
depletion of pumping (/1. (z) — 0) the Stokes SRS com-
ponent grows up to its limit value of I$® = I1.(0) - AL //s
that follows from the law of energy conservation
IL(z) + Is(z) - As/AL = I.(0). The fastest changes in the
intensities /1 (z) and Is(z) take place at the short region of
SRS depletion of pumping. We can determine the region
of SRS depletion of pumping as the distance of decreasing
the pumping laser intensity from /1.(z;) = 0.9/1,(0) down to
I (z2) = 0.11L.(0); then, Az = zp — z1 is the spatial exten-
sion of the region of SRS depletion of the pumping laser
radiation. The same region can also be determined as the
distance of the increasing Stokes SRS radiation intensity
from Is(z1) = 0.1I° up to Is(zp) = 0.9I$°. According to
(2), the spatial extension of the region of SRS depletion of
pumping laser radiation is

_ In(0.9/0.1)> 44
gr - 1L(0) gr - 1L(0)

It can be seen that the region Az is inversely proportional to
the pumping laser radiation intensity and the Raman gain.
Depletion of pumping of the single-pass SRS determined
by the solving (2) is a purely spatial effect and cannot give
the radiation temporal shape control. At the single-pass
process, it is correct not only for the steady-state case (con-
tinuous wave pumping), but also for a quasi-steady-state

3)

Fig. 2 Oscillogram of the
diode-pumped Nd:SrMoOg4
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SRS with pumping pulse duration essentially higher than
the vibrational dephasing time of the SRS medium. In the
case of a transient single-pass SRS, the possibility of the
radiation temporal shape control appears owing to delay
of generating SRS pulse because the transient SRS gain
depends on the pumping energy density and not the pump-
ing intensity [16] in contrast to the previous cases.

The situation with depletion of pumping can be
changed in a case of intracavity SRS. Depletion of
pumping becomes not only the spatial effect but also
a temporal effect even for the quasi-steady-state SRS.
It gives us the possibility to apply depletion of pump-
ing for pulse shortening of the intracavity parametric
Raman laser radiation.

The aim of application of an optical cavity for the
SRS medium is usually decreasing the required (thresh-
old) intensity of pumping because of increasing an effec-
tive length of SRS interaction by multipass SRS genera-
tion. The SRS interaction effective length can be defined
as Legf = L - Negr, where L is the SRS medium length, Negr
is the effective number of passes of SRS radiation through
the optical cavity of the SRS medium. Therefore, the SRS
generation in such SRS laser appears after many passes of
the SRS radiation through the cavity. It leads to a delay of
the generated SRS pulse in time, and therefore, SRS deple-
tion of pumping takes place now not only in space, but also
in time. Then in the case of full depletion of pumping we
can get the shortest duration of the stage of depletion of

pumping
Az 44

At _
c gr-1IL-c

“
where c is the speed of light in vacuum, gr = g - L/LR is
the Raman gain distributed over the cavity length, g is the
Raman gain of the SRS medium, Ly is the cavity optical
length, I, is the intensity of undepleted laser pumping in
the SRS medium.

The SRS generation threshold can be defined by the
well-known condition [17]

g I Leg ~ 25, (5)

where Iih is the threshold intensity of pumping in the SRS
medium. On the other hand, for the SRS laser cavity fully
occupied by the SRS medium this condition can be written
as [8]

(gr K" k) -7 e~ 25, ©)

where kr is the cavity loss coefficient distributed over
the cavity length, t is the laser pumping pulse duration,
71, - ¢ is the spatial length of the laser pumping pulse.
Taking into account gr = g-L/LR, Letrf = L - Negr, and
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kg = Lg' - In <1/<Ts - /R ~R‘S’m> ), where Ts is the

intracavity medium single-pass transmittance for the SRS
radiation (giving the intracavity losses), Ri' and R3™ are the
reflectivities of the cavity input and output mirrors for the
SRS radiation, respectively; from (5) and (6) we obtain [8]

-1

T] 1 1
?R—i-fln— ) @)

L 25 Ts - /RiSn 3 Rgut

where TR = Lg/c is the cavity transit time. Consequently
the threshold intensity of the single-pass pumping is

Negr =

25 T 1 1
== R m—— . 8)

g-L L 25 T - /Risn _Rgut

Then the generating SRS pulse delay fs is equal to the
pumping pulse duration 7. Overcoming the SRS genera-
tion threshold the generating SRS pulse delay decreases
lower than the pumping pulse duration. We can determine
the delay 75 replacing 71, by s and Iih by I in the condition
(6), then [18]

25-1’R

g-IL-L+1n <Ts-\/RiS"-R§“t> ®)

If ts > 1. we get I, < ItLh, then the SRS generation does
not occur.

In the case of the external cavity Raman laser, the pump-
ing is usually carried out by the single pass through the SRS
medium, and so depletion of pumping increases in the SRS
medium from its input to its output. Therefore, at the SRS
medium input we necessarily have the undepleted pump
radiation intensity, and only at the SRS medium output we
can get full depletion of pumping with the shortest duration
At determined by (4). However, for our method of gener-
ating pulse shortening to the value close to At we have to
get over this problem of spatially non-uniform intensity of
laser pumping /1 (z) determined by (2). Otherwise the pres-
ence of the undepleted pump radiation at the input part of
the SRS medium will prevent termination of the parametric
generation, and therefore, the parametrically generated pulse
would not be shortened. Using the double-pass pumping
for the external cavity Raman laser (when the cavity output
mirror reflects the pump radiation) results in decreasing the
spatially non-uniform depletion of pumping, but do not solve
the problem because at the SRS medium input we again have
the undepleted pump radiation. The solution lies in using the
intracavity pumping of the Raman laser (the internal cavity
Raman laser) only where the reflection of not only the SRS

s =
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radiation but also the pump radiation from the cavity mirrors
results in the multipass pumping with the best spatially uni-
form depletion of pumping.

For the first time, the pulse shortening of the paramet-
rically generated second Stokes radiation component of
the parametric Raman laser was demonstrated in [19] at
the intracavity pumping of the calcite SRS crystal by the
second harmonic (532 nm) neodymium laser utilizing the
second harmonic generation inside the SRS crystal optical
cavity. At the certain angle of incidence on the calcite SRS
crystal corresponding to the phase matching of parametric
four-wave mixing, the low-threshold parametric generation
of the second Stokes component took place with shorter
pulse duration (4 ns) than for the first Stokes component
(8 ns). The pulse shortening was not so significant (by 2
times) because of the high-Q cavity for all the interact-
ing components in the parametric Raman laser, and so the
parametrically generated second Stokes pulse duration was
close to the photon lifetime in the cavity of about 4 ns.

For the strongest shortening of the generating pulse, it is
necessary to use the output mirror with high transmittance
at the wavelength of the parametrically generated radiation
component, and then, its pulse duration can be shortened
close to the duration of the stage of the pump depletion At.
For the first time, it was realized by our group in [9] and
demonstrated here (see Fig. 2) with higher output energy in
the diode-pumped, passively Q-switched Nd:SrMoOy para-
metric self-Raman laser (see Fig. 1).

The shortened pulse duration can be estimated according
to the duration of the stage of pump depletion At (4) where
it is necessary to define the intracavity intensity of the con-
vertible fundamental laser radiation /1. The lasing param-
eters in the passively Q-switched regime can be calculated
according to the formulas [8]

k k
ILwc~ko-Uﬁm[1—k(‘)-<1+ln0)], (10)

1

k
i [I- b

L =~

(rme)] an
sat

where U™ is the gain saturation energy density for the
active laser crystal,

1 1
ko= In ——
LR TO,I . /REI . Riut (12)

are the cavity loss coefficients in the case of unsaturated
and saturated passive Q-switch, respectively; Ty and 7T are
the Q-switch transmittances in the unsaturated and saturated
states; Ly is the cavity optical length; Ri" and RP™ are the cavity
input and output mirrors reflectivities at the fundamental laser
radiation wavelength. So, at the input parameters used in the

At, ps
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Fig. 3 Theoretical dependence of the estimated duration Af of the
shortened parametrically generated pulse of the passively Q-switched
Nd:SrMoOy4 parametric self-Raman laser on the initial transmit-
tance T of the passive Q-switch at the same other input parameters:
Ty =92%, RL1 = RLa = 99 %, US™ = 0.62J/cm?, g = 5.7cm/GW,
and Lgr = 2.5cm

experiment [9] were: Ty = 80, T} = 92, Ri" = R = 99 %,
Ut = h - v, /Oem = 0.62T/cm?, Oem = 3 - 1071 cm?,
L=03cm, and Lg = 1.7cm. From (10)—(12), we obtain
I =~ 600 MW/ cm? and 11, = 4.2ns. Then the shortened
pulse duration of the parametrically generated second Stokes
component estimated as At (4) amounts 250 ps assuming
g =5.7cm/GW for the STtMoOy crystal [8] being in agree-
ment with the experimental value of 280-300 ps, but the
experimental value is slightly higher that can be explained
by non-ideal pulse shortening and should be studied by the
mathematical modeling.

Figure 3 shows the theoretical dependence of the esti-
mated duration Ar of the shortened parametrically gener-
ated pulse of the passively Q-switched Nd:StMoQOy para-
metric self-Raman laser on the initial transmittance 7 of
the passive Q-switch calculated according to (4), (10), and
(12) at the same other input parameters (except Tp). It can
be seen that decreasing the initial transmittance of the pas-
sive Q-switch 2 times from 80 to 40 % leads to fast short-
ening (10 times) of the estimated duration At of the short-
ened parametrically generated pulse from 250 ps down to
22 ps, and so using the optically denser passive Q-switches
can help to get single or repetitive ultrashort picosecond
pulses without any mode-locking device.

4 Mathematical modeling

To study features of the pulse shortening we carried out
the mathematical modeling of generation in the parametric

@ Springer
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Fig. 4 Numerical simulation T /g
results for the external cavity {L ) I\{VV s >hie ._.A_[.___ _4 _4{;2_? {"‘i"g . _2 (_)0_ o
parametric Raman laser with 300 ..
single-pass pumping of the 4 -« I,(z=0,1)
SrMoOj4 SRS crystal with the 250F -
length L = 1 cm at the output T ——==ILEz=L2,0
mirror reflectance R$™ = 0.95 200+~ =1
in the case of the pump laser (z=L,1)
pulse of Gaussian shape with 150
duration of r;, = 4 ns and peak
intensity of II* = 297 MW /cm?
y / 100
501 .,
0 —t— S e

I, MW/cm’

250

200

150

100}~

50~
, , . y TR
0 1 2 3 4 1 12

Raman laser cavity under laser pumping by nanosecond
pulses. We supposed that the birefringent SRS crystal is
cut in phase-matched direction for four-wave mixing of
the fundamental laser radiation (pumping) with its first and
second Stokes Raman components, and the cavity mirrors
are placed directly at the faces of the SRS crystal (the laser
cavity is fully occupied by the SRS medium). The intracav-
ity losses can be neglected here (Ts = 1). For the modeling,
we used the coupled wave rate equations [18]:

OE n OEC g s G L O]
+ - = A |EST| + |Eg
4 c at 2 /IL
* & s ( (i)) *(i)
EF 2.2 (E CE3y,
L2
(£) (+)
oE BE 2 12
+ s 0 ((E(“’ + |E)| )
07 c
/L 412
Egi) _8 782 <‘E(+) ‘Eéz) > .Eéﬂ:)’
2 s
OES; IES, g

n 2 2
4 n s2 _8. ‘E(+)' )E(_)'
dz ¢ At 2 ( s Es

2
()

13)
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where n is the refractive index of the SRS medium, Ej’ (i)

Eg (i) and ES) are the slowly varying complex amphtudes
of the fundamental, first Stokes, and second Stokes radia-
tion components propagating in forward (+) and backward

(—) directions; Ar, As, and Agy are wavelengths. The sum
2 2
( Efrs)sz‘ 4 ‘ Eﬁs),sz‘ >in (13) means the SRS interaction

of not only waves propagating in one direction, but coun-
ter-propagating waves in the laser cavity. The last terms in
the first and last equations of the system (13) describe the
parametric coupling under phase matching condition for
waves propagating in one direction.

For the external cavity parametric Raman laser, the
boundary conditions can be written as

E(+) (0 t) — /Iin(l)

ES (0. 1) = E{ (0, 1), (14)

ELS s2(L, 1) = Efrs)sz(l« 1) - \/RP%S 500

where R;"$s) is the reflectance of the cavity input (in) and

output (out) mirrors for the respective radiation compo-
nents, I (#) is the temporal dependence of the pump laser
pulse intensity at the SRS medium input. In (14), there is
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Fig. 5 Result of numeri- — —
cal simulation for the same I MW /sz I. MW /sz I ét _. _4 _4>/_g51’_m\_c<_ 1_6} ES_
parametric Raman laser but 5 S et | !
with R = 1and R™™ = 0.99 at 501 300 .=~ N i 09I
the intracavity pumping by the ou_ sz o0, 4 N e
Gaussian pulse with duration of RS =95 % 250+ ! \" !
7L = 2 ns and peak intensity of 40 *[Lm /]Lﬂ' =01 ----I" I Py :
[ =15MW/em> T T ]Lour 200 m__ _ISZ_ =0 f) : “‘.‘ :
_ L AN A i
[ Jo—— out - . ‘ E
30 T /A1360p8SS ]s 150........ [L("- == L, t) i v
— oul | 1 |
fe/AT= 08—l j00)- oy
207‘“52:23'1% ! ‘-,\! 0.1/
[ ! £ = +4max
N o 301,
101 & 0 w L A e
p o 36 38 40 1ns
1,~—’/ Y b ‘,JL :L‘*_‘L ‘.MT”“ — e \
0 1 2 3 4 5 6 Fi 8
i, ns

taken into account that RI® = 0 and Rislfsz = 1. To prevent
the second Stokes cascade-like SRS generation in order
to realize purely its parametric generation, we consider
R = 0.
S2

Figure 4 shows the result of the numerical solu-
tion of the system (13) with the boundary condition
(14) for the SrMoO4 SRS crystal with the Raman gain
g =5.7cm/GW, the length L = 1cm, and the refractive
index n = 2 corresponding to the cavity single-pass transit
time TR = L - n/c = 66.6 ps at the output mirror reflectiv-
ity R" = 0 (single-pass pumping) and R" = 0.95 in the
case of the pump laser pulse Ii“(t) of Gaussian shape with
the duration 11, = 4 ns at the 1/e level. The delay of the SRS
generation pulse g (9) is assigned here ts = 11./4 = 1ns
giving the peak intensity of the input pump laser pulse

25

=3I

= ) =297 MW/cm?

R 1 1
<ts tasoin TS‘\/IW
that is in 3.8 times higher than the threshold value (8)
M= 78 MW /cm?.

On the upper graph in Fig. 4, there is the depleted pump
pulse at the SRS medium input (z = 0), middle (z = L/2),
and output (z = L). Note that, full depletion of pumping
with duration At =~ 200 ps (4) is observed only at the SRS
medium output (z = L). At the SRS medium input (z = 0)
the pump pulse is undepleted, but the depletion of pump-
ing grows passing through the SRS medium (for example,
z=1L/2).

On the bottom graph the output pulses of the first and
second Stokes SRS components are shown. As can be seen
the pulse shortening of the parametrically generated second
Stokes component did not happen that can be explained by

not full depletion of pumping resulting in the continued
parametric generation to the end of the pump pulse.

The modeling results for the double-pass (R{™ = 1)
pumped external cavity parametric Raman laser were simi-
lar, but the spatially non-uniform depletion of pumping
was lower. However, we again had the undepleted pump
radiation at the SRS medium input, and therefore, the gen-
eration character did not change. But it is necessary to note
that increasing the number of passes of the pump radiation
through the SRS medium allows to decrease the spatially
non-uniform depletion of pumping.

The highest number of passes of pumping can be
achieved using the internal cavity Raman laser where not
only the SRS radiation but also the fundamental (pumping
for SRS) laser radiation is generating inside the SRS laser
cavity. Generation of the fundamental laser radiation in the
internal cavity SRS can be realized in the additional laser
or nonlinear medium (for example, frequency doubler [19])
inside the same Raman laser cavity, or even directly in the
self-Raman laser medium [9].

For the internal cavity parametric Raman laser, the
boundary conditions can be rewritten as

. 2 .
E](j_)(O, 1 = \/[Ii"(t) + ‘EIE—)(O, t)’ } .R}f,

_ 15
ES (0, 1) = ES0, 1), (s
El(d,_s),sz(L’ nH= El(j,rs),sz(L’ 1) - /RIS 500

where we took into account that the fundamental laser
pulse [;"(¢) is generating inside the laser cavity at the
SRS medium input. The process of the fundamental laser
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generation is not considered here, but the generated funda-
mental (pump) laser pulse IiL“(t) with the peak intensity IiLn
and duration 11, is assigned here as the input parameter of
the calculation as before.

It is necessary to note that if the pump laser pulse dura-
tion tr is essentially higher than the cavity transit time g,
then the intracavity pump intensity /i, in the SRS medium
is essentially higher than IiLn due to the reflection from the
cavity mirrors. For example, in the case of a rectangular
pump pulse we have

. L . n . n
I~ [(RE‘ .Rg“‘> + (Rf‘) : (Rg“t)”“} (16)

n=

where N &~ 11 /2tR is an integer number of round trips
of the fundamental laser radiation through the laser cavity
during the laser pulse duration. From (16), at fully reflect-
ing mirrors of the cavity we obtain the highest growth of
the intracavity pump intensity /i by tp /7R times in compar-
ison with IiLn. In the case of the Gaussian pump pulse and
not fully reflecting mirrors this growth is lower, but in any
case the intracavity pumping leads to decreasing the SRS
generation threshold in comparison with the value Iih (8)
obtained for the single-pass pumping.

Figure 5 demonstrates the numerical solution result
of the system (13) with the boundary conditions (15) for
the same parametric Raman laser but with RI" =1 and
R{"™ =0.99 at the intracavity pumping by the Gauss-
ian pulse with the duration of tp = 2ns at the 1/e level
(rL/tr = 30) and peak intensity of /" = 15 MW /cm? that
is 10 times lower than the single-pass pump threshold value
I (g).

Figure 5 shows that in spite of a low value of the input
pump intensity IiLn (compared with I{h) the second Stokes
pulse (I$3") shortening takes place now with the pulse
duration of tg» = 136ps and high generation efficiency
of ns2 = 23.1%. The second Stokes pulse is 14.7 times
shorter than 7.

High generation efficiency of the shortened second
Stokes pulse is caused by high rate of its parametric gen-
eration close to the rate of the first Stokes SRS generation
and also by high transmittance (R3' = 0) of the cavity out-
put mirror at the second Stokes wavelength resulting in the
efficient nonlinear (parametric) cavity dumping.

In addition, in Fig. 5 together with the parametrically gen-
erated pulse (Iggt) there are shown the temporal dependences
of the intracavity pump intensity at the SRS medium input and

T R N L P DN b
output I (z=0,¢) =|E (z=0,0)| + |E (=0,

_ S 2 =) _ 2
and Iz =L,0) = |[EPz=Ln| +|E z=Ln|. It

can be seen that not only at the SRS medium output but also
at the SRS medium input there is practically full depletion
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Fig. 6 Results of numerical simulation for the parametric Raman
laser with the intracavity pumping by the Gaussian pulse with dura-
tion of 7;, = 4 ns at R3" = 0.98 for various values of the pump level a
/it = 0.05,b /I = 0.1and ¢ 12 /1" = 0.2

of pumping with the short depletion stage duration At deter-
mined by formula (4), and so the intracavity pumping allowed
to solve the problem of spatially non-uniform depletion of
pumping. Therefore, the pulse shortening of the parametri-
cally generated second Stokes component to the duration ts,
close to At (4) took place.

Figure 6 shows the simulation results of generation of
the same parametric Raman laser with intracavity pump-
ing by the laser pulse with the duration of 7. = 4ns at
RQ" = 0.98 for various values of the input pump pulse
intensity IiLn /Iih = 0.05, 0.1, and 0.2 (the values normalized
to the single-pass pumping threshold intensity IIth (8)).
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Fig. 7 Results of numerical simulation for the parametric Raman
laser with the intracavity pumping by the Gaussian pulse with dura-
tion of r;. = 4 ns at the pump level I{“ /I]‘Jh = 0.1 and various values of
the cavity output mirror at the first Stokes wavelength: a R3™ = 0.98,
b R =0.70, and ¢ RQ" = 0.10

Figure 6 shows that at the twice longer pump pulse dura-
tion (than in the previous case) qualitative shortening of the
parametrically generated pulse only under halved pump
level [i"/I'" = 0.05 can be achieved (Fig. 6a). Therefore,
the pulse duration is longer due to slower depletion of
pumping (At (4)). The quality of pulse shortening can be
defined by the parameter ts>/Af which amounts 1.07 in the
case of Fig. 6a that is close to the ideal case t5p /Af = L

Increasing the pump level resulted in the pulse short-
ening quality decrease: tsy/At is increased up to 1.93
at I"/I"™" = 0.1 (Fig. 6b) and up to 3.74 at [["/I" = 0.2
(Fig. 6¢). Therefore, in spite of decreasing At (4) with

To. PS
1000

800

&/ —— R =99%
e R =70 %
-—-R™=10%
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(ILK-"""‘-II:;I )cpt: 0.17 P
for ;=2 ns
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200 i
mm!
0 H : : :
T lTg F b
sof 7~ — R™=99%
'! \:\ L=6ns ... R™*=70%
30k i -—-R™=10%
20F =2ns

Fig. 8 Calculated dependences of: a the parametrically generated
pulse duration ts2, b the pulse shortening relative value 71, /s , and ¢
the quality of pulse shortening s> /Af on the pump level IiLn /IE‘ at the
pump pulse durations of 7, = 2ns and 1, = 6 ns for the cavity output
mirror reflectivity at the first Stokes wavelength of R$" = 0.99, 0.70,
and 0.10

increasing the pump intensity the absolute value of the
shortened pulse duration increased to 552 ps (Fig. 6b)
and 844 ps (Fig. 6¢), respectively. Figure 6 shows that the
decrease in the pulse shortening quality is caused by the fact
that after the shortened pulse the long trailing edge (post-
pulse) appears with a shape close to the pump pulse shape.
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It is necessary to note that at longer pump pulse
(t, = 4 ns) than in the previous case (71, = 2ns) the pulse
shortening quality decrease appears at lower IiLn /I, and
so the generation efficiency of the qualitatively shortened
pulse here is lower and amounts only ns; = 6.1 % (Fig. 6a)
in comparison with 23.1 % (Fig. 5). Consequently the
increased pump pulse duration (rp, = 4 ns) is non-optimal
for efficient parametric generation of the shortened pulse in
contrast to the previous case (7, = 2 ns).

In the works [4-6], it was shown that decreasing the cav-
ity output mirror reflectivity at the first Stokes wavelength
led to the pulse shortening of the first Stokes SRS genera-
tion. It is caused by the nonlinear cavity dumping owing to
the SRS frequency conversion [8]. In the present work, we
study the second Stokes pulse shortening via nonlinear cav-
ity dumping owing to the parametric frequency conversion.
It is also interesting to study the nonlinear cavity dump-
ing owing to both the SRS (RQ" < R{"™) and parametric
(R = 0) frequency conversions.

Figure 7 demonstrates the simulation results for the
same parametric Raman laser with intracavity pumping by
the laser pulse with duration of t, = 4 ns at the pump level
Ii“ /Iih = 0.1 and various values of the cavity output mirror
at the first Stokes wavelength R3"" = 0.98, 0.70, and 0.10.

Figure 7 shows that decreasing the cavity output mir-
ror reflectivity R3™ at the first Stokes wavelength resulted
in more significant pulse shortening of the parametrically
generated second Stokes component. Firstly it is caused
by increasing the threshold value Iih (8) with decreasing
RQ™ that leads to a proportional increase in the input pump
pulse intensity I]ij‘ corresponding to the given pump level
IiLrl /I = 0.1; therefore, the duration At (4) of the pumping
depletion stage shortens with increasing the pump intensity,
and so the second Stokes pulse shortens too. Secondly the
long post-pulse of the second Stokes shortened pulse disap-
pears because of the SRS dumping of the cavity resulting
in the pulse shortening of the first Stokes SRS generation;
therefore, the quality of the pulse shortening (ts2/At) of
the parametrically generated second Stokes component is
improved. So, at R3" = 0.70 (Fig. 7b) the pulse shortening
quality is close to ideal (rsp/Afr = 1.09), and the genera-
tion efficiency of ns; = 6.5 % is higher than for the most
shortened pulse in Fig. 6 (ns2 = 6.1 % at 752 /At = 1.07 in
Fig. 6a), and also the absolute value of the parametrically
generated pulse duration is halved.

At further decreasing RY™ down to 10 % (Fig. 7c),
the second Stokes pulse is shortened still more by 1.5
times to 148 ps at the pulse shortening relative value of
71./7s2 = 27, but the quality of the pulse shortening rather
decreased (rsp/At = 1.56) that is caused by oscillations
of the generated Raman components due to too fast SRS
dumping of the cavity. The shortened pulse generation effi-
ciency decreased to nsy = 3.4 %.
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Fig. 9 Calculated dependences of: a the optimum pump level
(I]i“n /I]Eh)op[, b the minimum generated pulse duration (zs2 /TR )min, and
the generation efficiency nggt of the second Stokes pulse with mini-
mum duration on the pump pulse duration 71, /TR (the pulse durations
normalized to the cavity trip time tR) at Rg”t =0.99, 0.70, and 0.10

Figure 8 shows the calculated dependences of the para-
metrically generated pulse duration tg», the pulse shorten-
ing relative value tp /7s7, and the quality of pulse short-
ening tsp/At on the pump level IiLn /Iih at the pump pulse
durations of 1, =2ns and 71, = 6ns for the cavity out-
put mirror reflectance at the first Stokes wavelength of
R" =99, 70 and 10 %.

Figure 8 shows that for both 71, = 2ns and .= 6 ns at
the certain (optimum) pump level (7i" /Iih)opt the shortened
pulse with minimum duration (ts3)min shorter than 200 ps
(Fig. 8a) can be obtained.

In the case of long pump pulse duration of tp = 6ns
for a decrease in the generating pulse minimum duration
(T$2)min, an increase in the maximum relative value of the
pulse shortening, and widening of the optimum range of
the pump level (I]ij‘ /I]Eh)Opt is necessary to decrease the cav-
ity output mirror reflectivity at the first Stokes wavelength
down to RQ" = 10 %.

In the case of short pump pulse duration of tp, = 2ns,
the decrease in RQ" is not required, and the optimum range
of the pump level (/i" /I]tf‘)opt is the widest.
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Note that at the optimum pump level of ([]{n / []‘fl)opt not
only the quantitative shortening (Fig. 8b: 71, /75> max) but
also the quality of pulse shortening is the best (Fig. 8c:
752/ At close to unity).

Figure 9 presents the calculated dependences of the opti-
mum pump level (IiL“ /Iih)opt, the minimum generated pulse
duration (ts2/TR)min, and the generation efficiency nggt of
the pulse with minimum duration on the pump pulse dura-
tion 7 /tr (the pulse durations normalized to the cavity
transit time 7g) at RQ" = 99, 70 and 10 %.

It is necessary to note that the calculation results pre-
sented in Fig. 9 are correct at any configurations of the
internal cavity parametric Raman laser determined by the
set of parameters g, L, tr, RS™, and 71, because the dura-
tions (71, and 7sp) are normalized to tr and the input pump
intensity (;") is normalized to I{" (8).

Figure 9 shows the optimum pump level (Fig. 9a) cor-
responding to the minimum duration of the parametrically
generated pulse increases with the pump pulse duration
decrease. It results in decreasing the minimum duration of
the parametrically generated pulse and increasing the gen-
eration efficiency of the pulse with the minimum duration
(Fig. 9b).

The filled area of the graph (Fig. 9b) presents the opti-
mum range of the normalized pump pulse duration values
(t/TR)opt < 30 in which the minimum durations of the
parametrically generated pulse (ts2/TR)min have the lowest
values and the generation efficiency nggt of the pulse with
the minimum duration has the highest values. In the opti-
mum range of (t../tr)opt < 30 it is more efficient to use the
high-reflective output mirror at the first Stokes wavelength
(R =99 %). Note that in the considered configuration
of the parametric Raman laser (with tr = 66.7 ps) the
optimum boundary range of (rr/tr)opt = 30 corresponds
to the optimum pump pulse duration of 71, = 2ns, and so
the other considered cases of 171, = 4ns and 71, = 6ns are
non-optimal.

Figure 9 shows that in the case of the non-optimal pump
pulse durations from the range of 30 < 7. /7R < 100 a
decrease in the output mirror reflectance RQ" to 70 %
allows to generate shorter pulse with comparable (as for
RQ" = 99 %) generation efficiency decreasing with 7, /g.
If 7;,/tr > 100, the shortest pulse is generated at lower
R" = 10 %, but the generation efficiency is very small.

5 Conclusions

In conclusion, a new effect of pulse shortening of the para-
metrically generated second Stokes Raman radiation down
to 300 ps duration via the intracavity Raman conversion
pumping depletion in the miniature passively Q-switched

Nd:SrMoO4 parametric self-Raman laser with increasing
the energy up to 1 wJ of the shortened pulse under pump-
ing by the pulsed high-power laser diode bar is demon-
strated. The second Stokes pulse is generated in the tempo-
ral region of the fundamental laser and first Stokes pulses
overlap that is explained by the four-wave mixing mecha-
nism of the second Stokes generation with the strongest
nonlinear cavity dumping pulse shortening because of the
fundamental radiation depletion terminating the four-wave-
mixing generated second Stokes pulse. The theoretical
study and mathematical modeling of this effect are carried
out. The theoretical estimation of the convertible funda-
mental laser radiation depletion stage duration via intra-
cavity Raman conversion (250 ps) is in agreement with the
experimentally obtained duration of the parametrically gen-
erated pulse (280-300 ps). According to the mathematical
modeling, the pulse shortening quality and quantity dete-
rioration is disclosed and the solution ways are found by
the laser parameters optimization. So, the ratio of the pump
pulse duration to the cavity transit time should be lower
than 30, and the input pulse intensity of intracavity pump-
ing should be approximately by 5 times lower than the sin-
gle-pass threshold pump intensity theoretically determined
for any laser configuration.
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